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NV centers as local probes of two-dimensional materials

Abstract

Over the past decade, Nitrogen Vacancy (NV) color centers in diamond have emerged as power-
ful tools for quantum simulation and metrology. These atom-like defects, while confined to the
diamond lattice, exhibit many properties of trapped atoms including optical transitions and high
sensitivity to magnetic fields. These properties, combined with their small scale, has led to many
applications for NV centers as sensors biology, chemistry, and condensed matter physics. In this
thesis, we use NV centers to study a number of two dimensional systems, including Van der Waals
heterostructures and the surface of the diamond itself. First, we correlate NV center measurements
with various surface sensitive spectroscopy techniques to identify and mitigate deleterious sources
of noise at the surface. We use this information to develop a surface treatment that extends the co-
herence time of shallowNV centers, which is necessary for most sensing applications. We then in-
vestigate a particular system of defects hosted at the diamond surface, the g=2 “dark” surface spins,
and determine their properties through coherence measurements of shallowNV centers. We find
that the characteristic shape of the coherence decay can itself be used as a sensor, as it encodes in-
formation about the dynamical nature of the sensing target as well as the distance between the NV
center sensor and the two dimensional surface. We then turn to measuring electronic properties of
2D heterostructures composed of graphene and hexagonal boron nitride. By mapping out the spa-
tial dependence of magnetic noise due to phonon scattering in a highly biased graphene field effect
transistor, we discover a previously undescribed electron-phonon instability in graphene that is anal-
ogous to amplified spontaneous emission in a laser. Finally, we use NV centers to measure the gate
dependent orbital magnetic response of a single sheet of graphene through a gate modulation lock-
in technique. The ability to measure local magnetic properties of 2Dmaterials with NV centers will
likely find many uses in future experiments, as they are compatible with traditional transport tech-
niques and provide spatially resolved information even in devices with inhomogenous properties.
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to probe the diamond surface. (b,c) Polarization dependence of NEXAFS spectra at
the oxygen K-edge. The polarization angle is defined relative to the surface normal. The
y-axis for all NEXAFS spectra is the partial electron yield (PEY), normalized and base-
line subtracted (see Appendix A2.2). The oxygen-annealed surface spectrum exhibits
strong polarization dependence, indicating that oxygen groups at the surface are well-
ordered. (d) NEXAFS spectra at the carbon K-edge from three triacid-cleaned sam-
ples (blue curves) and two oxygen-annealed samples (red curves). Triacid-cleaned sur-
faces show a higher density of unoccupied states (shaded regions). The full energy range
is shown in the inset. (e) UPS spectra with excitation energy hν = 21.2 eV of the triacid-
cleaned (blue) and oxygen-annealed (red) surfaces. The spectral width, ω, is indicated
by the shaded regions. The oxygen-annealed surface exhibits a higher positive electron
affinity, EA, (+2.14 eV) than the triacid-cleaned surface (+0.92 eV). . . . . . . . 135
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2.12 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
2.13 Detailed characterization of the oxygen-annealed surface (a) XPS survey scan show-

ing dominant carbon and oxygen peaks. Peaks marked with (∗) are Auger peaks asso-
ciated with carbon and oxygen. (left inset) High-resolution XPS carbon 1s spectrum
showing a dominant diamond sp3 peak with three side peaks assigned to sp2 carbon,
and carbon singly- and doubly-bonded to oxygen. (right inset) High-resolution XPS
oxygen 1s spectrum showing a dominant ether (C-O-C) peak and two satellite peaks
assigned to alcohol (C-O-H) and ketone (C=O). (b) LEED pattern showing a 1×1
reconstruction of the oxygen-annealed surface, consistent with ether termination. (c)
Ball and stick diagrams illustrating the surface termination before and after oxygen an-
nealing. The disordered, acid-cleaned surface hosts a mixture of groups, which trans-
form into a highly-ordered, predominantly ether-terminated surface upon oxygen an-
nealing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

2.14 T1 for different implantation energies. Measurements of NV center T1 relaxation
times at 70 K as a function of implantation energy. Straggle is introduced along the
x axis to separate points from the same sample, so the energy of each point is approx-
imate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

3.1 Artistic rendition of surface spins temprarily occupying traps on the diamond surface.144
3.2 Double electron-electron resonance. (A) Pulse sequence for DEER, where a π pulse

is applied to a target spin speices concurrent with the NV center π pulse in a spin echo.
All off resonant phase precession is refocused, but the target spins are flipped and so
phase accumulation continues. (B) For a single nearby target spin, coherent oscilla-
tions are observed at the coupling freuqency between the NV center and the surface
spin. (C) For a few nearby spins, multiple couplings are resolvable in the DEER sig-
nal. (D) For a dense bath of spins, all traces of oscilaltion are eliminated and instead
an incoherent, Gaussian decay is expected. Note that the time axis in (D) is reduced
by a factor of 10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

3.3 Double electron-electron resonance of diamond surface spins. a, Cartoon of ex-
periment, depicting a near surface NV center (dark red arrow) with nearby traps (black
wells) that are transiently occupied by spin 1/2 defects (black arrows). A 532 nm laser
is used to polarize and readout the NV center. b, Pulse sequence for DEER, where si-
multaneous microwave π pulses are applied to the NV center (blue block) and surface
spins (red block) midway through the free precession interval τ. Green blocks indi-
cate NV center spin initialization and readout. c, Spin echo, C(τ) (blue) and DEER,
D(τ) (red) curves for a representative NV center with coherence oscillations caused
by slight magnetic field misalignment (left panel). In order to investigate the DEER
signal, S(τ) (orange) without the influence of decoherence from other sources,D(τ)
is divided by the coherence curve C(τ) (right panel). Error bars in c are the standard
error of the mean due to photon shot noise, propagated point-by-point for the right
panel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
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3.4 DEER coupling rates and stretching factors. a, Fitted DEER couplings as a func-
tion of depth for numerous NV centers. All samples in the left plot have nominally
identical surface preparations (activated or reset surface, SI), while samples in the right
plot represent different surface preparations described in Appendix B. Shaded region
indicates expected couplings for surface spin densities of 0.001−0.05 nm−2, accord-
ing to Eq. (3.4). b, DEER coupling vs depth for the same NV centers in before (blue)
and after (orange) annealing at 650 ◦ C. c, Fitted exponent as a function of depth for
samples in a. Filled markers are samples with similar surfaces. Shaded region indicates
exponents between 1 and 2. Inset: example DEER coupling curve from (orange points)
fit with a fixed n = 2 (red) and with n as a free parameter (purple). n = 0.7 is a
better fit. d, Fits of exponent vs depth for simulated data. Colors indicate different sim-
ulation spin densities of 0.008 nm−2 (light blue), 0.006 nm−2 (dark blue), 0.004 nm−2

(light purple), and 0.002 nm−2 (dark purple). Shaded regions are confidence inter-
vals for fits of simulated data. Dashed lines indicate limiting values of n = 2 and n =
2/3. (Inset) Simulation of representative spin configurations (dots) relative to an NV
center that is 5 nm deep (red diamond). Simulation radius is 25 nm. DEER signals
for the representative configurations are shown in the last panel. Dashed line is an av-
erage of 10, 000 iterations. All error bars are 68% confidence intervals of the fits. . 157

3.5 Temporal transition of the stretching factor. a, DEER echo signal from shallow
NV centers in with three different depths extracted from the proton NMR signal. Er-
ror bars are the standard error of the mean due to photon shot noise. The purple line
is a fit with the analytical result for configurational averaging (SI). Dashed line is n =
2, dotted line is n = 2

3 . Curves are offset for clarity. b, Diagram depicting the expand-
ing strong dipolar coupling volume of the NV center as the duration of the echo se-
quence increases. The form of the signal detected by the NV center changes as the vol-
ume intersects with the 2D plane of the surface spins. c, Simulations of the DEER echo
signal detected from a 5 nm deep NV center near a surface with a logarithmically spaced
density of 10−4 nm−2 (blue) to 10−2 nm−2 (purple) where surface spins undergo con-
figurational averaging. The dashed lines correspond to n = 2, and the dotted lines
correspond to n = 2

3 . d, Simulation of the DEER echo signal detected fromNV cen-
ters with log spaced depths from 1 nm (blue) to 10 nm (purple) with configurational
averaging of the surface spins. The density of simulated surface spins is 0.005 nm−2.
The solid black line is the analytic solution for a 1 nm deep NV center (SI). . . . . 160

3.6 Transient strong coupling of surface spins. a, Coherence (blue), coherently cou-
pled DEER signal (red), and incoherent bath signal (orange) from the same NV cen-
ter measured at different times. b, Time series for NV center in a, with a fixed free pre-
cession interval of 2 μs. The DEER signal drops below 0 for short intervals, indicat-
ing transient coherent coupling to a nearby dark spin (black arrows). Error bars are
the standard error of the mean due to photon shot noise. . . . . . . . . . . . . . 163
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3.7 Mid sequence scrambling of surface spins.(A) Simulated DEER decay curves for
the case of fixed positions for each free precession interval (blue) and for different po-
sitions for the two free precession intervals (green), as could be the case for a mid se-
quence scrambling pulse. (B) Same simulation as in (A), but with ln S(τ)−1 plotted
on a log-log plot so that the stretching factor is given by the slope. . . . . . . . . . 166

3.8 Simulation of 3D to 2D crossover behavior in the case of a central spin sensing
a spin bath in a slab of finite thickness. (A) Schematic of a central spin (yellow and
red arrow) in a slab of bath spins (red). Once the sphere of strong coupling breaks out
of the slab, counting proceeds as a 3D volume intersecting a surface. (B) Calcualted
DEER signals for the slab geometry. (C) Same simulation as in (B), but with ln S(τ)−1

plotted on a log-log plot so that the stretching factor is given by the slope. The initial
slope is for 3D spin counting (n = 1) but when the dipolar coupling volume breeches
the slab it continues as 2D (n = 2/3). In principle at the very earliest times, no spins
are counted and n = 2, which is the regime explored in the previous section. . . . 169

4.1 Artistic rendition of the electron-phonon Cerenkov effect in graphene. . . . . . . 172
4.2 Acoustic phonon scattering in graphene. (A) If the Fermi surface of graphene is large

enough, it is easy for an electron to scatter to an unoccupied state along the Fermi sur-
face through absorption or emission of a phonon in the available phonon space. (B)
Once the Fermi surface shrinks such that 2kF < qmax, only a small fraction of the
available phonon space can contribute to scattering. (C) A “supercollision” scatter-
ing event permits an electron to scatter with a long wavelength phonon since the de-
fect absorbs some momentum. TBG = Bloch-Gr’́uniesen temperature, 2ℏvskF/kB, where
vs is the speed of sound. Figure taken with permission from Ref.33. . . . . . . . . 176

4.3 Origins of 1/f noise. (A) Traps in the substrate or gate dielectric can cause conduc-
tance fluctuations with a distribution of time constants. (B) For a logaraithmically spaced
distribution of trapping times, the total noise exhibits a 1/f spectral dependence. (C)
Typical noise spectrum in electronic devices, which is dominated at low frequencies
by 1/f noise but which transitions to thermal or shot noise once the 1/f noise decreases
below the noise floor. Some devices may exhibit an additional G-R “bump” at a char-
acteristic frequency. (D) 1/f noise only occurs at low frequencies, but it upconverts
to higher frequencies in real world systems due to nonlinearities and so makes up a sig-
nificant portion of the noise in modern communications systems. Figure taken with
permission from Ref.19. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

4.4 Noise in graphene devices. (A) 1/f noise in several graphene devices on SiO2. Fig-
ure taken with permission from Ref.19. (B) Crossover from thermal noise to shot noise
in a short graphene device. Inset: conductivity of graphene device as a function of gate
voltage showing the Dirac peak. Fit is to the expression in Eq. (4.8). (C) Fitted Fano
factor of≈ 1/3 at different gate voltages. (B) and (C) taken with permission from
Ref.88. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
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4.5 Power dependence of noise in graphene. (A) Temperature of electrons in a graphene
device as a function of heating power, as measured by Johnson noise thermometry.
The fit is to a 1/3 power scaling. (B) NV center relaxation rate as a function of heat-
ing power, showing a similar scaling. The power scaling is in agreement with a dom-
inant defect assisted cooling mechanism33. . . . . . . . . . . . . . . . . . . . . . 182

4.6 Global and local conductivity measurement of graphene. (A) Global conductance
of a graphene field effect transistor as a function of gate voltage, measured in transport.
(B) Corresponding relaxation rate of a NV center located under the device. A small,
constant Joule heating current of 2.7 mW is applied to increase the electron temper-
ature and make the noise signal larger. . . . . . . . . . . . . . . . . . . . . . . . 183

4.7 Relaxation of NV centers near conductors. (A) The NV center relaxation rate is
sensitive to the transverse conductivity of a material, since longitudinal charge fluc-
tuations are suppressed. (B) Fluctuations with a short wavelength (large k) create a mag-
netic field that averages out at the location of the NV center, while (C) k ∼ 1/dNV
has the largest contribution to the decay. . . . . . . . . . . . . . . . . . . . . . . 184

4.8 Non-equilibrium dynamics in graphene probed both globally and locally. (A) De-
vice schematic: hBN-encapsulated graphene device on diamond substrate containing
NV centers for nano-magnetometry. Inset: optical image of clean hBN-encapsulated
device A1 (6×5.4 μm2). (B) Condition for Cerenkov emission of phonons: when
vD > vs, stimulated phonon emission dominates over absorption (right). (C) 2-probe
resistance versus carrier density of device A1 (T = 10 K). (D) Current density as a
function of applied electric field (T = 80 K) in clean device A1 (blue) and disordered
device B1 (7 × 18 μm2, black). The gray dashed line indicates where vD = vs for
the LAmode. (E) Global electronic noise PSD (averaged over 100−300MHz) as a
function of bias power in devices A1 (blue) and B1 (black). Blue curve satisfies vD >
vs for P > 0.12 μW/μm2. (F) Local magnetic noise (measured by NV nano-magnetometry)
versus applied bias power in clean device C1 on diamond substrate. . . . . . . . . 187

4.9 Spatially-resolved local noise measurements with NV magnetometry. (A) Fluo-
rescence image of NV centers underneath device C2, with false colored contacts and
boarders added. (B) NV spin relaxation from polarized to thermal state (dashed lines),
when DC currents j = 0 (dark) and j = 0.19 mA/μm (light) are passed through
the device. Solid lines are fits. (C) Local magnetic noise near drain contact as a func-
tion of graphene current density (device C1), in electron- and hole-doped regime (blue
and red, respectively). (D) Spatial map of the local magnetic noise (device C2) at j =
0.18 mA/μm and n = 0.92× 1012 cm−2. The spatial profile is consistent with the
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black curve shows the theoretically predicted excess phonon population (offset to ac-
count for background noise). (E) The growth direction is reversed by changing the cur-
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4.10 Slow dynamics in global electronic measurements. (A) Global noise spectra at n =
2×1012 cm−2. Colored curves: Clean device A2 (9.5×11 μm2) at bias ranging from
0 to 0.8 V (bottom to top). Black: Disordered device B1 at maximum power applied
to device A2 (scaled 7x). (B) AC differential conductivity spectra (excitation -20dBm)
(Ch. C) with biases 0 to 0.8 V (top to bottom, colors same as A). The real component
is suppressed at low frequencies. Grey curve: imaginary component at 0.8 V. Black
lines are fits. (C-D) Features in noise and conductivity spectra shift to higher frequen-
cies in a shorter (6 μm) device (device A1), under similar electric field as maximum in
(A) and (B). (E-F) Extracted traversal time from (B) and (D) as a function of drift ve-
locity and device length. Dashed curves correspond to speed of sound in graphene (light
gray: TA, dark gray: LA). (G) Cartoon of important rates in the driven electron-phonon
system. During Cerenkov amplification, the correlation time observed in electronic
measurements is limited by the phonon traversal time, T = L/vs. . . . . . . . . . 191

4.11 Dependence on bath temperature and charge density. (A) Global noise PSD as a
function of bath temperature at constant drift velocities and carrier density n = 2×
1012 cm−2. (B) Calculated peak phonon emission frequency, which can be tuned via
the graphene carrier density. (Blue: Te = 0 K, red: Te = 320 K). (C) Normalized
global current noise as a function of carrier density for different device lengths (j =
0.6 mA/μm). Solid curves show predicted total phonon emission. (D) The charge den-
sity at which the noise peaks (npeak) for a wider variety of samples than in (C), with
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5.1 Artistic rendition of orbital diamagnetism detection in graphene. . . . . . . . . . 200
5.2 Sensitivity and resolution of magnetometers. Sensitivity vs. sample separation for

several different magenetometers, including NV centers. Figure taken with permis-
sion from Ref.39. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

5.3 Levitation of graphite. Bulk graphite can be levitated over a permanent magnet un-
der ambient conditions. HOPG = higyly oriented pyrolitic graphite, which is a form
of graphite where the individual graphite crystals are well aligned with each other. . 204

5.4 Graphene device on diamond. (A) Image taken under 532 nm illumination, which
produces background fluorescence that overwhelms the NV center fluorescence. In-
set: optical image of the device on diamond. (B) Same as (A) but taken with a low pow-
ered laser tuned to the NV center zero phonon line (ZPL), which permits imaging through
the device and selectively addressing NV centers that are close together due to the in-
homogeneous distribution of ZPLs. . . . . . . . . . . . . . . . . . . . . . . . . 205
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5.6 Global and local transport of graphene. (A) Quantum lock in sequence for AC sens-
ing graphene currents. VSD is sinusoidally varied (amplitude = 5 mV) in phase with
a concurrent spin echo on the NV center. (B) Each gate voltage produces a different
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A.1 Sample contamination. (a) XPS spectra from a diamond sample with Si and Na con-
tamination before (cyan) and after (red) acid cleaning. The main panel shows the full
energy range survey scans, while insets depict higher resolution peak scans at the C 1s,
O 1s, Si 2p, and Na 2p transitions. (b) Normalized NEXAFS carbon K-edge spectra
and a close-up of the pre-edge region of the same sample before and after in situ an-
nealing at 530 ◦C, showing the removal of pre-edge states attributed to adventitious
carbon. Dashed line shows the spectrum after re-exposure to atmosphere. (c) Single-
quantum relaxation and Hahn echo coherence, measured from the same NVwith a
contaminated stripline in which the ALD layer has been scratched, compared with a
new stripline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

A.1 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
A.2 Graphitization of diamond during annealing. (a) Normalized XPS spectra of the

same sample after a 1200 ◦C anneal with different ramp rates. Material at the surface
is converted to sp2 carbon during annealing (red and green) and manifests as a peak
at lower binding energy compared to the spectrum after the subsequent triacid clean
(blue), which consists primarily of an sp3 carbon peak. (b) The Raman spectrum of
the 1200 ◦C annealed surface shows a glassy carbon peak, but no clear evidence of graphite
peak at 1580 cm−1 105. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

A.3 Pitting of diamond at higher oxygen annealing temperatures. (a–c) AFM images
of a scaife-polished standard grade sample annealed at successively higher temperatures
for temperature calibration of oxygen furnace. Micro-pits (black circles about 20 nm
in diameter) are visible after the oxygen anneal at 470 ◦C. (d) Depth measurements
of the six NV centers presented in the main text after different annealing steps. . . 242

A.3 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
A.5 Coherence times of NV centers in pitted diamonds. (a-c) AFM images and (d-f)

NV coherence times T2,Echo (dark) and T2,XY8 (light) from three additional samples
with rougher surface morphologies. The improvement in coherence time after oxy-
gen annealing is less pronounced than that of Sample A. . . . . . . . . . . . . . . 245

A.4 Diamond surface damage. (a-f) Representative AFM scans showing (a) smooth sur-
face morphology and rough surfaces resulting from (b) contamination or surface dam-
age during an oxygen anneal of a contaminated surface, (c) RIE etching after improper
polishing, (d) RIE etching of a Na and Cl contaminated surface, (e) an oxygen anneal
with uncontrolled gas purity, and (f) micromasking during an oxygen etch. (g-i) SEM
images of large scale morphology from a variety of damaged samples after reactive ion
etching. (j) Carbon K-edge NEXAFS shows a comparison between a rough surface
(purple, sample shown in (c)) and a smooth surface (red) that have been both triacid-
cleaned with the full process as described in the main text. (k) High resolution carbon
1sXPS spectra from the two surfaces. The rough surface shows a large non-diamond
sp2 carbon peak at lower binding energy. . . . . . . . . . . . . . . . . . . . . . . 246

A.4 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247
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A.6 Dynamical decoupling data. Coherence time as a function of number of dynami-
cal decoupling pulses,N, for all six NV centers presented in the main text for triacid-
cleaned (blue) and oxygen-annealed (red) surfaces. The fit parameters are shown in Ta-
ble A.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

A.7 Single and double quantum relaxation. (a) Energy level diagram of the ground state
electronic spin of the NV center, indicating single- and double-quantum relaxation
channels, whose rates are denoted by Ω and γ, respectively. (b) SQ and (c) DQ relax-
ation measurement sequences. The NV is prepared in themS = 0 (mS = −1) state
and the relaxation tomS = −1 (mS = +1) is measured. (d,e) SQ and DQ transi-
tion rates as a function of DQ transition frequency ωDQ for two different NV centers.
Dashed lines indicate the broadband spectra for Ω and 1/f spectra for γ. (f) Compar-
ison of the noise spectral density from single- and double-quantummeasurements.
The two spectra are plotted on the same scale using the effective electric field noise SE⊥ .
We found that at high frequencies, magnetic field noise (solid circles) is the dominant
source of decoherence for oxygen-annealed surfaces, compared to the electric field noise
(open circles). Dashed and dotted lines show an extrapolation with 1/f and 1/f2 scal-
ing, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

A.7 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
A.8 Change in DEER signal with annealing. (a) Pulse sequence for measuring DEER

coupling: a DEER sequence is erleaved with a Hahn echo sequence to mitigate effects
from slow system drift. The DEER driving frequency is ωDEER ≈ 920MHz, cor-
responding to dark spins with g = 2. (b) Hahn echo and DEER decay curves taken
at Bz ≈ 330 G. Collapse and revival arising from hyperfine coupling with a nearby
13C can be observed. (c) Normalized signal, where the 13Cmodulation is no longer
pronounced. (d-e) Spin echo coherence time and DEER coupling for several NV cen-
ters in Sample A and Sample C before and after oxygen annealing. Green (red) num-
bers indicate the average improvement (worsening) in the decoherence rate 1/T2, and
the average reduction (increase) in the DEER coupling after oxygen annealing. . . 257

A.8 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
A.9 UPS measurements of diamond surfaces. (a) UPS spectra from triacid-cleaned sam-

ple (blue) and oxygen-annealed sample (red) as a function of binding energy relative
to the Fermi level. The Fermi level is calibrated with a reference tantalum foil (inset).
The spectral width, ω, is calculated as the energy difference between the secondary elec-
tron cut-off and valence band maximum, indicated by the dashed rectangles. (b,c) Zoom-
in of the secondary electron cut-off and the valence band maximum for the triacid-cleaned
sample and the oxygen-annealed sample, respectively. . . . . . . . . . . . . . . . 260

A.10 LEED of diamond surfaces. (a) LEED of an oxygen-annealed surface, as shown in
Fig. 2.12c. The 1× 1 reconstruction is consistent with an ether-terminated surface.
(b) LEED after in situ annealing at 1000 ◦C showing 2×1 reconstruction peaks that
appear for the same surface after the surface heteroatoms are removed. (c) XPS sur-
vey data showing that the O 1s peak indeed disappears after annealing at 1000 ◦C. . 261
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A.11 Additional XPS of annealed and acid cleaned surfaces. (a, b) Comparison of high-
resolution XPS spectra at carbon 1s and oxygen 1s peaks from triacid-cleaned and oxygen-
annealed surfaces. The linewidths are narrower for the oxygen-annealed surface. (c)
Histogram of the oxygen 1s atomic percentage from the XPS signal, obtained from a
large number of triacid-cleaned and oxygen-annealed surfaces. . . . . . . . . . . . 263

B.1 NEXAFS through annealing. a, Oxygen edge NEXAFS for diamond sample with
initial acid cleaned surface (green), after 500 ◦C annealing (blue), 650 ◦C annealing
(purple) and 800 ◦C annealing (orange). b, Carbon edge NEXAFS of the same an-
nealing sequence on the same sample. Red box indicates location of dangling bond
peak, shown in detail in c. c, Detailed view of dangling bond peak showing removal
at higher annealing temperatures. d, Detailed view of dangling bond peak for several
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I call our world Flatland, not because we call it so, but to

make its nature clearer to you, my happy readers, who are

privileged to live in Space.

Edwin A. Abbot, first sentence of Flatland: a Romance

inMany Dimensions

1
Introduction and Background
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1.1 Prologue

Flatland: a Romance inMany Dimensionswas published in 1884 by Edwin Abbot. His satirical

critique of Victorian class structure has had an enduring legacy, less because of its clever jabs at social

hierarchy than because of its imaginative exploration of life constrained to different numbers of

dimensions. Generations of math and physics students have, just as the two dimensional Square

of Abbot’s book, tried to wrap their heads around the existence of additional spatial dimensions,

such as those predicted by string theory, beyond the three that we are equipped to experience. Just

as interesting, however, are the worlds of lower dimension than our own, such as the “flatland” of

graphene or the “pointland” of an atom.

Reducing the dimensionality of a physical system does not just constrain it to a simpler projec-

tion of the 3D world, it leads to different, and sometimes unexpected, physics. The quantum hall

effect, which won Klaus von Klitzing the 1985 Nobel Prize in Physics and is now a part of the redef-

inition of the kilogram, is the prototypical example of unique 2D physics, but there are many others.

Dipolar interactions in two dimensions become externally tunable. Two dimensions is the marginal

case for Andersen localization, which is still not well understood in this limit. Electrons in 2Dmate-

rials can interact more strongly than in their 3D counterparts due to reduced screening. The density

of states, scattering probabilities, and band structures are all modified. Many 2Dmaterials exhibit

strong interactions with light, or host excitons with much longer lifetimes than those of bulk mate-

rials. The physics, as well as the technological applications of such materials, have merited significant

interest from the scientific community.

While quasi-2D electronic systems have been a subject of intense research for decades, it was not

until the isolation and measurement of graphene at the turn of the century that the physics of 2D

materials became a full-fledged industry. Now there are dozens of 2Dmaterials, each with unique

properties, that can be peeled, stacked, and twisted to create heterostructures with emergent physical
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properties. The possibilities are almost limitless, and the physics is more surprising every year.

In this frontier of materials research, where devices are literally one atom thick, quantumme-

chanics plays a central role. Local measurements, such as those discussed in this thesis, provide valu-

able information to supplement more traditional techniques. In this thesis, we explore one local

measurement tool in particular: the Nitrogen Vacancy (NV) center, a defect in the diamond lat-

tice that behaves like a single trapped atom. Using the techniques of atomic physics and quantum

information, this defect is transformed into a nanoscale sensor of electric and magnetic fields with

unmatched spatial resolution, a large sensing bandwidth, and which operates under a wide range of

conditions. Using NV center containing diamond as a substrate for 2D heterostructures, we incor-

porate these spatially resolved measurements while retaining the ability to perform global transport

measurements. We use this approach, combining global and local probes, to study two kinds of

two dimensional systems: graphene, the original 2Dmaterial, and the diamond surface, which, as a

boundary, is also a two-dimensional object. While we have made only preliminary progress here, we

have already discovered many phenomena for which spatially resolved measurements are invaluable

and lead to surprising results. It is my hope that future studies of these systems will be able to take

advantage of this two-pronged approach to better elucidate the strange physics of Flatland.

1.2 Overview of this thesis

This thesis describes a series of experiments that make use of NV centers in diamond as quantum

sensors. It is divided into five chapters: an introduction followed by four chapters describing differ-

ent experiments. Each of these four experimental chapters has an associated appendix which con-

tains supplementary information to the main results presented in the chapter. These chapters begin

with some background remarks, followed in most cases by a published manuscript, and end with

some concluding remarks to tie the results of that section to the broader research landscape. All of
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these chapters, in some way, explore the interactions between a point sensor and a two dimensional

system.

In Chapter One, I provide background material on the two major subjects of this thesis: the NV

center in diamond and the 2Dmaterial graphene. This section includes an overview of NV center

formation, structure, and sensing modalities followed by calculations of graphene’s band structure

and response to a magnetic field. The goal of this chapter is to provide sufficient context for the

non-expert to understand the chapters that follow.

In Chapter Two, we combine surface sensitive X-ray spectroscopy techniques with measurements

of shallowNV centers to investigate the effects of different surface terminations on NV center co-

herence. This is a central problem for sensing applications as shallowNV centers are more sensitive

magnetometers, but they are also plagued by surface noise that limits this sensitivity.

In Chapter Three, we investigate a particular kind of defect using NV centers: the ubiquitous

g = 2 “dark” spins that are present on most diamond surfaces. By carefully studying the charac-

teristic decoherence profile caused by these spins, we are able to study their dynamics in detail and

introduce a framework by which similar systems can be understood.

In Chapter Four, we move on from diamond surfaces to 2Dmaterial heterostructures fabricated

on top of the diamond surface. We combine global conductivity and noise measurements with lo-

cal NV center relaxometry to study a new effect in graphene: an electron-phonon Cerenkov-like

instability that results in exponential growth of acoustic phonons across a biased sample.

Finally in Chapter Five, we use NV centers to study the intrinsic magnetic properties of graphene.

While transport based evidence of orbital magnetism requires an extremely high magnetic field, we

are able to observe the effects of graphene’s unique Berry phase of π at low fields using NV centers

to measure the doping dependant diamagnetic response of a single sheet of graphene. This is a par-

ticularly interesting regime where the NV center is closer to the device than the magnetic length,

and experiments are still ongoing.
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1.3 NV centers in diamond

Figure 1.1: Depicঞon of the posiঞoning of the NV center defect (green and clear spheres) in the carbon (black spheres)
laমce of diamond. The quanঞzaঞon axis is the bond connecঞng the nitrogen and vacancy.

The nitrogen vacancy (NV) center in diamond is a defect in diamond lattice that gives rise to a lo-

calized mid-gap electronic state. Held in place by the surrounding carbon atoms, the NV center

behaves in many ways like a trapped atom, with laser addressable optical transitions between vari-

ous orbital and spin states, but unlike other atomic physics systems the trapping is provided for free

by the carbon atoms of the diamond lattice. This provides a unique opportunity for integrating

technologies based on atoms into small devices. Of particular interest are applications in the rapidly

maturing field of quantum technologies. NV centers have been proposed (and demonstrated) as in-
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tegral parts of a number of useful hybrid quantum technologies, including single photon sources17,

spin-to-optical interfaces296,359, and lasers175. While solid state qubits like the NV center promise

many advantages over their trapped atom counterparts, the solid state environment presents its own

challenges. In particular, the local strain and charge environment introduces a large inhomogeneous

linewidth distribution of optical transitions309, instability in spectral lines69, and, in the case of the

NV center, a very small fraction of optical cycles result in coherent photons183,291. Despite these

challenges, researchers have made tremendous progress on the quantum information front, partic-

ularly in the demonstration of photon based NV-NV entanglement31, a necessary prerequisite for

many quantum communication protocols, as well as tests of fundamental physics such as the Bell

inequality149. While there is still much interest in quantum information processing with NV cen-

ters, some work has shifted in recent years to related interstitial defects such as the silicon327 and

germanium35 vacancies, which, due to their different symmetries, possess more favorable optical

qualities.

The other major use of NV centers is as nanoscale sensors, and this will be the primary focus of

this thesis. While many defects possess optical transitions between various states, NV centers are

somewhat unique in their properties under non-resonant excitation. In particular, there exists a

spin-dependent transition to a long-lived metastable state that permits determination of the spin

state with off resonant light, and this same pathway provides a mechanism for spin initialization.

This remains true at room temperature and above, making spin based sensing schemes with NV

centers robust tools that do not require expensive lasers or cryogenics. Diamond is also a favor-

able host, as it is a very “clean” material, with only one stable spinful isotope (13C, at 1.1% natural

abundance) which can be purified away to negligible concentrations251. NV centers then exist in

an environment that is relatively free of magnetic noise, and hence posses extremely long spin de-
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phasing times (T∗
2) and coherence times (T2)20. Finally, the ability to localize NV centers very close1

to the diamond surface (and hence, sensing targets placed on the diamond surface) provides nearly

unparalleled spatial resolution and sensitivity. Sensing protocols based on NV centers have found

numerous uses in biology, nuclear magnetic resonance311, condensed matter physics56 and earth

science101, to name a few. The opening chapter of this thesis will provide a review of NV center

structure and physics, as well as numerous common sensing techniques that are relevant to the re-

maining chapters.

1.3.1 Diamond properties andNV center formation

Diamond is a material of many amazing properties. It has found many industrial and laboratory

applications due to its exceptional thermal conductivity, high hardness, incomprehensibility, large

optical transparency window, and low chemical reactivity. The diamond lattice is a face centered

cubic (FCC) lattice with a two atom basis. That is, one unit cell of diamond consists of two FCC

unit cells, the second offset from the other 1/4 of the way along the diagonal. Each carbon is bonded

to its four nearest neighbors by strong sp3 covalent bonds, with are ultimately the origin diamond’s

hardness and incompressibility. Unlike other carbon allotropes, such as graphene, all of the orbitals

of diamond are involved in bonding and are not available for conduction. Indeed, diamond is a wide

band gap semiconductor with a a band gap of 5.5 eV. This results in a transparent material, which,

combined with diamond’s large refractive index (n ≈ 2.4) and dispersion creates the stunning visual

effects of cut diamond gemstones. Defects within the band gap are tightly localized, and may have

optically addressable transitions that still lie below the conduction band edge. Indeed many such

defects are known to exist in diamond, and some have proven to be useful for quantum technologies

1With good control of diamond surface chemistry, stable NV centers within 3 − 5 nm226,308 of the
diamond surface with good coherence times are routinely produced. It should be noted that many studies
cite ion implantation simulation estimates (SRIM) to determine NV depth, but without an independent
measurement of NV depth these numbers may be misleading.
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2.

Many people are surprised to learn that diamonds are relatively easy to produce artificially. Di-

amonds were first produced in the laboratory using high pressure and high temperatures (HPHT)

in the 1950s49. Similar methods are still used to produce small diamonds for industrial use, such as

in abrasives. Large (≈ 1 cm), high quality diamonds are now grown through chemical vapor depo-

sition (CVD), where methane gas is radicalized with microwave radiation and is induced to grow

layers of carbon on a substrate material (a smaller diamond seed crystal). At moderate temperatures

and pressures, diamond, rather than graphite, is grown. This process is very slow, but both growth

rate and impurity content can be controlled and large crystals produced.

The primary reason for preferring CVD diamonds for quantum technology research is the re-

peatably and uniformly low defect concentrations achievable. Defects in diamond are responsible

for the wide range of colors found in natural diamonds. Nitrogen is commonly encountered in

natural diamonds, and at high concentrations it gives some diamonds a yellow color. While some

natural diamonds have very low concentrations of nitrogen and naturally resolvable NV centers,

such as the “Magic Russian” diamond that much early NV center work was performed with3, such

samples are hard to come by. Another advantage of using CVD grown diamonds is that if isotopi-

cally purified precursors are used, the resulting diamonds will also be primarily spinless 12C (up to

99.999%)351.
2See, for example, Ref. 393, the bulk of which is devoted to cataloging observed optical transitions in

diamond
3And which still exists in some small pieces in the Lukin lab!
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Implant Anneal NV centers

Figure 1.2: NV center formaঞon. Nitrogen ions are implanted with a chosen density and energy (depth), leaving vacan-
cies as they tear through the laমce. Annealing makes the vacancies mobile, and some will naturally find a nitrogen to
partner with, forming the NV center complex.

Most diamonds will host some number of NV centers naturally, but it is preferable to control

the density and locations of NV centers. Synthetic diamonds can be grown with < 0.03 ppb nitro-

gen concentration and an NV:N ratio of≈ 1 : 100, making natural NV centers rare. NV centers

are then created as shown in Fig. 1.2. Nitrogen ions are accelerated to a pre-determined energy and

are directed at the sample, leading to a controlled density of nitrogen atoms at an approximately

uniform depth. The implantation process also creates lattice vacancies as the nitrogen ions crash

through the lattice. Samples are then annealed in vacuum at 800◦ C, which is higher than the tem-

perature at which vacancies become mobile363. Some number of mobile vacancies settle adjacent to

an implanted nitrogen, creating an NV center. This process can be used to produce individually re-

solvable NV centers at low density, or ensemble samples that contain many NV centers in an optical

spot. Typical conversion efficiencies are > 10% for high energy implantations, but are < 1% for shal-

lowly implanted nitrogen276. However, this can be increased through electron irradiation to create

more vacancies before annealing317,54 or annealing at slightly higher temperatures61. The remain-

ing nitrogen atoms form other defects84 (P1 centers, N2V, V2, etc.) which can produce undesirable

noise79,257, and these noise sources can become especially problematic in high density ensemble

samples, leading to increased decoherence. It is also possible to incorporate nitrogen into the dia-
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mond lattice during growth, which is known as delta doping. Nitrogen is introduced into the CVD

chamber during growth and nitrogen atoms are incorporated into the lattice. Vacancies are created

by electron irradiation and the diamonds are annealed to make the vacancies mobile268. This is a de-

sirable method for producing NV centers with a uniform depth, but few labs have growth facilities

on site whereas already grown synthetic diamond can be purchased commercially.

1.3.2 NV center structure

Many of the useful properties of the NV center can be deduced from its atomic structure and sym-

metry. Group theory makes this possible. We start by considering the symmetry operations that

leave the NV center unchanged, and use these to construct linear combinations of atomic orbitals

that satisfy the symmetry constraints. Filling these orbitals with electrons provides gives the energy

eigenstates, and further symmetry considerations determine the allowed transitions between them.

The NV center complex consists of a substitutional nitrogen atom (14N and 15N are both com-

monly used), an adjacent vacant lattice site, and, in the case of the negatively charged NV center

that is of primary interest for sensing applications, an extra electron donated from somewhere in

the lattice (likely from another nitrogen196). Six electrons make up this defect: the nitrogen atom

contributes two, each carbon dangling bond surrounding the vacancy contributes one, and the “ex-

tra” electron contributes one more. These electrons do not just sit at particular lattice sites, however.

The single electron orbitals need to have the proper symmetries, as set by the crystal field. We can

determine these how these orbitals should look from group theory.

The introduction of a defect into a crystal lattice breaks the translational symmetry of the lattice

so that only reflections and rotations of the original lattice symmetry group may be inherited by the

defect (e.g. the defect symmetry group is a subgroup of the full lattice symmetry group). While dia-

mond point group is Oh, the NV center possesses C3V symmetry. This naming convention indicates

that there are three rotations about the central axis (“C” axis) that leave the NV center unchanged.
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Group operation
Representation e C1 C2 σ1 σ2 σ3

A1 1 1 1 1 1 1
A2 1 1 1 −1 −1 −1

E
(

1 0
0 1

) (
−1/2 −

√
3/2√

3/2 −1/2

) (
−1/2

√
3/2

−
√
3/2 −1/2

) (
−1 0
0 1

) (
1/2 −

√
3/2

−
√
3/2 −1/2

) (
1/2

√
3/2√

3/2 −1/2

)

Table 1.1: Irreducible representaঞons of the C3V group.

The “v” stands for vertical plane. There are also three vertical planes through which reflections can

be made that leave the center unchanged. There are therefore six symmetry operations in this group:

three rotations (including the identity) and three reflections. These six operations (together with a

rule for combining them) form a group. Groups are closed under the group multiplication opera-

tion, so applying any number of these operations to a system with C3V symmetry results in the same

system with one of the operations applied (for example, applying C1 then C2 is the same as applying

e). There are many ways that one could represent such operations mathematically, and since the op-

erations are not necessarily commutative (rotate→ reflect ̸= reflect→ rotate, for example) matrices

are the usual choice. But which matrices? This choice, called a representation, is not unique. We will

concern ourselves with some special representations of these groups which cannot be built up from

smaller matrices. These are the irreducible representations (IRs) of the group.

For C3V, the irreducible representations are listed in Table 1.1. One can check that multiplying

the members of a representation together gives the same multiplication rules as applying the symme-

try operations to our NV center. One might be tempted to find more irreducible representations,

but a theorem from group theory356 guarantees that the number of irreducible representations is

equal to the number of classes of symmetry operations. The identity, rotations, and reflections all

constitute different classes, so there should be only three irreducible representations.

One of the very nice things about group theory is that one rarely needs to use the explicit forms

of the IRs. Instead, the character of each member of the representation contains much of the neces-

sary information. The character is just a single number: the trace of the matrix. The characters for
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Group operation
Representation e C1 C2 σ1 σ2 σ3

A1 1 1 1 1 1 1
A2 1 1 1 −1 −1 −1
E 2 −1 −1 0 0 0

Table 1.2: Character table of the C3V group.

the members of the IRs of C3V are listed in Table 1.2. Notice that 1) for one-dimensional represen-

tations, the character is just the representation itself 2) the character of the identity is the dimension

of the representation and 3) the character of each class within a given representation is the same (for

example, all rotations in the E representation have character−1).

We can already say something interesting about the electronic states of the NV center. The op-

erations of the point group can be written as unitary matrices, gi ∈ G, which act on the Hilbert

space. The irreducible representations, Γk define distinct sets of states where applying the symmetry

operations of that IR mixes the states belonging to that IR, but one cannot form states that belong

to another IR by applying this transformation. That is

gΓki |Γk, j⟩ =
∑
α

gΓkα |Γk, α⟩ , (1.1)

where gΓki denotes the operator for group operation i in the IR Γk.

Since the Hamiltonian of the NV center must have the same symmetry as its point group, the IRs

of the group operations commute the Hamiltonian307

[gΓki ,H] = 0 . (1.2)
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If |Γk, j⟩ is an eigenfunction ofHwith eigenvalue Ek, then so is g
Γk
i |Γk, j⟩ =

∑
α g

Γkα |Γk, α⟩. This

means that in general the degeneracy an eigenstate of the Hamiltonian with energy Ek is the same

as the order of the group Γk (unless there is an accidental degeneracy). Hence the A-transforming

states of the NV center are non-degenerate, but the E-transforming states have degeneracy of two.

With the IRs in hand, the single electron orbitals can be constructed. They must be built up out

of the sp3 dangling bonds that make the NV center. There are three of these from the carbon atoms

surrounding the vacancy and one from the nitrogen, denoted σ1, σ2, σ3, and σN, respectively. We can

see how they are combined to make the single electron orbitals by projecting the dangling bonds

onto the irreducible representations of the group93:

φr =
lr
h
∑
e

χreReσi , (1.3)

where φr is the single electron orbital of representation r, lr is the dimension of r, h is the number

of elements in the group, χre is the character of the operationRe. We find that the single electron

orbitals are239

aC =
1
3
(σ1 + σ2 + σ3) , (1.4)

aN =σN , (1.5)

ex =
1√
6
(2σ1 − σ2 − σ3) , (1.6)

ey =
√
2(σ2 − σ3) , (1.7)

where (aC, aN) transform as A1 and (ex, ey) transform as E. The relative energies of these states can-

not be determined from group theory, but modeling the ionic interaction117 suggests that the low-

est lying states are linear combinations of aC and aN (a1 = αaC + βaN, a2 = αaN + βaC), followed

by the degenerate ex and ey states.
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E

Figure 1.3: The NV level structure. Single electron orbitals are determined by symmetry consideraঞons and filled with
the six electrons that make up the NV− color center. Labels on the le[ indicate the IR of the single electron orbitals and
labels on the right indicate the linear combinaঞon of dangling bonds.

With the single electron orbitals identified, we can fill them with electrons following the Pauli

exclusion principle and Hund’s rules217. This leads to the electronic structure shown in Fig. 1.3,

where the lower lying A1 states are completely filled and the ex and ey orbitals contain one electron

each. The total wavefunction must also be antisymmetric, which implies that the ground state is

a singlet of exey orbitals but is a spin triplet. This is one reason for the long spin coherence times

in NV centers. Since it is an orbital singlet in the ground state, it is relatively insensitive to lattice

distortions (e.g. phonons) and electric fields which might otherwise cause dephasing and relaxation

of the spin quibt.

Group theory can also tell us about the accessible optical transitions of the NV center. While

selection rules for atoms are often formulated in terms of the Wigner-Eckhart theorem307, group
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theory gives a general prescription for calculating transitions. The matrix element theorem states

that the inner product of two states is different from zero only if the two states contain the same

irreducible representation55. Specifically for an electric dipole allowed transition between states ψ1

and ψ2, where ψ1 belongs to an IR Γ1 and ψ2 belongs to Γ2. Then we need to determine if

⟨ψ2| d̂ |ψ1⟩ ̸= 0 , (1.8)

where d̂ is the electric dipole operator, which belongs to some IR Γd (which IR exactly depends

on the symmetry group of the system). The matrix element theorem states that this is true only if

Γd
⊗

Γ1 can be decomposed into a set of IRs containing Γ2. Block diagonalizing a big matrix to

look for a certain irreducible representation would be an arduous task, but character tables make it

straightforward to determine if one IR is contained in such a direct product product. The charac-

ters of a direct product between two IRs in a group are the products of their characters, and these

can be decomposed into the direct sum of characters of other IRs in the group. This is often possi-

ble by inspection. In free space, an atom has full rotational symmetry. All rotations about any axis

are symmetry operations. The spherical harmonics, Ymℓ are the irreducible representations of this

group (SO(3)), and the allowed values of angular momentum are the dimensionality. The usual se-

lection rules can be found with the matrix element theorem. The inversion operator, for example,

has a character in each IR (labeled by ℓ) given by χℓP = (−1)ℓ(2ℓ + 1), so the spherical harmonics

have definite parity which alternates sign for each ℓ. The electric dipole operator has odd parity55,

so two spherical harmonics must have opposite parity in order to be connected by a dipole allowed

transition. Furthermore, since the electric dipole operator has p symmetry (three-dimensional IR),

its direct product with an arbitrary Ymℓ will be 3 × (2ℓ + 1) dimensional, which decomposes into

Γd
⊗

Ymℓ = Ymℓ+1
⊕

Ymℓ
⊕

Ymℓ−1. This, along with the parity rule, gives the familiar selection rule

Δℓ = ±1. Determining selection rules in a crystal field of reduced symmetry is similar: find the IR
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of the dipole operator, take its direct product with a state that belongs to some IR, and see which

IRs are contained in the direct product. These are the allowed transitions.

For the C3V symmetry group, (x, y) are partners of the E irreducible representation. Since a1 and

a2 are both filled there is no transition linking them. Then we can take A1
⊗

E = E, so the allowed

dipole transitions are to have an a2 electron in the orbital belonging to A1 jump into one of the

orbitals belonging to E (which orbital depends on the polarization of the light, but in the current

situation they are degenerate).

To find the full states of the NV center, including spin, one takes the direct product of the IR of

all six electrons (or equivalently, two holes) with its spin and with all the other electrons, or

ΓTotal =
∏
n
Γn
⊗

D1/2 , (1.9)

where Γn is the IR of electron n andD1/2 is the representation of a spin-1/2 particle. Reducing this

product into its IRs gives the states listed in Fig. 1.4. The notation is similar to the spectroscopist’s

notation for the hydrogen atom, e.g. 2S+1G, where S is the total spin projection of the particle (sin-

glet or triplet in this case) andG is the IR. With the states known, it is possible to calculate their

ordering by introducing interactions, the results of which have been published elsewhere239.
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A B

Figure 1.4: Eigenstates and transiঞons of the NV− center. (A) Symmetries of the wavefuncঞons of the NV center as
described by two holes. The le[ hand column indicates the orbitals of the two holes, with the singlet (S) or triplet (T)
character in parentheses. The center column lists the spin and orbital parts of the wavefuncঞon, and the right column
the overall symmetry. α, β refer to spin up and spin down, respecঞvely. E± = |a1E± − e±a1⟩, with e± = ∓(ex ±
iey). |X⟩ = 1

2 (|E−⟩ − |E+⟩) and |Y⟩ = i
2 (|E−⟩ + |E+⟩). (B) Energy level diagram for the electronic states of the

NV center. States on the le[ are triplets while those on the right are singlets. Red arrows indicate allowed transiঞons,
while dashed arrows are spin orbit induced transiঞons. J is the exchange energy of the Coulomb interacঞon. Figures
taken with permission from Ref.239.

The energy level diagram presented in Fig. 1.4B are fare more detailed than what we will work

with in this thesis, but there are a few things to notice. First, the primary optical transition is be-

tween states transforming as A2 and states transforming as E. The E states have a very different

orbital structure than the A1 states, (see Eqs. (1.4)-(1.7)). The E states have a different electronic

density than the A1 state, meaning there is a lattice distortion upon excitation. When the NV relaxes

to the ground state a lattice vibration is often produced, resulting in a large phonon sideband and

only a small amount of coherent light167. Next, there exist spin-orbit induced transitions between

the triplet states in the left column and the singlets on the right. Unlike the dipole allowed tran-

sitions, spin-orbit induced transitions can flip the electron spin. The transition to the metastable

singlet states is also favored by states with ms = 1287,125, which provides a convenient means of spin
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pumping into ms = 0 in the ground state by optical excitation. Furthermore, the singlet states are

also known experimentally to be metastable, having relatively long lifetimes (≈ 100s ns3) compared

to the excited state lifetime(≈ 10 ns260). This results in a fluorescence difference between spin states,

permitting all-optical readout of the spin of the NV center.

Group theory has also proven invaluable in the search for other defects in diamond tailored for

particular purposes. For example, the NV center lacks inversion symmetry and hence has a non-

vanishing permanent electric dipole moment in the excited state. The silicon vacancy center, con-

sisting of an interstitial silicon atom caught mid way between two “half-vacancies,” has D3d (the

same as the NV center, but with inversion). The ground and excited states have similar electron

densities, resulting in a strong zero phonon line. Inversion symmetry also means that the electronic

states have no permanent electric dipole moment, hence the SiV is relatively insensitive to spectral

diffusion caused by transient occupation of charge traps in the lattice327. This makes the transitions

more stable and thus more suitable for quantum information applications that require identical

photons. Many of the properties of the NV center that make it a useful magnetometer, however, are

absent in this system.

1.3.3 Sensing techniques

The Hamiltonian of the ground state spin of the NV center, excluding the host nitrogen, is given

by91

H

ℏ
= (Δ + E∥d∥)S2z + γeB⃗ · S⃗− d⊥E⊥

2
(S2+ + S2−) , (1.10)

where ℏ is Plank’s constant, Si are the spin-1 Pauli matricies, S± are the spin raising and lowering

operators, Δ/2π is the zero field splitting of 2.87 GHz, γe/2π = 2.8MHz/Gauss is the electron

gyromagnetic ratio, and d∥/2π = 0.35 Hz·cm/V and d∥/2π = 17 Hz·cm/V are the electric field
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coupling constants. Bi are the magnetic field components defined with respect to the NV quanti-

zation axis (taken to be along ẑ), which is defined physically by the line between the nitrogen and

vacancy of the defect. E∥ and E⊥ are the components of the electric field parallel and perpendicular

to the NV axis, respectively. Sensing protocols with NV centers are all, in one way or another, at-

tempts to measure the shifting values of the eigenstates ofH , and with this information to infer the

electric or magnetic field that caused this shift.

The electric field response of the NV center is, under most conditions, very weak compared to

the response to a magnetic field. This is due to the orbital singlet character of the ground state dis-

cussed in Sec. 1.3.2, which to first order should have no electric field response. Indeed, the observed

sensitivity to electric fields is due to mixing with the excited state92 and so is greatly suppressed. We

will primarily consider magnetic fields in the introduction to sensing protocols, finishing with a

note about electric field sensing.

Ground state spin manipulation

The NV center can be pumped into the ms = 0 spin state through optical excitation, but to manip-

ulate the spin further microwave fields are required. These can be introduced to the sample with a

suitable waveguide fabricated onto the diamond surface, a glass slide, or even a wire suspended above

the sample.

Consider the Hamiltonian of Eq. (1.10), but with a moderate external magnetic field applied

along ẑ and no applied electric field. The Hamiltonian is then

H

ℏ
=ΔS2z + γeBz (1.11)

= |1⟩ ⟨1|
(
Δ + γeBz

)
+ |−1⟩ ⟨−1|

(
Δ − γeBz

)
, (1.12)

where |±1⟩ represents the ms = ±1 spin state. If we apply a microwave field, the magnetic part
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of the wave can drive transitions between the |0⟩ ↔ |±1⟩ (it does not couple |+1⟩ to |−1⟩ due to

selection rules307). The Hamiltonian with the microwave term is

HMW

ℏ
= |1⟩ ⟨1|

(
Δ + γeBz

)
+ |−1⟩ ⟨−1|

(
Δ − γeBz

)
+

geμBB
ℏ

e−iωt (|0⟩ ⟨1|+ |0⟩ ⟨−1|+ |1⟩ ⟨0|+ |−1⟩ ⟨0|)

+
geμBB

∗

ℏ
eiωt (|0⟩ ⟨1|+ |0⟩ ⟨−1|+ |1⟩ ⟨0|+ |−1⟩ ⟨0|) , (1.13)

whereB is the amplitude of the magnetic part of the microwave field at frequency ω, ge is the elec-

tron g factor, and μB is the Bohr magneton, which come from the matrix element that couples the

spin-1 states in a magentic dipole allowed transition. We will denote the quantity geμBB
ℏ = Ω, which

is the Rabi frequency. Now we consider a general state |ψ(t)⟩ = c0(t) |0⟩ + c1(t) |1⟩ + c−1(t) |−1⟩.

Substituting this into the Schrodinger equation using the Hamiltonian of Eq. (1.13), we obtain the

following set of differential equations for the ci(t):

iċ0 =(Ωe−iωt +Ω∗eiωt)(c1 + c−1) , (1.14)

iċ1 =(Δ + γeBz)c1 + (Ωe−iωt +Ω∗eiωt)c0 , (1.15)

iċ−1 =(Δ − γeBz)c−1 + (Ωe−iωt +Ω∗eiωt)c0 . (1.16)

Now we transform into a frame that rotates at the frequency of the drive field through a unitary

transformationU = exp [−iωt(|1⟩ ⟨1|+ |−1⟩ ⟨−1|)]. We can incorporate this transformation into

Equations (1.14) to (1.16) by making the substitution c±1(t) = c̃±1(t)e−iωt. The resulting equations

are
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iċ0 =(Ω∗ +Ωe−i2ωt)(̃c1 + c̃−1) , (1.17)

i˙̃c1 =(Δ + γeBz − ω)̃c1 + (Ω +Ω∗e−i2ωt)c0 , (1.18)

i˙̃c−1 =(Δ − γeBz − ω)̃c−1 + (Ω +Ω∗ei2ωt)c0 . (1.19)

The only terms with explicit time dependence now rotate at a frequency 2ω. We take the rotating

wave approximation (RWA) and disregard these terms to focus on the slow dynamics. This is per-

missible if we are interested in the dynamics of the states on timescales that are slower than the∼

GHz timescales of ω. The system of differential equations is then

iċ0 =Ω∗(̃c1 + c̃−1) , (1.20)

i˙̃c1 =(Δ + γeBz − ω)̃c1 +Ωc0 , (1.21)

i˙̃c−1 =(Δ − γeBz − ω)̃c−1 +Ωc0 . (1.22)

Now there are several different cases. First suppose that ω = Δ + γeBz so that the driving field is

on resonance with one transition but is far detuned from the other. Intuitively, the dynamics should

be dominated by the c0 and c̃1 terms, since the off resonant field should very rarely cause transitions

to |−1⟩. We can use adiabatic elimination to set ˙̃c−1 = 0, which, upon substitution, yields

c̈0 = − |Ω|2 c0 + i
|Ω|2

Δ − γeBz − ω
ċ0 , (1.23)

which we recognize as the equation for a damped harmonic oscillator. In experiments, Bz is large

enough to completely split the degenerate transitions, so the the detuning, δ = Δ− γeBz − ω ≫ Ω.
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So long as we are not interested in the very long time dynamics, we can disregard the damping term

caused by the ms = −1 state. If we start in the initial state |ψ⟩ = |0⟩, the states will evolve as

c0(t) = cosΩt (1.24)

c̃1 =i
Ω
|Ω|

sinΩt , (1.25)

that is, the states will oscillate between each other at a frequency Ω. These are calledRabi oscilla-

tions and are depicted in Fig. 1.5.
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Figure 1.5: Rabi oscillaঞons of an NV center under a microwave drive. (A) Pulse sequence, consisঞng of an inঞtalizaঞon
step that pumps the NV center spin into ms = 0, a microwave drive of variable duraঞon, and opঞcal readout of the NV
center spin state. (B) Rabi oscillaঞons from an NV center (red points) with a sinusoidal fit (blue line). The curve does not
start exactly at zero due to effects of the microwave switch.

By choosing the duration of the microwave field, the spin can be coherently rotated from one

state to another. A π pulse, for example, is a pulse that rotates the state 180◦. The microwave field is

turned on for Ωt = π
2 , and takes |0⟩ → i |1⟩. More generally, with phase control of the microwave

field, an arbitrary state |ψ⟩ = cos θ
2 |0⟩ + eiφ sin θ

2 |1⟩ can be constructed. It is useful to visualize

such a state as a point on the Bloch sphere, where the north pole is the state |0⟩, the south pole is
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|1⟩, θ is the polar angle, and φ is the azimuthal angle. Arbitrary superpositions then have a unique

representation on the Bloch sphere, as depicted in Fig. 1.6.
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|1⟩
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|1⟩

θ
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A B

Figure 1.6: State representaঞon on the Bloch sphere. (A) A rotaঞon of θ about the y axis and (B) a rotaঞon of φ about
the z axis.

Now suppose that Bz = 0 so the ms = ±1 states are degenerate. Then if ω = Δ (the field is on

resonance), we find

c̈0 = −2 |Ω|2 c0 , (1.26)

That is, the oscillations between |0⟩ and |±1⟩ are
√
2 times faster than for the non-degenerate case.

What is the physical intuition behind how a microwave field drives these oscillations? First con-

sider what happens whith a DC field. Consider an electron prepared in the+1/2 Sz eignstate. If

a field is then applied along x̂, the electron is no longer in an eigenstate of the HamiltonianH =

γeℏSxBx and hence will undergo oscillations between ms = +1/2 and ms = −1/2 with a frequency

γeBx. So we could make our electron rotate between states by applying a large DCmagnetic field,
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but we would need nearly a Tesla to achieve a Rabi frequency of 2MHz, which in practice cannot

be switched on and off quickly. In the microwave case, we instead have a Hamiltonian of the form

H
ℏ

= γeBzSz +Ωcos ωtSx . (1.27)

That is, there is still a field applied off axis, but it is small and it oscillates in time. The Bz field is left

on. The microwave field causes the spin to rotate slightly from the pole, at which point it precesses

at the frequency γeBz. If the driving field is on resonance so that ω = γeBz, then every time the

electron precesses around the Bloch sphere the driving field pushes the spin farther from the pole, so

that in addition to rapidly rotating azimuthally, there is a slow polar rotation. In a frame rotating at

the precession frequency γeBz, an observer would only see the polar rotation. Hence we are able to

use a small oscillating field to accomplish what would have otherwise required a large static field.

Finally, for the case of the two level system, the system of differential equations can be solved for

arbitrary detunings. Assuming c0(t = 0) = 1,

|c0(t, δ)| = 1− |Ω|2

|Ω|2 + δ2
sin2

(√
|Ω|2 + δ2t

)
. (1.28)

In Fig. 1.7, we plot Eq. 1.28 for a fixed time corresponding to an on resonance π pulse, which gives

the population change as one sweeps the drive frequency through resonance, which is one of the

DCmagnetometry techniques discussed in the next section.
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Figure 1.7: π pulse detuning. Detuning dependence for a π pulse applied to a two level system with iniঞal condiঞon
c(t = 0) = 0

DCmagnetometry

Perhaps the simplest NV sensing protocol is DCmagnetometry, which can be done in a continuous

wave (CW) or pulsed manner.

For an NV center under no strain and in zero magnetic field, the ms = ±1 spin states are de-

generate and are separated from the ms = 0 spin state by the zero field splitting Δ. Optical exci-

tation results in spin pumping through the intersystem crossing, moving a large spin population

to the ms = 0 spin state. If microwaves are now applied at the zero field splitting, some popula-
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tion is transferred to the ms = ±1 states, which preferentially decays into the long lived metastable

singlet state, resulting in a decrease in fluorescence. This is optically detected magnetic resonance

(ODMR), which is shown in Fig. 1.8.
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Figure 1.8: NV center ODMR. Opঞcally detected magneঞc resonance of an NV center, showing the two spin transiঞons
split by an external magneঞc field.

Consider the Hamiltonian for an NV center placed in an external magnetic field, Bz along the

NV axis. The field breaks the degeneracy of the ms = ±1, splitting them by an amount 2γeBz.

Now if the microwave frequency is swept across the zero field splitting, two dips in fluorescence are

observed: one corresponding to a resonance with the ms = +1 transition and one corresponding to

ms = −1. By measuring the splitting between the ms = ±1 states, the z projection of the magnetic

field is inferred.
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Figure 1.9: Bloch sphere depicঞon of a Ramsey pulse sequence. A π/2 pulse sends the spin vector to the equator,
where it precesses under the influence of the Hamiltonian to acquire a phase. Following this, another π/2 pulse around
the same axis converts the phase into a spin populaঞon that can then be read out..

Another way to measure this splitting is through a Ramsey pulse sequence350, whose Bloch

sphere representation is depicted in Fig. 1.9. For pulsed sequences, a constant external magnetic

field is generally applied to split the spin states so that, for example, ms = 0 and ms = −1 may

be used as a qubit basis |0⟩ , |1⟩ and the third state is disregarded. The NV center is prepared in the

ms = 0 state by optical pumping, after which a π
2 pulse is applied (typically with a small detuning,

δ) to place the NV center in a coherent superposition state

|ψ0⟩ = |0⟩ π/2−−→ 1√
2
(|0⟩+ |1⟩) , (1.29)

which evolves for some time under the influence of an unknown DCmagnetic field. In the rotating

frame, this corresponds to evolution under the Hamiltonian

H1

ℏ
= δSz , (1.30)
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where δ is the detuning from the “true” resonance γeBz
4. After some evolution time τ, the NV cen-

ter spin state is

|ψ(τ)⟩ = 1√
2

(
|0⟩+ e−iδτ |1⟩

)
, (1.31)

Another π
2 pulse converts the phase into a population difference, giving

|ψ(τ)⟩ π/2−−→ |ψf⟩ =
1
2

(
(1− e−iδ) |0⟩+ (1+ e−iδτ) |1⟩

)
. (1.32)

Finally, projective measurement of the spin yields

∣∣∣⟨0|ψf⟩∣∣∣2 = 1
2
(1− cos δτ) . (1.33)

In experiments, the form of Eq. (1.33) is actually

∣∣∣⟨0|ψf⟩∣∣∣2 = e−τ/T∗
2

2
(1− cos δτ) , (1.34)

where T∗
2 is the spin dephasing time. This time sets a limit on how accurately a DC field can be

measured. To see this, note that the Fourier transform of e−at is given by

∫ ∞

0
eateiωtdt =

a+ iω
a2 + ω2

. (1.35)

In the case of (1.34), the real part is

F(ω) =
1

T∗
2

(
(T∗

2)
2 + ω2

) , (1.36)

4In a Ramsey sequence, we measure the difference between the known, fixed frequency of the drive and
the exact frequency of the resonance. Since we know exactly what the driving frequency is, after the detuning
is determined the “actual” position of the resonance is established.
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which is a Lorentzian with linewidth 1/T∗
2. The uncertainty in the measurement is given by the

linewidth of the Fourier transform. This is illustrated for several different dephasing times in Fig. 1.10.

Another way to see this is to imagine two sine waves with only slightly different frequencies. It will

take many cycles before there is a noticeable difference between the two, but if the spin has dephased

by then it will be impossible to tell.

When lowmicrowave powers are used for ODMR, the linewidth of the resonance is also set by

T∗
2, and the pulsed and CW techniques are equivalent.
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Figure 1.10: Spin dephasing and sensiঞvity. (A) Simulated NV center fluorescence signals in a DC field of γeBz = 1
MHz, but with differing decay envelopes characterized by the exponenঞal decay constant 1

T∗
2
(B) Fourier transforms of

simulated signals in (A), showing increased broadening for shorter values of T∗
2 .

ACmagnetometry

Many interesting magnetic signals are oscillatory, such as the precession of nuclear spins in a mag-

netic field, or can be made periodic by changing some parameter. In these situations, techniques

built on the spin echo140 are more appropriate.
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Nowwe assume that microwave pulses are resonant with the splitting induced by a static field,

and there exists some small oscillatory field that we would like to sense. The Hamiltonian in the

rotating frame is simply

H1

ℏ
= γeBz(t) . (1.37)

A spin echo consists of the pulses shown in Fig,. 1.11. The result of this sequence depends on the

form of the periodic signal and how it is timed with the pulse sequence.
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Figure 1.11: Bloch sphere representaঞon of the spin echo. As in the Ramsey sequence, the spin state is ঞlted onto the
equator of the Bloch sphere and allowed to precess, but midway through the free precession interval a π pulse reverses
the dynamics. The precession is refocused, except for parts of the Hamiltonian that give different (preferably opposite)
phase accumulaঞons in the first and second half of the sequence.

The simplest case is where Bz(t) has the same form in each experiment, that is, it is repeated in

the same way at the same time during the pulse sequence. Initializing in the ms = 0 spin state and

applying the pulses as in Sec. 1.3.3, the spin population is

P =
∣∣∣⟨0|ψf⟩∣∣∣2 = 1

2
(
1+ cos γeΔB(τ)

)
, (1.38)
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where

ΔB(τ) =
∫ τ

τ/2
Bz(t)dt−

∫ τ/2

0
Bz(t)dt . (1.39)

Hence if Bz is a constant function, the resulting phase accumulation is zero. For a simple periodic

function, maximum signal is obtained when the field has the same period as the pulse sequence (τ)

and is in phase. This is because the direction of phase accumulation switches sign after the π pulse,

and so if the field also switches sign at this time the phase accumulation is maximal.

It is also possible to apply the final π2 pulse around an axis perpendicular to the initial two pulses,

in which case the spin signal becomes

P =
1
2
(
1+ sin γeΔB(τ)

)
. (1.40)

This is known as sine magnetometry to distinguish it from cosine magnetometry as described by

eq. (1.38). For small signals, sine magnetometry may be preferred due to the linear expansion of sin x

for small x. Interestingly, the sensitivity of the two techniques is identical due to the increase in spin

projection noise along the equator of the Bloch Sphere (see Sec. 1.3.8).

The AC signal need not be phase locked to the pulse sequence. Indeed, this is most often the case

for common AC sensing schemes, such as NMR. In this case, in each repetition of the sequence, the

signal has the same frequency, but its phase is random with probability distribution φ(δ) = 1
2π . If

we assume that the periodic signal is sinusoidal, e.g. Bz(t) = B0 sin(ωt+ δ), then averaging over this

probability distribution gives
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⟨P⟩ =
∫ π

−π
φ(δ) cos2

(
2γeB0
ω

cos
(ωτ
2

+ δ
)
sin2

(ωτ
4

))
dδ , (1.41)

=
1
2π

∫ π

−π
cos2

(
2γeB0
ω

cos (α) sin2
(ωτ
4

))
dα , (1.42)

=
1
2

(
1+ J0

(
4γeB0
ω

sin2
(ωτ
4

)))
, (1.43)

where J0(x) is the Bessel Function of the first kind. The simulated signal is plotted in Fig. 1.12(A).

This situation is frequently encountered in experiment. For example, a spin-1/2 13C nuclear spin

located near a target NV center will result in coherence oscillations as depicted in Fig. 1.12(B). The

behavior of these oscillaions can be very complex when multiple 13C nuclei with different coupling

strengths are involved65. These oscillations can be understood as follows: while the periodic field

sensed by the NV center has a random phase at τ = 0, after a full precession interval (ωτ = 2π),

ΔB = 0 for all initial phases, and so there is no ensemble spread in detected magnetic fields. This

is true even if there are many sources of magnetic field with different couplings to the NV center, so

long as they are independent and precess at the same frequency.
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Figure 1.12: Coherence oscillaঞons and revivals. (A) Simulated NV center spin signal for a periodic magneঞc field with
random phase. (B) Spin Echo signal from an NV center in a diamond with a natural abundance of 13C, displaying oscilla-
ঞons in the coherence at γNBapp due to a nearby 13C atom.

NV centers are more sensitive to AC fields than to DC because spin echo measurements are lim-

ited by the spin coherence time, T2, rather than T∗
2, and this is typically much longer240. Shot-to-

shot variations in the magnetic field cause dephasing in Ramsey measurements, and these variations

can come from slowly varying sources. Indeed, the primary limit of T∗
2 for NV centers in diamond

with natural isotopic abundance is the bath of 13C spins that provide a randomized, time varying

magnetic field at the sensor site251,237. The Spin Echo sequence cancels out such slowly varying

fields, even if there is shot-to-shot variation. In the Bloch sphere picture, the spin state precesses

clockwise and counter-clockwise by the same amount during each measurement, even if the applied

field is different for different iterations of the measurement. This means that coherence decay oc-

curs as a result of higher frequency noise that is not canceled by the equal free precession intervals.

Some of this high frequency noise can be canceled by the application of additional π pulses, which

may extend T2, depending on the form of the noise bath.
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1.3.4 Spectral noise formulation

Multi-pulse sequences are best understood in the spectral noise formulation194,128,23,100. Consider a

pulse sequence in which a π/2 pulse is applied, a series of other π pulses are applied with some free

precession intervals interleaved, and finaly a π/2 pulse is applied and the spin state read out. The

phase accumulated during this process, φ, can be written as

φ = γe

∫ T

0
f(t)B(t)dt , (1.44)

where B(t) is the magnetic field at time t and f(t) is a function that takes on values of±1 (steps)

depending on the number of π pulses applied. Taking the average over many measurements, the NV

center signal is given by

C(τ) =
1
2
(1+ ⟨cos φ⟩) , (1.45)

=
1
2
(
1+ exp(−

〈
φ2〉 /2)) , (1.46)

=
1
2
(1+ exp(−χ(τ))) , (1.47)

where we have used the fact that, if φ is Gaussian distributed, then ⟨cos φ⟩ = exp(−
〈
φ2〉 /2). It

is generally true that B(t) is Gaussian distributed for a particular t, but see Ch. 3 for an interesting

example where this is not the case.

We then calculate χ(τ)

χ(τ) =
1
2
γ2e

〈∫
f(t)B(t)dt

∫
f(t′)B(t′)dt′

〉
, (1.48)

=
1
2
γ2e

〈∫ ∫
f̃(ω1) exp(2πiω1t)dω1B(t)dt

∫ ∫
f̃(ω2) exp(2πiω2t′)dω2B(t′)dt′

〉
. (1.49)

35



Expanding B(t′), we can write

B(t′) =
∫

exp(2πiω3t′)B̃(ω3)dω3 , (1.50)

=

∫
exp(2πiω3t′)

∫
exp(−2πiω3t′′)B(t′′)dt′′dω3 . (1.51)

Inserting this back into eq. (1.48), we can rearrange terms to write

χ(τ) =
1
2
γ2e

∫ ∫ ∫
f̃(ω1)̃f(ω2)SB(ω3)dω1dω2dω3

∫
exp(−2πi(ω1+ω3)t)dt

∫
exp(2πi(ω3−ω2)t′)dt′ ,

(1.52)

where SB(ω) =
∫
exp(2πiωt) ⟨B(t)B(0)⟩ dt is the magnetic field noise spectral density, by the

Weiner-Khinchin theorem.

The above finally simplifies to

χ(τ) = (γe)
2
∫

dω
2π

SB(ω)
F(ωτ)
ω2

, (1.53)

where F(ωτ) = ω2
2 f̃(ω)̃f

∗(ω) is the filter function associated with the pulse sequence. The filter

function is aptly named as it selects out certain frequencies from the noise spectrum that influence

the coherence. The filter functions for some common pulse sequences are listed in Table 1.3. In gen-

eral, pulse sequences with a larger number of pulses become more strongly peaked around a central

frequency, resulting in a weak influence from noise at frequencies far from the central frequency

and a strong signal at the central frequency. This property makes these sequences useful for NMR,

where the nuclear spins to be sensed precess at a known frequency, or at least close to a known fre-

quency and the time spacing can be swept. The nuclear spin signal can thus be sensed while all other

noise sources at other frequencies are filtered out.
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Sequence Ramsey Echo CPMG (n even) PDD (n odd)
F(x) 2 sin2

( x
2

)
8 sin4

( x
4

)
2 sin2

(nx
4

) (
1− sec

( x
4

))2 2 sin2
(

(n+1)x
4

)
tan2

( x
4

)
Table 1.3: Filter funcঞons for commonly used pulse sequences. n is the number of π pulses.

By using different pulse sequences, it is possible to sample different parts of the noise spectrum,

and by inverting the coherence decay one can map out the noisy environment of the NV center.

This technique, called spectral decomposition298,246, is a useful characterization technique for NV

centers as well as other qubits. For quantum information applications, this is because mitigation

of environmental noise starts with a good understanding of the properties of the noise bath, but

the noise bath itself may be of interest. Some phenomena create characteristic noise spectra, or, as

Rolf Landauer famously wrote, “the noise is the signal”209. We will make use of noise measurement

techniques in Ch. 2 and Ch. 4.
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Figure 1.13: Filter funcঞon plots for different pulse numbers. Filter funcঞons (divided by ω2) for CPMG sequences with
increasing pulse number n. For a fixed total ঞme, increasing n pushes the filter funcঞon to higher frequencies and it
becomes more sharply peaked.

Noise generating processes with with some finite correlation time (e.g. a “stationary” process

with an exponentially decaying autocorrelation function) produce a noise bath with a Loretnzian

power spectral density:

S(ω) =
1
π

b2τc
1+ ω2τ2c

, (1.54)

where τc is the correlation time of the noise bath and b is an amplitude parameter. Many naturally

occurring processes are well described by this model, including noise from the nuclear spin envi-
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ronment of solid state systems100, two level fluctuators that limit coherence of superconducting

qubits313, and charge traps in semiconductors that are responsible for generation-recombination

noise250. The form of the coherence decay is influenced directly by the parameters of this noise spec-

trum. For the FID, we have

C(τ) = exp−
(
b2τcτ+ b2τ2c (e−τ/τc − 1)

)
, (1.55)

≈ exp
(
−b2τcτ

)
, (1.56)

where in the last line we have taken τ ≫ τc. The stretching factor of the exponent and the decay

timescale thus provide insight into the dynamics of the bath–in particular, the decay rate (1/T∗
2) is

proportional to the correlation time of the bath5. Similarly, in the opposite limit (τ ≪ τc), a Ram-

sey sequence gives a τ2 dependence that is independent of the bath noise spectrum parameter τc; it

is a universal decay signature, regardless of environmental factors. Higher pulse number sequences

are sensitive only to higher frequency noise components, which do not exist in this example, so there

is no coherence decay. This is due to the reversal of the kinetics and refocusing of the Bloch vector

in Echo type sequences, which cancel out dephasing due to sufficiently slowly varying noise. By

increasing the number of pulses, higher and higher frequency components are canceled, and the

coherence time can be extended. For the noise spectrum given by Eq. (1.54) in the limit of a long

bath correlation time (τc > τ,T∗
2), coherence time scales with the number of pulses to the 2/3

power100,350,329. This has been demonstrated to be the case for bulk NV centers24,23, suggesting

that the electronic spin bath of the host diamond (primarily substitutional nitrogen atoms) is in-

deed the coherence limiting noise source. For shallowNV centers this is not generally true298, which

5Another interesting phenomenon that is apparent in this example and that is of great interst in NMR is
that of motional narrowing, where T∗

2 is extended by very short τc 83
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hints at a more complicated environment near the surface, a topic we will explore in Ch. 2.
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Figure 1.14: Pulse sequence frequency filtering. Intuiঞve explanaঞon of filtering in CMPG sequences. A signal with a
frequency commensurate with the pulse sequence (blue curve) contributes phase of the same sign for the enঞre se-
quence (light blue shading). A signal with a different frequency (red curve) contributes posiঞve (light red) and negaঞve
(dark red) phases, and so contributes less to the phase accumulaঞon of the NV center. Central pulse sequence is sym-
metric XY8.

Using Eq. 1.53, it is possible to reconstruct a noise source with sufficient points along the NV

center decoherence curve23. This is generally accomplished by taking measurements with CPMG

pulse sequences of varying pulse numbers. For large numbers of pulses, the filter function in Eq. 1.53

becomes sharply peaked (see Fig. 1.13)36. In this limit, the filter function samples the noise spec-

trum at a single frequency. We can then write

− lnC(τ) ≈ 1
π
τS(ω) , (1.57)
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from which S(ω) can be reconstructed directly from the decoherence curve.

While the spectral noise formulation is a powerful tool for understanding and mitigating inco-

herent contributions to the NV center coherence, it does not capture coherent dynamics between

the NV center and its environment. These dynamics are ubiqutious when considering interactions

between the NV center nuclear spins, are naturally understood in the framework of Nuclear Mag-

netic Resonance (NMR). Indeed, one of the primary technological aspirations for NV centers is to

use them as nanoscale NMR sensors that can sense small quantities of materials341,124 or elucidate

the structure of target molecules226,316. In several chapters of this thesis, we use NMRmeasure-

ments of protons, on the diamond surface to determine the depths of NV centers as depicted in

Fig. 1.15279.
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Figure 1.15: NMR signal from protons. Typical NMR signal for a shallow (5 nm) deep NV center. τ is the ঞme between π
pulses in a 43 pulse XY-8 sequence. Red points are data, blue is a fit from Ref.279.
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1.3.5 Spin lock

Spin locking is a technique that is used for sensing purposes as well as for polarization transfer144,310.

For sensing it can be thought of as the continuum limit of dynamical decoupling, and it bridges the

frequency gap between the previously discussed sensing techniques and T1 relaxometry, which will

be discussed in the following section. In a spin lock sequence, the NV center spin is tilted onto the

equator of the Bloch sphere and a strong drive is applied 90◦ out of phase with the initial pulse.

This results in rapid precession around a new axis. During the “lock” part of the sequence, the NV

center is in the dressed state basis

|±⟩ = 1√
2
(|ms = 0⟩ ± |ms = 1⟩) , (1.58)

and the splitting between the two dressed states is given by the microwave drive strength, Ω225. If

this energy splitting is tuned on resonance with another transition, such as that of 13C spins in the

diamond, the two systems become coupled and undergo joint dynamics. By returning the NV cen-

ter to the {|ms = 0⟩ , |ms = 1⟩} basis with a final π/2 pulse, these dynamics can be observed. The

decay of NV coherence during a spin lock, called Tρ
1 , provides information about the incoherent

environment of the qubit since it is sensitive to noise at the dressed state splitting Ω. While Ω can

theoretically take on arbitrarily large values, it is limited to∼ 10s MHz by experimental considera-

tions such as heating from a strong microwave drive.

1.3.6 T1 relaxometry

A final distinctive form of sensing that may be employed using NV centers is the measurement of

increased spin lattice relaxation rates (1/T1) near certain materials, which is sometimes called “re-

laxometry”197. This is an incoherent (e.g. noise) sensing technique, but it is simple to employ and

works at generally higher frequencies than T2 sensing techniques. The NV center is simply prepared
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in a definite spin state (usually ms = 0 through optical pumping) and the spin state is read out some

time later. The decay rate from a spin polarized to a mixed state is thus measured.

In bulk diamond, NV center T1 times are very long (several milliseconds), even at room temper-

ature173. As has been previously discussed, the nuclear spin environment of diamond is relatively

clean, and direct flips with nuclear spins are anyways suppressed due to the large difference in g fac-

tors. T1 relaxation of NV centers is primarily a phonon driven process, however, due to the orbital

nature of the NV center ground state wavefunctions (e.g. orbital singlets, see Sec. 1.3.2), phonons

have a weak effect on the ground state spin. Additionally, due to the low phonon occupation at the

ground state spin splitting energy, the spin flip is dominated by multiphonon processes with higher

energy phonon modes. At moderate and low temperatures, spin relaxation seems to occur due to

the occupation of localized modes a the defect center site (an Orbach process288), with relaxation

rate scaling with temperature as

1
T1

∝ 1
eΔ/kBT − 1

, (1.59)

where Δ is an activation energy measured to be≈70 meV173. Experiments have shown that this

transitions to a T5 scaling at higher temperatures (> 300 K)173, indicative of a dominant two

phonon Raman process373. At very low temperatures (≲ 30 K), the local spin environment (e.g.

nitrogen impurities) can cause T1 to saturate173,262 but in clean samples this does not occur. T1 ul-

timately places an upper limit on the coherence time (and hence, sensitivity) of NV centers6. While

a slowly varying noise bath can in principle be decoupled from, truly stochastic processes that cause

spin flips cannot. The phonon occupation can be lowered by cooling the diamond to cryogenic

6Specifically, T2 < 2T1
329. This is somewhat counterintuitive, but the limiting case occurs only for noise

that is primarily transverse. For NV centers it is typically true that T2 < T1. Furthermore, while it is common
practice to think of an NV center spin as a qubit, ignoring the spin-1 nature of the defect, one should be care-
ful in defining what is meant by T1 in this case as transitions between ms = +1 and ms = −1 can complicate
the picture, see Ref.255.
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temperatures. Recent low temperature experiments have pushed NV center T1 times to nearly 8

hours, limited by the direct single phonon process15.

If relaxometry were only a probe of phonon occupation of the diamond lattice it would be of

limited use for sensing. The NV center spin is additionally sensitive to noise at the ms = 0 ↔

ms = ±1 transition energy (∼GHz), which can be varied by application of an external magnetic

field. Many systems of interest produce noise in this frequency range, which will affect the relaxation

rate of a nearby NV center.

Since this is an incoherent decay rate, it can be calculated using Fermi’s Golden Rule7:

Γi→f =
1
T1

=
2π
ℏ

|⟨f|V|i⟩|2 δ(Ef − Ei) , (1.60)

where |f⟩(|i⟩) and Ef(Ei) are the final (initial) state and energy of the final (initial) state, respectively

andV is the perturbation that connects these two states307. Transitions between ms = 0 and ms =

±1 are caused by magnetic fields255, so we have

V = geμBB⃗ · S⃗ , (1.61)

where ge = 2 is the electron g-factor, μB is the Bohr magneton, B⃗ is the magnetic field vector and S⃗

is the vector of Pauli matricies. To evaluate this expression, we need to consider the initial and final

7This derivation closely follows that given by Henkel in reference148 for atoms in traps, but the physics is
the same for an NV center near a source of magnetic field noise.
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states of both the spin and the field, and sum over all of these states. For the field states, we have

∑
f,i

p(i)
∣∣∣⟨f|B⃗|i⟩∣∣∣2 δ(Ef − Ei − ℏω) (1.62)

=
∑
f,i

p(i) ⟨i|Bj|f⟩ ⟨f|Bk|i⟩ δ(Ef − Ei − ℏω) , (1.63)

=

∫ ∞

−∞
dteiωt

∑
i
p(i) ⟨i|eiEit/ℏBjBke−iEit/ℏ|i⟩ , (1.64)

where Bj,k are the components (x,y,z) of the magnetic field and i, f denote the initial and final states

of the field. In the last line we make use of the completeness relation summing over the final states.

The environmental magnetic field is in principle a function of both space and time. The NV

center has fixed coordinates, but the field at its location will change with time. In the interaction

picture, we may write

B(t) = eiH0tℏBe−iH0t/ℏ , (1.65)

whereH0 is the time independent part of the Hamiltonian with eigenenergies (eigenstates) given by

Ei,Ef (|i⟩ , |f⟩). Substituting this into Eq. (1.62) yields

∫ ∞

−∞
dteiωt

∑
i
p(i) ⟨i|eiH0t/ℏBje−iH0t/ℏBk|i⟩ =

∫ ∞

−∞
dteiωt

∑
i
p(i) ⟨i|Bj(t)Bk(0)|i⟩ . (1.66)

This is simply the definition of the magnetic field power spectral density (along various directions),

Sj,k(ω). To find the spin relaxation rate, we sum over the different directions

ΓI→F =
2π
ℏ
(geμB)

2
∑

j,k=x,y,z

Sj,k(ω) ⟨I
∣∣Sj∣∣ F⟩ ⟨F |Sk| I⟩ , (1.67)

where I, F now denote the initial and final states of the spin. This summation must be done care-

fully for a realistic experiment because NV centers in (100) cut diamond make a 54.7◦ angle with
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the surface. The general result is extremely useful, however: the relaxation rate of an NV center is a

measurement of the magnetic field power spectral density at the spin transition frequency! Near a

metal, this magnetic noise comes from thermal fluctuations of electrons (Johnson noise) and hence

the spin relaxation rate can be used to probe a material’s conductivity (see Ref.5 and Appendix C).

This insight has been leveraged to probe ballistic electrons in high quality silver films197 and as a

method to non-invasively map conductivity on the nanoscale11. It is a unique conductivity mea-

surement, as in addition to being local in real space, NV center relaxometry probes the transverse

conductivity at a particular momentum, given by k ∼ 1/dNV (see Ch. 4). This property of NV

centers to filter out different electron momenta at different depths has been proposed as a method

to investigate various electron transport regimes in conductors, including exotic hydrodynamic elec-

tron flow in graphene5. In Ch. 4, we use this method to explore the spatial dependence of a large

population of phonons that cause electronic noise through scattering.

1.3.7 Electric fields

While the majority research on NV centers as sensors has focused on measuring magnetic signals,

they can in principle be used to sense electric fields as well. The sensitivity to electric fields is consid-

erably lower, at least in the ground state. From eq. (1.10), we can see that while magnetic fields split

the spin states by 2.8MHz/Gauss, electric fields cause a splitting of 17 Hz·cm/V at most. This small

response to electric fields is again due to the symmetry of the NV center ground state, which is an

orbital singlet with no electric dipole moment. In fact, the only reason that the NV center ground

state displays any electric field response is due to a small admixture of excited state character in the

ground state wavefunction91. This mixing comes from spin-orbit coupling (λ⊥), and so the ground

state dipole moment, dgs, is approximately

dgs ∝
λ⊥
ΔE

des , (1.68)
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where des is the excited state dipole moment and ΔE is the energy of the optical transition between

the ground and excited states (1.95 eV). The excited state dipole moment is thought to be several

MHz·cm/V, which is comprable to trapped atoms91.

In addition to having a relatively weak response to electric fields, the way in which electric field

enters the Hamiltonian in Eq. (1.10) means that the eigenstates are more complicated than for mag-

netic fields alone. In particular, in the presence of significant electric fields, the eigenenergies depend

strongly on the orientation of the magnetic field. Using second order perturbation theory, the en-

ergy splitting between the ms = 0 and ms = ±1 states can be shown to be92

ℏω± = d∥Ez ±
(
F(B⃗, E⃗)− F(B⃗, 0)

)
, (1.69)

where

F
(
B⃗ = (B⊥,Bz), E⃗ = (E⊥,Ez)

)
=

[
(μBgeBz)

2 + (d⊥E⊥)2 −
μ2Bg

2
e

Δ
B⊥d⊥E⊥ cos

(
2φB + φE

)
+

μ4Bg
4
e

4Δ2 B
4
⊥

]1/2
,

(1.70)
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Figure 1.16: NV center electric field sensiঞvity. (A)-(C): Simulated electric field induced frequency shi[ for ms = −1,
plo�ed in polar coordinates as a funcঞon of φB. E⊥ = 500 kV/cm, Bz = 10 Gauss. |B⊥| has values of 0 Gauss (A), 50
Gauss (B), and 100 Gauss (C). Radial scale is in MHz. (D) Relaঞve frequency change for E⊥ = 500 kV/cm for different
strengths of |B⊥|. Bz = 10 Gauss.

The angles tan φE =
Ey
Ex and tan φB =

By
Bx introduce a complicated four-fold dependence to

the electric field sensitivity, as varying the magnetic field angle in the presence of a constant elec-

tric field will also change the splitting (see Fig. 1.16A-C). While Ez gives a constant offset to both

eigenenergies, the sensor can be made more sensitive to E⊥ by applying a large off axis magnetic field

(that is, making B⊥ ≫ Bz), which helps to mitigate the normally low sensitivity to electric fields

(see Fig. 1.16D). By carefully controlling the magnetic field alignment and using AC sensing tech-

niques, experiments have demonstrated an electric field sensitivity of≈ 200 V cm−1Hz−1 92. This
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corresponds to the field produced by a single electron 150 nm away64, but it is still orders of mag-

nitude less sensitive than competing devices, such as single electron transistors87. A more promis-

ing approach to external electric field sensing uses the optical transition to the excited state, which

as was already mentioned is very sensitive to electric fields42. This measurement method is com-

plicated by the need for cryogenic temperatures, broadening of the optical transition in prepared

diamond368, and spectral diffusion of the optical transition due to charge hopping in the local envi-

ronment328,381.

Strain sensing, that is, using the NV center to measure its own local lattice distortion, is essen-

tially an electric field sensing technique. While in Eq. (1.69) and Eq. (1.70) we have considered the

case of zero strain, in reality all NV centers experience some distortion in the lattice around them.

This distortion is felt as an additional electric field term (⃗σ), which is often simply added to the ex-

ternally applied electric field to obtain a total field: Π⃗ = σ⃗ + E⃗8. This sensitivity to strain has been

used to drive spin transitions mechanically215, as well as to image pressure and magnetic field si-

multaneously in high-pressure diamond anvil cells159. Since temperature also results in expansion

and contraction of the lattice, NV centers have been used to measure temperature in this way, most

notably inside of living cells204,66.

8While this treatment is common in the literature, it assumes that all in-plane stress is the same, which is
not necessarily true. More generally, strain needs to be treated as a tensor, and there are four susceptibility
parameters rather than just two. See Ref.27
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While the electric field sensing prospects of NV centers are somewhat limited, the way in which

the transition frequencies respond to electric fields compared to magnetic fields often possible to

differentiate between the two in order to determine the origin of an unknown signal. For example,

in Fig. 1.17, it is apparent that, unlike magnetic fields, electric fields along the NV axis (E∥) shift

the ms = ±1 states in the same way. This makes it possible to construct pulse sequences using a

superposition of ms = ±1 spin states that is sensitive only to electric fields (|±⟩ = |−1⟩ ± |+1⟩).

Comparing the decoherence of qubits defined in the {|±⟩} basis to decohernce in the conventional

{|0⟩ , |±1⟩} can shed light on whether the dominant decohernce mechanism comes from electric or

magnetic field noise44.

Similarly, since electric fields drive transitions between |+1⟩ ↔ |−1⟩ (see the S2± terms in

Eq. (1.10)), by measuring the relaxation rates between ms = +1 and ms = −1 (so called “dou-

ble quantum” relaxaometry) it is possible to tease out the electric and magnetic field contributions

to the T1 decay255,120. We will make use of this technique in Ch. 2 to analyze the relative electric and
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magnetic field contributions to the decoherence of near surface NV centers.

Finally, it is also possible to differentiate electric frommagnetic field effects by comparing mea-

surements in the {|0⟩ , |+1⟩} basis with the {|0⟩ , |−1⟩} basis. Again, for a magnetic field aligned

axially along the NV center quantization axis, E∥ causes a frequency shift in the same direction

for both qubit states, while Bz will cause them to move oppositely. This phenomenon is shown

in Fig. 1.17. In Ch. 5, we will employ this method to understand the origins of signals at different

locations in a graphene field effect transistor.

1.3.8 Sensitivity

Even if an NV center’s spin state can be read out in a single experimental sequence (called “single

shot” readout), enough measurements will still need to be accrued to overcome spin projection

noise before a signal is detected. This presents a natural way to define the sensitivity of a quantum

projection noise limited sensor: the sensitivity is the field at which the size of the signal is equal to its

uncertainty, or the signal-to-noise ratio (SNR) is 1. Since we measure in the Sz basis, this means

δ ⟨Sz⟩ =
√
⟨S2z ⟩ − ⟨Sz⟩2 , (1.71)

where ⟨X⟩ denotes the average of a set ofNmeasurement outcomes of the observable X. A Ramsey

magnetometry sequence has an expectation value of

⟨Sz⟩ = ℏ cos
(
γeBτ

)
, (1.72)
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where τ is the total measurement time. Since ⟨S2z ⟩ = 1, Eq. (1.71) simplifies to

δ cos γeBτ =
√
1− cos2 γeBτ , (1.73)

= sin γeBτ . (1.74)

but δ cos γeBτ = − sin
(
γeBτ

)
γeτδB, so

δB =
1
γeτ

. (1.75)

This is actually the same result that is obtained for sine magnetometry, since the cosine term in

Eq. (1.73) is replaced with a sine and again the trigonometric terms cancel.

ForN independent and uncorrelated measurements of the sensor, the variance of the mean

shrinks. This means that the standard deviation of the spin signal is reduced by 1√
N
, or, forNmea-

surements of length τ for a total measurement time T, we should reduce Eq. (1.75) by a factor of√ τ
T , so that the minimum field is given by

δB =
1
γE

1√
Tτ

. (1.76)

Sensitivity, η is related to the minimum detectable field by350

η = δB
√
T , (1.77)

so the sensivitity for a single NV center is

η =
1
γe

1√
τ
. (1.78)
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Since the time for an individual measurement is limited by the decay of the spin coherence, τmax =

T2 for a spin echo sequence or τmax = T∗
2 for a Ramsey sequence. Hence a great deal of work has

gone into improving this parameter in near surface NV centers, which are most useful for sensing

(see Ch. 2).

There are other ways to improve the sensitivity. The most straightforward way is to increase the

number of NV centers (NNVs) that are independently measured. The variance of the mean field

again shrinks byNNVs, so the sensitivity is improved by 1√
NNVs

:

η =
1
γe

1√
τNNVs

, (1.79)

which is known as the standard quantum limit (SQL).

Ensemble diamonds, in which many NV centers occupy a single diffraction limited spot, are

often used for sensing for this purpose. The high density of NV centers comes at a cost, however:

more NV centers means more nitrogen must be implanted, and this leads to more defects such as P1

centers and multivacancy clusters. These additional defects lead to increased environmental noise

and a reduction in coherence, so techniques to obtain high densities of NV centers without intro-

ducing significant environmental spins are of great interest. Electron irradiating diamond before an-

nealing, for example, can increase the conversion efficiency ofN → NV for a given dose of nitrogen.

For high enough NV densities, interactions between NV centers will limit the ensemble coherence

time203,68. Additionally, since there are four orientations of NV centers in an ensemble diamond,

there is significant background from the orientations not being used for sensing, but there has been

some promising work on growing NV centers with a preferential orientation as well247,277. The dif-

ferent orientations do allow for vector reconstruction of the magnetic field, which is a somewhat

unique feature of NV center sensing214.

The expression in Eq. (1.79) is not a fundamental limit to sensitivity. The 1
NNVs

arises from a col-
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lection of uncorrelated measurements, but it is possible to engineer correlations between sensors

that break the standard quantum limit. For a collection ofNNVs NV centers that have been appro-

priately entangled, the sensitivity instead saturates at the so-called Heisenberg limit

η =
1
γe

1√
τNNVs

. (1.80)

While there are many proposed schemes for achieving a Heisenberg limited sensitivity68, all are hin-

dered by the difficulty of entangling NV centers as it is challenging to engineer interactions between

multiple centers.

Typical experiments operate far from the projection noise limit as NV center spin state readout is

generally not single-shot. Below we review some common readout techniques and compare them to

the single-shot case to get a sense of real-world sensitivity.

1.3.9 Readout techniques

There exists a vast number of readout techniques for the NV center spin, a review of which can be

found in Ref.156. Here we present a brief review of some of the more commonly employed strate-

gies.

In order to gauge the effectiveness of different schemes, one can compare each to the spin projec-

tion noise limit and calculate the factor, σR, by which the projection noise limit is exceeded. Since

the spin projection noise is the square root of a variance, a technique that provides σR = 2 will

take 4× as much averaging to reach the same sensitivity as a technique in which the readouts are

single-shot.
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Resonant readout

The NV center is essentially an atom with reduced symmetry, and so its state may be determined by

probing the optical transitions between a ground and excited state using a laser tuned to the transi-

tion frequency. In particular, at low temperatures (≈ 8K), the Ex and A1 excited state transitions

are frequency resolvable296. For low strain diamonds, spin mixing in the excited state is suppressed

so the Ex transition keeps the spin in the ms = 0 manifold, while A1 transitions keep the spin in

ms = ±1 for a large number of optical cycles348. By tuning a laser to the Ex transition and collecting

photons, the spin state is determined to be ms = 0 if a large number of photons are collected and

ms = ±1 otherwise. Due to the high refractive index of diamond and the finite probability of a

spin flip in the excited state, fabricated nanostructures are employed to collect sufficient photons to

make a spin state assignment with high fidelity296,149. Spin state readout fidelities> 93% are thus

achieved in a single shot, and the spin state can also be initialized with 99.7% probability through

optical pumping296.
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Figure 1.18: Resonant readout of NV centers. (A) SEM of nanostructured solid immersion lens used to increase collec-
ঞon efficiency in resonant readout experiment. (B) Simplified level structure showing the Ex and A1 transiঞons used
for spin pumping and readout. (C) Photoluminescence spectrum of an NV center taken while scanning the excitaঞon
laser frequency, relaঞve to 470.443 THz. (D) Count rates from the Ex transiঞon and A1 transiঞon (inset) as a funcঞon of
readout duraঞon. The decay is due to mixing between the excited states that results in non-cyclicity of the transiঞons.
Figure taken with permission from Ref.295.

While spin selective resonant readout is both accurate and efficient, it is not possible for many

sensing applications. It cannot be used at elevated temperatures due to the significant broadening

of the zero phonon line by lattice vibrations112. The need for a nanostructured diamond to increase

collection efficiency is not compatible with all sensing environments. Perhaps most importantly,

engineering NV centers with stable spin resolvable optical transitions is challenging. When an NV

center is ionized by readout or initialization, the nearby charge environment changes as electrons are
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moved between donors and acceptors. Upon recombination, the electric field environment of the

NV center is subtly different, but since the excited state has a large dipole moment, the transition

energy is now shifted randomly69. This spectral diffusion of the zero phonon line between mea-

surements has made techniques reliant on coherent photons extremely difficult and has fueled the

search for other diamond defects that do not posses such sensitivity to electric fields in the excited

state327. In the more disordered environment typically found in implanted diamonds, nanostruc-

tured diamonds, or near surface NV centers, the optical linewidth may be extremely large (∼GHz)

even for a single measurement due to enhanced electric field noise, which precludes resonant read-

out as a viable strategy. Some progress has been made in diamond fabrication to reduce this disor-

der304, though it remains an outstanding issue for quantum technologies based on NV centers.

Off-resonant readout

Perhaps the primary reason for the popularity of NV centers as sensors in a variety of fields is that it

is possible to initialize and read out the spin state with off-resonant light even under ambient condi-

tions. This is by far the most commonly used readout method due to its simple implementation and

broad range of operating conditions.

When the NV center is excited by off resonant light with energy higher than the excited state

transition of 1.95 eV, the NV center is excited into a vibrationally excited state of the electronic

excited state and undergoes rapid decay to the vibrational ground state166,365. While at low temper-

atures the electronic excited states are well separated and distinct, for temperatures T > 22 K they

are rapidly mixed by phonons297,126 and the averaged excited state can be treated as a 3E spin triplet,

orbital singlet system. Both the excitation process and orbital averaging are essentially spin conserv-

ing, however. As is depicted in Fig. 1.19, when the electron finally decays back to the ground state,

it can either decay directly from the triplet excited state to the triplet ground state or it can nonradi-

atevly decay to a metastable singlet state (lifetime≈ 300 ns4) before returning to the ground state
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triplet. Amazingly, the branching ratio into the singlet manifold is≈ 10× higher for states with

ms = ±1125,156. The fact that the singlet transition is non-radiative, in addition to the difference in

lifetimes between the triplet excited state and the singlet means that over a set period of time, more

photons will be emitted by an NV center with ms = 0 than ms = ±1. Perhaps more astonishingly,

the intersystem crossing allows the spin to flip. Due primarily to the differing intersystem crossing

rates of the ms = 0 and ms = ±1 states294, with sufficient excitation cycles, spins are pumped into

ms = 0 with high probability. The fidelity of this spin pumping process has been estimated to be

anywhere between 80%294 and 90%321. This means that the NV center spin can be prepared and

read out with a single, off resonant laser. Typically a 532 nm frequency doubled Nd:YAG laser is

used since this is a higher energy than the excited state transition and such lasers are readily available.

Many other wavelengths can in principle be used, so long as consideration is given to the ionization

dynamics of NV− and NV0 14.
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While off resonant readout is technically straightforward, it is inefficient. A typical optimal read-

out time for an NV center is≈ 300 ns (e.g. the singlet state lifetime), during which time≈ 0.01

photons are collected, depending on the collection efficiency of the setup. This means that mea-

surements are dominated by shot noise rather than projection noise, and many more measurement

repetitions are required to even differentiate between the two spin states. If, during a read out win-

dow, α0 photons are collected for an NV center with spin state ms = 0 and α1 photons are collected

for an NV center with spin state ms = ±1, then we can define a contrast, C as350

C =
α0 − α1
α0 + α1

. (1.81)

The uncertainty in excess of the spin projection noise is then

σR =

√
1+

1
C2ε

, (1.82)

where ε is the average number of photons collected per readout (e.g. ε = (α0 + α1)/2). For sin-

gle NV center measurements, the contrast is typically 0.3 − 0.4. This is limited by the branching

ratios and lifetimes of the system rather than setup performance (although a high background will

degrade the contrast, as is the case for ensembles). The collection efficiency can vary significantly

between experiments, with ε ranging from about 0.01 for single NV centers in planar samples mea-

sured with an air objective to 0.3 for nanostructured diamond321,2529. Nanofabrication of diamond

is extremely difficult due to diamond’s hardness, chemical inertness, and anisotropic etching prop-

erties380,158, and it is even more difficult to fabricate such structures and maintain good optical

and spin properties of NV centers291,304. Even with the improved collection efficiency provided

9Due to the very high refractive index of diamond (n = 2.4) many emitted photons are internally re-
flected instead of exiting the diamond and being collected by the objective. Nanostructures utilize this high
refractive index to guide emitted photons through a beam or pillar so that significantly more photons reach
the collection objective.
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Figure 1.19 (following page): Off-resonand NV center spin readout. (A) Simplified level diagram showing relevant states
and transiঞons for off-resonant readout and spin pumping. Both of these are enabled by the fact that the decay rate out
of ms = ±1 into the metastable singlet states (S1) is greater than that of ms = 0 (S0). D0 and D1 are similar. (B) Photon
count rate as a funcঞon of readout window ঞme, showing the differing count rate from the two spin states that permits
opঞcal spin state readout. Figure taken with permission from Ref.139.
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Figure 1.19: (conঞnued)
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by nanostructures, σR ≈ 10321. Since most sensing sequences are relatively short (≈ 100 μs sens-

ing times), it is possible to perform sufficient measurements to overcome the excess SNR relatively

rapidly, and this readout method remains among the most commonly used due to its simplicity.

Spin to charge conversion

There are actually two kinds of NV center: the neutrally charged NV0 defect and the negatviely

charged NV−, which possesses an extra electron. Ionization and recombination of these defects

can occur under sufficiently strong laser illumination, however, this process is thought to primarily

occur once the NV center is already in its excited state. This, coupled with the different absorption

spectra of the two defects, means that it is possible both to measure a defect’s charge state and to

selectively change it.

Figure 1.20: Emission spectra of the two charge states of the NV center. Since NV0 has a higher energy zero phonon
line than NV−, it is possible to selecঞvely excite NV−. Figure taken with permission from Ref.299.
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The zero phonon line of NV− is at λ− = 637 nm, while for NV0 it is at λ0 = 575 nm234.

The 532 nm laser that is typically used for spin polarization and readout can excite both defects, and

once excited ionization and recombination can occur. The equilibrium charge state ratios under

green illumination have been measured to be approximately 30 : 70 NV0:NV−. By contrast, any

wavelength λ0 < λ < λ− will be able to excite NV−, but not NV0. Such a laser can be used to

determine the charge state, since NV0 will not emit photons under illumination. It can also be used

to deterministically change NV− to NV0, since recombination occurs once the defect is already in

the excited state. Since ionization/recombination is a two photon process, it has a quadratic power

dependence, while count rate is linearly dependent on power. It is thus possible to select a power

and measurement time for which charge state readout fidelity is high, but recombination probabil-

ity is low. This can be accomplished with 589 nm light, as in Ref.321, or, at low temperatures, using

a tunable laser set to the resonant transition (ZPL) of a particular NV center170. Readout of the

charge state can be done with extremely high fidelity > 97%321.

The central breakthrough of Ref.321 is that it is possible to map the spin state onto the charge

state, which can then be read out in a single shot. This is accomplished by using the metastable sin-

glet states to shelve, or protect, the NV− center from recombination during an intense laser pulse.

Since ms = ±1 preferentially decays into the singlet state, subsequent charge state readout deter-

mines that the spin state was ms = ±1 if NV− is measured and ms = 0 otherwise. This method

can be used to reach excess SNR values of σR = 2.76, limited by the imperfect mapping of the spin

state onto a charge state due to the branching ratio of excited ms = ±1:ms = 0 into the singlet

state. The pulse sequence is illustrated in Fig. 1.21, using a laser resonant with the NV center ZPL at

cryogenic (≈ 70 K). At these intermediate temperatures, the ZPL absorption is enhanced, but it is

still broader than the typical linewidth accounting for spectral diffusion so the laser frequency does

not need to be swept.

63



B

A

C

0 5 10
0.00

0.04

0.08

0.12

P
ho

to
n 

co
u

nt
 p

ro
ba

b
ili

ty

λ = 5.9

λ = 1.0

0 5 10
0.0

0.2

0.4

Threshold

NV−

NV0

CountsCounts

Resonant readout

Initialize

Shelving

Ionize

APD readout
τ

Figure 1.21: Spin to charge mapping. (A) Pulse sequence for a T1 measurement using spin to charge conversion with
resonant charge state readout. (B) Photon count distribuঞon for readouts with the resonant 637 nm laser without any
charge state iniঞalizaঞon, showing a Poisson mixture distribuঞon. The Poisson parameters for NV0 and NV− are given
by λ0 and λ−, respecঞvely. (C) Separated photon count distribuঞons for NV0 and NV− under resonant excitaঞon,
separated using opঞmal thresholding during the iniঞal charge state check readout.

Additional improvement can be achieved by increasing the probability of beginning an experi-

ment in the correct (NV−) charge state. Since 30% of initialization attempts with green light result

in an unusable charge state, either fast electronics must be used to repeatedly attempt to initial-

ize the NV center until the correct charge state is measured, or experiments that fail a charge state

check must be eliminated in post selection for maximum readout fidelity321. Recently, it was dis-

covered that simultaneous illumination with green and intense infrared light can shift the steady

state ratios of NV− and NV0 to favor NV− such that the correct charge state is initialized 90% of

the time154,243. We have also observed a benefit of charge state initialization with this protocol, and

even without tuning NV− initialization fidelities exceeding 80%were achieved (see Fig. 1.22). This

technique can also be applied in tandem with fast feedback electronics to achieve> 99% charge
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state initialization fidelity, but with less overhead155. Off resonant readout also benefits from such

techniques, as the poor initialization fidelity of NV centers under a green laser alone essentially con-

tributes background. In shallowNV centers, fast inter-conversion between NV− and NV0 is also

thought to be responsible for observed low contrast under traditional readout since it scrambles spin

state information during optical pumping and readout392. Stabilization of the charge state thus has

positive impacts across many readout techniques.
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Figure 1.22: Photon count distribuঞons for (A) 532 nm iniঞalizaঞon only and (B) mulঞcolor 532 nm + 850 nm iniঞal-
izaঞon. The iniঞalizaঞon probabiliঞes are calculated by fiমng the distribuঞons to a Poisson mixture model, using the
known NV0 dark count rate.

Another technique for spin to charge conversion (SCC) attempts to ionize the NV center out

of the singlet state rather than using this state for shelving154. The singlet state has a small absorp-

tion cross section in the infrared region, with a zero phonon line at 1042 nm4. With a very intense

laser pulse at this wavelength, it is possible to excite the NV− electron to the conduction band and
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convert it to NV0. In the technique developed in Ref.321, the ionization pulse can be applied only

once before charge state readout. This means that the spin to charge conversion efficiency is limited

by the intersystem crossing rate of the ms = ±1 states, which is only about 50% for an optical cy-

cle125. Ionizing from the singlet state can be repeated many times before charge state readout, since

it is not destructive to the unshelved states. In principle this technique could offer enhanced spin to

charge conversion since it is limited by the 10:1 branching ratio of the different spin states, but the

low absorption cross section of the singlet needs to be overcome154.

Spin to charge conversion is relatively straightforward to implement in NV center experiments

at the expense of some additional lasers. Nanostructures are not required, it works under ambient

conditions and at cryogenic temperatures, and it has been demonstrated in shallowNV centers10.

Without nanostructures, the readout window required for non destructive charge state determina-

tion can be lengthy, however, and this must be taken into account when calculating the sensitivity

enhancement11. For short measurement sequences, the sensitivity enhancement without improved

collection may be minimal. Additionally, the intense ionization pulse may harm sensing targets that

are sensitive to high optical powers, though this step is of short duration (20 ns), so heating is mini-

mal.

Nuclear spin repetitive readout

The final NV center readout technique that will be addressed was developed in Ref.176. Following

a sensing sequence, the NV center electronic spin state is mapped onto an ancillary nuclear spin.

The nuclear spin state is then repeatedly mapped back to the NV center, and the electronic spin

state is read out by conventional means. Since the mapping of the nuclear spin state to the electronic

10This procedure has been used in the Lukin lab on other projects, but they were unpublished.
11In particular, the measurement time that enters into Eq. (1.76) is notNτ, butN(τ + tinit + treadout).

Thus a technique with a long treadout like SCC is more appropriate for a measurement with a long τ, such as
T1 relaxometry.
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spin, and subsequent optical readout, can be accomplished as a quantum non demolition measure-

ment259, sufficient statistics can be collected to overcome shot noise and determine the spin of the

nucleus.

Nuclear spins make excellent quantummemories due to their≈ 103× lower gyromagnetic ratio

compared to electrons237. Physically, this is because of the much larger mass of protons compared to

electrons (≈ 104 ratio), since classically γ ∝ q
m . In diamond, stochastically located 13C atoms can

be used as a quantummemory, but a more scalable approach is to use the host nitrogen of the NV

center. This can be a spin-1 14N or the rarer spin 1/2 15N. For laboratory created NV centers, this

isotope can be chosen during ion implantation or delta doping. We will consider the 15N example

here as this was used in Ref.226, but similar considerations apply to 14NNV centers.

The ground state interaction between the NV center electronic spin and host nitrogen is given

by Eq. 1.83. The parallel hyperfine interaction (A∥) splits the ms = 1 electronic state, since the

electron feels an additional field from the nuclear spin in mN = ±1/2 12. The perpendicular hy-

perfine interaction, A⊥, permits flip-flop transitions between the electronic and nuclear spins. The

hyperfine splitting of the electronic states permits nuclear spin dependent RF pulses: by applying

a pulse at ω+, the NV center spin is only rotated if the nuclear spin state is mN = +1/2 etc. The

A⊥ term presents a challenge to nuclear memory schemes since it permits unwanted spin flips be-

tween the nuclear spin and the electronic spin, however in the ground state this issue can be mostly

disregarded. Due to the large zero field splitting of the electron spin, even at low fields the states

connected by an electron-nuclear flip-flop are far apart in energy (Δ ≫ A⊥), and so the so-called

“secular approximation” of NMR is approprate and we can disregard the off diagonal terms. This

approximation would of course fail for Δ − γeBz ∼ A⊥. Additionally, the hyperfine coupling

between the electron and nuclear spin is much larger in the excited state (60MHz113) and the zero

12Of course both the ms =± 1 electronic states feel this field from the nuclear spin, but we will assume
these states have been split by an external field so that the qubit basis {ms = 0,ms = 1} is being used for the
remainder of this section
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field splitting in the excited state is smaller (ΔES = 1420MHz171). There is a level anticrossing in

the excited state (ESLAC) at≈ 500 Gauss, and near this level anticrossing the secular approxima-

tion fails and spin flips between the electron and nuclear spin cannot be disregarded13. In order to

isolate the nuclear spin from back action due to optical pumping cycles of the electron spin, it is

preferable to apply a very large field along the NV axis to shift the excited state far from the level an-

ticrossing and suppress spin flips259. The probability of a nuclear spin flip is what ultimately sets the

limit on the number of readout cycles, and hence the sensitivity.

The repetitive readout protocol relies on the fact that, with a sufficiently weak RF pulse (Ω <

A∥) and sufficiently long dephasing time (1/T∗
2 > Ω), a CnNOTe gate may be performed by ad-

dressing only one of the hyperfine split electron spin transitions. A π pulse on this transition results

in a rotation between ms = 0 ↔ms = ±1 conditioned on the state of the nuclear spin. Applying

an additional π pulse to the nuclear spin allows for a CeNOTn gate as well. A SWAP gate can then

be constructed using a sequence of CNOT gates: CeNOTn-CnNOTe-CeNOTn
226. The sequence

for repetitive readout based sensing is then depicted in Fig. 1.23. The NV center electron spin is po-

larized and a sensing sequence is performed. Before optical readout, a SWAP gate is performed with

the nuclear spin, mapping the state α |0⟩ + β |1⟩ → |0⟩ ⊗ (α |↑⟩+ β |↓⟩). To read out the nuclear

spin, a CnNOTe gate (e.g. hyperfine resolved π pulse) is applied, giving the state α |0, ↑⟩ + β |1, ↓⟩.

The electronic spin is then read out optically and reset into |0⟩. While this readout collapses the nu-

clear superposition, additional CnNOTe readout sequences can be applied to determine which state

the nuclear spin collapsed to. With enough repetitions, the state of the nuclear spin, and hence the

original state of the electron spin, can be determined with high fidelity. For 500 repetitive readouts,

σR = 5 can be achieved226, however with higher magnetic fields and more readout cycles, single

shot readout of the nuclear spin is possible259,13.

13Since the electron spin is polarized by optical excitation but can flip with the nuclear spin near the ES-
LAC, this also provides a convenient method for optically induced dynamic nuclear polarization191
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Figure 1.23: Nuclear spin repeঞঞve readout. (A) Illustraঞon of the concept behind repeঞঞve readout of a nuclear spin
memory, where the electronic spin state is mapped to the nuclear spin and the nuclear spin state is read out repeatedly.
(B) Pulse sequence for sensing with nuclear spin enhanced readout. (C) Readout fidelity of the nuclear spin as a funcঞon
of repeঞঞons. Figures (B) and (C) taken with permission from from Ref.226.

Control of the nuclear spin can be difficult to realize in some situations. It requires very strong

microwave driving to achieve nuclear rotations on a reasonable (≈ 10s μs) timescale. A very high

magnetic field is required, and this field must be carefully aligned with the NV center quantization
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axis. This is challenging with permanent magnets, especially in a cryogenic environment, and vector

magnets add significant cost and complication. Additionally, repetitive readout adds≈ 1μs per cycle

to the total measurement time, and hence the improvement for shorter sensing sequences (such as

T∗
2 limited DCmagnetometry) is not as large as for lengthy sequences226.

1.3.10 Nuclear spin

Species A∥ A⊥ γN Q
14N −2.14MHz −2.70MHz 3.077MHz/T −5.01MHz

15N 3.03MHz 3.65MHz −4.316MHz/T 0

Table 1.4: Nonzero values of the hyperfine coupling tensor (A), nuclear spin gyromagneitc raঞo (γN) and quadrupolar
coupling (Q) for the two common nitrogen species. Values are taken from Ref.102.

In writing Eq. (1.10), we have omitted the terms pertaining to the nuclear spin of the NV center.

More completely, we should include the nuclear hyperfine term (HHF), nuclear Zeeman term

(HNZ), and, in the case of 14N, the nuclear quadrupolar term (HNQ), which are given by

HHF

ℏ
=A∥SzIz +

A⊥
2

(S+I− + S−I+) , (1.83)

HNZ

ℏ
=γNB⃗ · I⃗ , (1.84)

HNQ

ℏ
=QI2z , (1.85)

where I⃗ is the vector of nuclear spin matricies {Ix, Iy, Iz}, A∥ and A⊥ are the longitudinal and

transverse hyperfine couplings, γN is the nuclear spin gyromagnetic ratio, andQ is the nuclear spin

quadrupolar coupling. Numerical values for these terms are provided in Table 1.4 for the two most

commonly found isotopes of nitrogen.
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The nuclear spin of the NV center introduces complexity to sensing techniques, but it is also a

valuable resource that can be leveraged as a long lived quantummemory (see, for example, Sec. 1.3.9).

Here we will briefly cover some of the properties of the NV center electronic spin-nuclear spin sys-

tem that are important for sensing applications.

1.3.11 Hyperfine splitting

The simplest contribution that the nuclear spin makes to the NV center electronic states is a split-

ting of the electronic state based on the state of the nuclear spin. The electron spin senses the tiny

magnetic field due to the nuclear spin, which shifts it up or down in energy. More concretely, for

small magnetic fields we may disregard the flip-flop term in Eq. (1.83) and the nuclear Zeeman term

of Eq. (1.84), and in the Hamiltonian becomes

H

ℏ
= ΔS2z + γeBzSz + A∥SzIz , (1.86)

which, for a spin-1/2 15NNV center, has eigenenergies given by {ℏΔ±γeBz+
A∥
2 , ℏΔ±γeBz−

A∥
2 }.

For 14N nitrogen vacancy centers, the hyperfine interaction splits each electronic state into a triplet,

as shown in Fig. 1.24.
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One result of this splitting is that, for pulsed measurements, a strong drive is required (Ωdrive >

A∥) to ensure that both hyperfine states are rotated (green curves in Fig. 1.24). In some pulse se-

quences, this splitting must still be taken into account. In a Ramsey sequence, for example, we begin

with the NV center electron spin polarized and perform a π
2 x pulse, resulting in the state

14

ρ0 =
1
2
− Sy . (1.93)

The relevant terms of the Hamiltonian in the rotating frame are

HRWA

ℏ
= δ(

1
2
+ Sz) + A∥SzIz . (1.94)

The 1/2 contributes an energy offset which we ignore. Since the first and second term of Eq. (1.94)

commute, we can apply the time evolution from each separately

14In this section and the one that follows, we will perform some calculations using the Product Opera-
tor Formalism fromNMR, and to simplify calculations we will introduce the spin-1/2 Cartesian operators
Si = 1/2σi, where σi are the Pauli matrices. This is done for normalization purposes so that

[Sx, Sy] =iSz , (1.87)
[Sy, Sz] =iSx , (1.88)
[Sz, Sx] =iSy . (1.89)

The spin-1 subspace of a single NV center transition can be written in terms of these operators as

Sz =
1
2
+ Sz(1/2) = Sα(1/2) , (1.90)

Sy =2Sy(1/2) , (1.91)
Sx =2Sx(1/2) . (1.92)

Nuclear spin operators should be assumed to be the rotation generators for the given angular momentum
(1/2 for 15N and 1 for 14N. For more information on the Product Operator Formalism, see Ref.333 and
Ref.318.
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Figure 1.24 (following page): Hyperfine spectrum of the NV center. (A) Hyperfine transiঞons (top) and simulated ESR
spectrum (bo�om) for an NV center with a 14N host nitrogen. (B) Same as (A), but for a 15N host. Blue curves are simula-
ঞons for a 2 MHz Rabi frequency, while green are for a 6.7 MHz Rabi frequency which displays power broadening over
the hyperfine structure. Level diagram taken with permission from Ref.286.
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Figure 1.24: (conঞnued)
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ρ0
δSz−−→ 1

2
− Sy cos δt+ Sx sin δt , (1.95)

2SzIzA∥/2−−−−−−→ 1
2
− Sy cos δt cos

A∥

2
t+ 2SxIz cos δt sin

A∥

2
t+ Sx sin δt cos

A∥

2
t+ 2SyIz sin δt sin

A∥

2
t .

(1.96)

After some time, a final π2 x pulse sends Sy → −Sz, at which point we measure the ms = 0 popula-

tion ⟨Sz⟩ = 1/2+ ⟨Sz⟩:

⟨Sz⟩ =
1
2
− cos δt cos

A∥

2
t

=
1
2
− 1

2

(
cos
(
δ+

A∥

2

)
t+ cos

(
δ−

A∥

2

)
t
)

, (1.97)

which means that the Ramsey measurement should contain two frequency components, oscillat-

ing at δ ± A∥
2 . A similar result is obtained for the case of 14N, but the Product Operator Formalism

applied to spins > 1/2 is more complicated. The spin-1 operators must be decomposed into an in-

variant term and a doublet that behaves similarly to the spin-1/2 case333. The result is that there

are three frequency components: δ, δ + A∥, and δ − A∥. These frequencies can be clearly seen in

Fig. 1.25. Since the purpose of a Ramsey sequence is to measure δ, the nuclear spin only complicates

Ramsey measurements in that it results in multiple frequency components.
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Figure 1.25: Hyperfine oscillaঞons in a Ramsey measurement. (A) Ramsey dataset from a 14N NV center, displaying
modulaঞon from the nuclear spin. (B) Fourier transform of (A), in which the three disঞnct frequencies are visible.

For spin echo type measurements, these oscillations are not encountered as the π pulse in the

middle of the sequence ensures that all of the terms in Eq. (1.97) are canceled when equal time is

spent in the first and second half of the sequence. To see this, we apply a πx pulse to Eq. (1.96),

which has the effect of sending Sy → −Sy, and then allow the result to evolve under the same

Hamiltonian for an equal time t. The result, after some algebra, is

ρf =
1
2
+ Sy . (1.98)

which, after a final π2 x pulse, gives

⟨Sz⟩ = 1 , (1.99)

e.g. everything is refocused and there is no signal (except for possible coherence decay).

1.3.12 Field alignment and ESEEM

Another effect of the nuclear spin in magnetometry sequences is electron spin echo envelope mod-

ulation, or ESEEM302. This occurs primarily for 15N nuclei when the externally applied magnetic
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field is not aligned along the NV center quantization axis, as this effect is suppressed by the large

quadrupolar splitting of 14N. In a spin echo measurement, this causes precession of the nuclear spin

along a tilted axis, which the NV center senses as a periodic change in precession frequency. More

concretely, assuming a magnetic field that is fairly strong in the ẑ direction, but has a small misalign-

ment along x̂, or B⃗ = (δBx, 0,Bz), the Hamiltonian is

H

ℏ
= (Δ + ωz)Sα + 2ωxSx + A∥SαIz + 2A⊥

(
SxIx + SyIy

)
+ ωNIz (1.100)

Where we have written ωz = γeBz, ωx = γeδBx and ωN = γNBz. We have also dropped the

nuclear zeman term along x̂ because it is very small. Now we start trying to diagonalizeH . First

we will eliminate the Sx term due to field misalignment using the unitaryU1 = exp−iθSy, where

tan θ = −2ωx
Δ+ωz . This leads to

H1 = U†
1HU1 = ω̄Sz + A∥

((
1
2
+ Sz

)
Iz cos θ+ SxIz sin θ

)
+2A⊥

(
SxIx cos θ− SzIx sin θ+ SyIy

)
+ ωNIz ,

(1.101)

where ω̄ =
√
(Δ + ωz)2 + 4ω2x , and we have disregarded a constant energy term.

When we move into the rotating frame, terms that don’t commute with Sz will rotate rapidly and

we will disregard them. So the only other transformation we need to make before we take the RWA

is the SzIx term, which still does not commute with the terms
( cos θ

2 + ωN
)
Iz or with SzIz cos θ.

This motivates a second transformationH1
ξIy+η2SzIy−−−−−−→ H2. This is a somewhat lengthy calculation,

but it can be found in Ref.164. For a Hamniltonian of the formH = ASzIz + BSzIx + CIz, the

parameters are
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ξ =− 1
2

(
tan−1 B

A− 2C
+ tan−1 B

A+ 2C

)
, (1.102)

η =
1
2

(
tan−1 B

A− 2C
− tan−1 B

A+ 2C

)
. (1.103)

The Hamiltonian is now diagonalized in the SzIz basis as

H = − 1
2
(
ωα + ωβ

)
Iz +

(
ωβ − ωα

)
SzIz , (1.104)

where

ωα =

((
C+

A
2

)2
+

(
B
2

)2
)1/2

, (1.105)

ωβ =

((
C− A

2

)2
+

(
B
2

)2
)1/2

. (1.106)

It is somewhat more convenient to rewrite the Hamiltonian as

H =
ω+

2
Iz +

ω−

2
SzIz . (1.107)

Now we transform the density matrix, let it evolve under the diagonal Hamiltonian, and trans-

form back into the Cartesian basis where we measure. The initial density matrix after spin initializa-

tion is given by
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ρ0 =Sα ⊗ 1
2
I , (1.108)

=

(
1
2
+ Sz

)
⊗ 1

2
I , (1.109)

where I is the 2x2 identity. We will drop the initial 1
2 for simplicity, as it just carries through as a con-

stant and we are most interested in the time dependent behavior of the spin sates. A π
2 x pulse sends

Sz → −Sy. TheU1 rotation has no effect on this state, so we begin with the second transformation:

ρ0
ξIy+η2SzIy−−−−−−→ − cos ηSy + sin ηSxIy = ρ̃0 (1.110)

We have already seen that during a Spin Echo sequence, the Sy term is completely refocused, so

we will omit it for the time evolution calculations. We let the SxIy term evolve under evolve under

the Iz term in H for a time τ/2:

sin ηSxIy
ω+Izτ

4−−−→ sin η
(
SxIy cos

(
ω+τ
4

)
− 1

2
SxIx sin

(
ω+τ
4

))
= ρ̃1 . (1.111)

Then we evolve under the SzIz term for a time τ/2.

ρ̃1
2SzIz ω

−τ
8−−−−−→ sin η cos

(
ω+

τ
4

)
cos
(
ω−

τ
8

)
SxIy −

1
2
sin η sin

(
ω+

τ
4

)
cos
(
ω−

τ
8

)
SxIx (1.112)

A πx pulse sends Sy → −Sy, and we evolve again. This refocuses the Sy derived terms that we

have been ignoring, but does nothing to ρ̃1. We can just double the evolution time of these states, so
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τ/2 → τ. The final density matrix in the eigenbasis is

ρ̃f = cos ηSy + sin η cos
(
ω+

τ
2

)
cos
(
ω−

τ
4

)
SxIy −

1
2
sin η sin

(
ω+

τ
2

)
cos
(
ω−

τ
4

)
SxIx (1.113)

Where we have included the unchanged Sy term again. Next we will convert back to the Carte-

sian basis, apply a final πx/2 pulse, and measure ⟨Sz⟩. This final π/2 pulse just converts Sy → Sz,

so the only nonzero terms in the average will be proportional to Sy after the transformation back to

the Cartesian basis. These terms are

ρf
−ξIy−η2SzIy−−−−−−−→ cos2 ηSy −

1
2
sin2 η cos

(
ω+

τ
2

)
cos
(
ω−

τ
4

)
Sy . (1.114)

Applying the final π/2 pulse and taking ⟨Sz⟩, we have the ESEEM signal

⟨Sz⟩ = cos2 η− 1
2
sin2 η cos

(
ω+

τ
2

)
cos
(
ω−

τ
4

)
. (1.115)

At low fields, ω+ ≈ 2A∥, so in a spin echo experiment there will be oscillations at the hyperfine

coupling frequency. The strength of these oscillations is determined by sin η. Remembering the

definition of η in Eq. (1.103), we see that the oscillatory term will vanish if sin θ → 0, which will

happen if δBx = 0. Hence the existence of these oscillations is an indication that the magnetic field

is not aligned, and the field can be aligned by eliminating them.
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Figure 1.26: ESEEM oscillaঞons. (A) Spin echo experiment performed on a 15N NV center with a slight external field
misalignment, displaying ESEEM. (B) Fourier transform of (A).
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1.4 Graphene

Figure 1.27: The honeycomb laমce of graphene.

Graphene is a remarkable material. In some ways it is the 2-dimensional analogue of diamond, com-

posed of sp2 carbon bonds in a honeycomb lattice rather than diamonds sp3 hybridization. While

graphene retains some of the strength of diamond in the in-plane direction, it is a very different ma-

terial in most other respects. Graphene is flexible where diamond is brittle. While diamond is an

insulator, graphene is a conductor thanks to the delocalized nature of its non-bonding pz orbitals.

While many future engineering applications may take advantage of graphene’s exceptional strength

and flexibility, physicists are more interested in its unique electronic characteristics. Electrons in

graphene behave differently from those in normal semiconductors, even in other two dimensional
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semiconductors, due to the linear, gapless dispersion of the honeycomb lattice.

While techniques for the isolation of mesoscopic graphene flakes were not developed until the

turn of the century264, graphene has been studied theoretically for decades. One of the first calcula-

tions that hinted at the surprising electronic properties of graphene was carried out byMcClure241

to explain the large diamagnetic response of graphite. By the time graphene was isolated in 2004, the

hexagonal honeycomb lattice had been extensively studied and was thought to host massles Dirac

Fermions. The methods developed by Geim and Novoselov in their seminal paper finally allowed

graphene to be isolated and studied, and led to the pair sharing a Nobel prize in 2010. As it turned

out, graphene was just the beginning. There is now an entire branch of physics concerned with exfo-

liatable 2Dmaterials that can be stacked into heterostructures265.

1.4.1 Graphene electronic structure

Graphene electronic orbitals are the result of sp2 hybridization. σ bonds are formed between car-

bon atoms, with a nearest neighbor distance of a = 0.142 nm58. The bands resulting from these

bonds are completely filled, but the remaining pz orbital forms a half filled π band through covalent

bonding with its neighbors. It is this orbital that gives graphene its electronic properties.

The electronic band structure of graphene can be calculated with the tight binding method,

where the atomic orbitals that contribute to conduction are assumed to be tightly localized to their

atoms but with some probability of tunneling to neighboring atoms12. More specifically, if each of

the atoms i on the lattice has electronic wavefunctions given by φi(⃗r) and v⃗ is a lattice vector, then

there exist couplings

⟨φ(⃗r− v⃗)|H |φ⃗r⟩ = −t , (1.116)

where t is the hopping parameter.
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Figure 1.28: The graphene laমce. (A) Hexagonal laমce of graphene, composed of two triangular Bravais laমces (blue
and red points). (B) Brillouin zone of the hexagonal laমce. For graphene, the K and K’ points are equivalent because of
sublaমce symmetry.

The hexagonal lattice of graphene is not a Bravais lattice itself, but consists of two triangular sub-

lattices (which we will call the A and B sublattice). The two vectors defining a sub-lattice are given

by

a⃗1 =
a
2

(
3,
√
3
)

(1.117)

a⃗2 =
a
2

(
3,−

√
3
)
, (1.118)

where a is the carbon-carbon nearest neighbor distance of 0.142 nm. The A and B sublattices are

connected by the nearest neighbor vectors

δ⃗1 =
a
2

(
1,
√
3
)

(1.119)

δ⃗2 =
a
2

(
1,−

√
3
)

(1.120)

δ⃗3 =a (−1, 0) , (1.121)

as is illustrated in Fig. 1.33.

The electronic structure of graphene is simple to obtain in the second quantization treatment
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of the tight binding method58. We define the operators â†(R⃗), â(R⃗), b̂(R⃗), b̂†(R⃗), where â†(R⃗)

(â(R⃗)) creates (destroys) an electron on the A lattice site (R⃗), and similarly for the B lattice. These

operators satisfy the usual creation and annhilation operator anticommutation relations

{â(R⃗), â†(R⃗′)} = {b̂(R⃗), b̂†(R⃗′)} =δR⃗,R⃗′ (1.122)

{â(R⃗), â(R⃗′)} = {b̂(R⃗), b̂(R⃗′)} =0 (1.123)

{â(R⃗), b̂(R⃗′)} = {â(R⃗), b̂†(R⃗′)} =0 . (1.124)

Using these conventions, the hopping term of the Hamiltonian can be written as

H = −t
∑
R⃗,⃗δi

â†(R⃗)b̂(R⃗+ δ⃗AB) + h.c. (1.125)

where the sum over δ⃗i is a sum over each of the nearest neighbor vectors in Eq. 1.119-Eq. 1.121 and

+h.c.means “Hermetian conjugate.” This Hamiltonian describes the intuitive physical picture of

an electron being destroyed on a location on the A sublattice and created on a neighboring B lattice

location (hopping), which has an energy cost t.

In order to diagonalize this Hamiltonian, we write the creation and annihilation operators in

momentum space as

â(R⃗) =
1√
N

∑
k⃗

exp i⃗k · R⃗â(⃗k) (1.126)

b̂(R⃗) =
1√
N

∑
k⃗

exp i⃗k · R⃗b̂(⃗k) , (1.127)

whereN is the number of atoms in the crystal and the sums are taken over all k vectors in the Bril-
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louin zone. The momentum space Hamiltonian then takes the form

Hk,q =
−t
N
∑
R⃗,⃗δAB

∑
k⃗,⃗q

exp i⃗k · R⃗ exp−i⃗q · (R⃗+ δ⃗)â(⃗k)b̂†(⃗q) + h.c.] , (1.128)

=
−t
N
∑
R⃗,⃗δAB

∑
k⃗,⃗q

exp−i⃗q · δ⃗ exp i(⃗k− q⃗) · R⃗â(⃗k)b̂†(⃗q) + h.c. , (1.129)

=− t
∑
k,δ

exp−i⃗k · δ⃗â(k)b̂†(q) + h.c. . (1.130)

In going from Eq. (1.129) to Eq. (1.130), we have made use of the identity
∑

R⃗ exp i(⃗k− q⃗) · R⃗ =

Nδ⃗k,⃗q. This Hamiltonian can be written in matrix form as

Hk,q =
∑
k,q

(
â†(⃗k) b̂†(⃗k)

) 0 −t
∑

δ ei⃗k·δ ,

−t
∑

δ e−i⃗k·δ 0


â†(⃗k)

b̂†(⃗k)

 (1.131)

=
∑
k

ψ†kH̃kψk . (1.132)

The matrix H̃ has eigenvalues

ε± =± t

√√√√√
∑

δ⃗i

ei⃗k·δ

∑
δ⃗i

e−i⃗k·δ

 (1.133)

=± t

√
3+ 2 cos

(
a
√
3ky
)
+ 4 cos

(
a
√
3
2

ky
)
cos
(
a
3
2
kx
)
, (1.134)

which give the dispersion relation of graphene. Since graphene has one electron per atom, taking

spin into account, at equilibrium the lower band is filled and the upper band is empty. The excita-

tions accessible by most experiments take place around ε ≈ 0, which occurs at theK andK′ points
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of the Brillouin zone

K⃗ =
2π
3a

(
1,

1√
3

)
(1.135)

K⃗′ =
2π
3a

(
1,− 1√

3

)
. (1.136)

At these points, we can expand the dispersion relation for small q⃗, we obtain

E =
3ta
2

√
q2x + q2y (1.137)

=ℏvF |q| . (1.138)

where vF is the Fermi velocity, which has a value vF ≈ 106 m/s.
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Figure 1.29: Graphene band structure. (A) Band structure of graphene, plo�ed from Eq. (1.134). (B) Low energy band
structure projecঞon near one of the equivalent K points, showing the linear, gapless dispersion of low energy excita-
ঞons.

Eq. (1.138) is very different from the dispersion relations of most semiconductors, which typi-

cally feature quadratic dispersions at the band edges12. Instead, excitations in graphene are more like
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photons, which have the dispersion relation E = ℏck, but with a velocity that is 300 times slower.

However, the low energy excitations of graphene are not bosons like light, they are electrons and

hence obey Fermionic statistics. They are, in fact, massless Dirac Fermions263. While electronic con-

duction in most materials can be approximated with semiclassical equations by invoking an effective

electron massm∗ ∝ 1
dE
dK

326, this approach fails in the case of graphene, which must be described by

the Dirac equation with the mass term set equal to zero,

iℏ
∂Ψ
∂t

= ℏF⃗σ · q⃗Ψ , (1.139)

where σ⃗ is the vector of Pauli matricies, {σx, σy}, and Ψ is the Dirac spinor composed of wavefunc-

tions on the A and B sublattice, Ψ =

ψA

ψB

. The Dirac equation is a relativistic equation, and

indeed relativistic effects can be observed in graphene182. Klein tunneling, where back scattering

of a relativistic particle is suppressed, was observed in the early days of graphene research162. An-

other important consequence is the effect on the quantum hall effect in graphene and on orbital

magnetism, which will be discussed in Sec. 1.4.4.

1.4.2 Sublattice symmetry

Implicit in the tight binding calculation of Section. 1.4.1 is the assumption that the A and B tri-

angular sublattices of graphene are indistinguishable. Indeed, this is an important characteristic

of graphene that sets it apart from other 2Dmaterials with a honeycomb crystal lattice, and is ul-

timately responsible for the massless nature of charge carriers in graphene. To see this, note that

sublattice symmetry states that if we swap the atoms on the A and B sublattices, the system should

remain the same. That is, the Hamiltonian must be invariant under sublattice inversion. The full
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Dirac Hamilonian, including the mass term, is given by

H = vF⃗σ · q⃗+mv2Fσz . (1.140)

The only term in this Hamiltonian that is not symmetric under sublattice inversion is σz (sending

A↔B results in -σz), which implies that for systems with sublattice symmetry, such as graphene, the

mass termmust be 0. For systems without sublattice symmetry, this need not be the case. For ex-

ample hexagonal boron nitride (hBN) and many transition metal dichalcogonides (TMDCs) share

graphene’s honeycomb lattice, but have different elements on the two sublattices. hBN is a wide

band gap insulator, and many TMDCs such as MoSe2 andWSe2 are direct band gap semiconduc-

tors in the monolayer limit.

It is also possible to break the sublattice symmetry in graphene and create a gap. This can be ac-

complished by placing graphene on a substrate with an incommensurate lattice, which creates spa-

tial variation in the electrostatic environment of the graphene atoms and leads to sublattice symme-

try breaking in certain regions of the sample163,123.
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1.4.3 Graphene doping
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Figure 1.30: Control of the charge density of graphene through the field effect. (A) When a small voltage is applied
between the plates of a capacitor made of graphene and a gate, only a few excess electrons are present in the graphene.
(B) When a larger voltage is applied, the capacitor equaঞon necessitates that more charge be present on each plate,
which increases the charge density and hence the Fermi level of the graphene. (C) Transport through a graphene field
effect transistor as the gate voltage is tuned through the Dirac point, showing an increase in resistance there.

If the Fermi energy of graphene were always pinned at 0 (e.g. half filled bands), it would be of lim-

ited interest. Due to its two dimensional nature and low intrinsic electron density, it is relatively

straightforward to change the number of electrons in graphene by incorporating it into a small ca-

pacitor264. By applying a voltage between the graphene and a gate (made from some conducting

material, including graphite), electrons will flow into (or out of) the graphene sheet according to the

capacitor equation C = QV, whereQ is the total charge,V is the applied voltage, and C is the device

capacitance, which can be approximated as

C =
εA
d

, (1.141)
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where ε is the dielectric constant of the environment, A is the area of the plates making up the capac-

itor, and d is the distance between the plates. Such a device is commonly constructed using a thin

layer of hexagonal boron nitride as the gate dielectric, which has ε
ε0 = 3.7212.

Using the density of states of graphene, we can write the Fermi energy as a function of applied

voltage

EF =

√
2πε
gsqed

ℏvF
√
V (1.142)

where gs is the degeneracy of the graphene electrons (2 for spin degeneracy and 2 for valley degener-

acy).

The ability to electrostatically dope a 2Dmaterial provides an important control parameter for

experiments and technologies. The conductivity of graphene can be changed in this way, as depicted

in Fig. 1.30C. When the gate voltage is swept while applying a small source-drain voltage, the con-

ductivity will show a minimum at the Driac point (EF = 0)15. In quantum hall experiments, where

traditionally the Fermi energy is fixed and the magentic field is swept, for graphene the field may

be held fixed and the Fermi energy altered. Changing the charge density can have other, more far

reaching effects, such as on phonon scattering, which will be discussed in Ch. 4.

1.4.4 Graphene magnetism

The eigenfunctions near theK point, written as Dirac spinors58, take the form

Ψ± =
1√
2

 eiθq/2

e±iθq/2 ,

 (1.143)

15In theory, the Dirac point should occur at a gate voltage of 0, but in real-world devices there is usually a
small shift due to intrinsic doping of the graphene from impurities395 or due to work function mismatches at
the contacts122.
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where tan θq =
qx
qy . In this form, it is clear that graphene electrons have an intersting property:

if q⃗ is rotated completely around the dirac point (θq = 2π), the wavefunction picks up a phase

of π rather than 2π, which is typically the case for electrons. This phase associated with adiabatic

evolution through a closed path is called the Berry phase32, and graphene’s peculiar Berry phase of π

has consequences for its magnetic properties382.

The following derivation follows that given in Ref.383 and gives intuition for how the Berry

phase and Landau levels of graphene are interrelated. In the presence of a strong16 magnetic field

perpendicular to the sample, an electron is forced into cyclotron orbits. In order for the wavefunc-

tion to be single valued, the orbits should satisfy the Bohr-Sommerfield quantization condition114

∮
d⃗r · p⃗ = 2π(n+ γ)ℏ , (1.144)

where n is an integer and γ is the phase mismatch (0 < γ < 1). The phase mismatch is a fully

quantum effect that is not easily calculated, but for single band Bloch electrons it can be shown that

γ = 1
2
114.

The total momentum of an electron in a magnetic field is given by p⃗ = ℏ⃗k − qeA⃗, where A is the

vector potential307. Eq. (1.144) then becomes

π
(
n+

1
2

)
=

∮
d⃗r · k⃗− e

ℏ

∮
d⃗r · A⃗ (1.145)

=− eB⃗ ·
∮

d⃗r× r⃗− e
∫∫

d⃗S× A . (1.146)

In Eq. (1.146) we have made use of the fact that ℏ⃗k =
∫
dt d⃗rdt × B⃗12 and Stokes theorem. The first

term of Eq. (1.146) is just 2qe
(
πr2Bz

)
= 2qeφ, where φ is the magnetic flux enclosed by an orbiting

16A “strong” magnetic field is one that induces an electron to complete many cyclotron orbits before
scattering, e.g. ”ωcτ ≫ t
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electron. Similarly, the integral of the second term in Eq. (1.146) is just the magnetic flux, so

2π
(
n+

1
2

)
= qeφ . (1.147)

A material with a parabolic dispersion would have E = ℏ2k2
2m∗ . By writing the quantization con-

dition of Eq. (1.147) in terms of k, we find that the eigenenergies of the electrons in a magnetic field

are

En = ℏωc
(
n+

1
2

)
, (1.148)

where ωc =
qeB
m∗ is called the cyclotron frequency.
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Figure 1.31: Anomalous quantum hall effect in graphene. (A) Hall resistance (black) and magnetoresistance (red) of
electrons in graphene as the magneঞc field is varied, showing pronounced hall plateaus. Numbers are filling factors. The
inset shows the same experiment repeated for hole doped graphene. (B) Hall resistance (black) and magnetoresistance
(orange) at 9 T as a funcঞon of gate voltage. Unlike in convenঞonal materials, the quantum hall effect can be observed
in graphene by varying the Fermi level through electrostaঞc gaঞng. Inset is zoomed in to the high filling factor region.
(C) Diagram showing the Landau level density of states and hall resistance as a funcঞon of Fermi energy. Graphene
uniquely has a Landau level at EF = 0. Figure taken with permission from Ref.396.

The quantum hall effect essentially results from the spectrum of this Hamiltonian as the cyclotron

frequency is swept through different values of n, which are known as Landau levels. To measure

the quantum hall effect, a four terminal device is used so that the resistivity components ρxx and

ρxy can be measured as a function of magnetic field. When the Fermi energy lies within a Landau
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level, the longitudinal resistivity, ρxx, is finite as there exist unoccupied states that can participate

in conduction only a small δE away. Between Landau levels, significant energy must be supplied

to reach an available state in the next Landau level, and so there are no states available to conduct

current17 The transverse, or Hall, resistivity, by contrast, exhibits plateaus between completely filled

Landau levels, with resistivity given by

ρxy =
2πℏ
q2e

1
ν

(1.149)

for the νth Landau level. This value of the resistivity is extremely robust, regardless of material

makeup and disorder. It can be measured so accurately that it provides the definition of the quan-

tity h
qe , which, together with the Josephson constant, defines the kilogram in terms of fundamental

constants372. The observation of the quantum hall effect earned Klaus von Klitzing the nobel prize

in 1985371.

While the explanation of the quantum hall effect (and its more complex relatives such as the frac-

tional quantum hall effect344) is undoubtedly a triumph of modern physics, it is mentioned here

only to compare it to the anomalous behavior of graphene in a magnetic field. While the quanti-

zation condition for “normal” electrons is given by Eq. (1.144), for graphene we must include the

Berry phase of π in this calculation so that

2π
(
n+

1
2

)
=

∮
d⃗r · k⃗− e

ℏ

∮
d⃗r · A⃗− i

∮
⟨ψ| ∂

∂p⃗
|ψ⟩ dt (1.150)

=

∮
d⃗r · k⃗− e

ℏ

∮
d⃗r · A⃗+ π . (1.151)

Subtracting π from both sides, we see that the zero point energy is canceled by graphene’s Berry

17The fact that ρxx = 0 between Landau levels might seem to imply perfect conduction, but it in fact im-
plies no dissipation. The longitudinal conductivity, σxx, is also equal to 0 in this case, since σxx =

ρxx
ρ2xx+ρ2xy

326.
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phase of π, and hence the Landau levels are shifted such that there now exists an n = 0 Landau

level at 0 energy. Additionally, while materials with a parabolic dispersion lead to a linear Landau

spectrum, the linear dispersion of graphene gives rise to En ∝
√
n18

This anomalous quantum hall effect was detected experimentally in 2005396, but it was pre-

dicted in the 1950s byMcClure to explain something seemingly unrelated241. Graphite exception-

ally strong diamagnetism, so much so that chunks of graphite can be levitated on top of strong mag-

nets even at room temperature. It was found that if graphite is treated as many independent sheets

of graphene, this strong diamagnetism actually arises from the presence of a Landau level at zero en-

ergy. This is due to the large change in free energy that occurs when all of the Bloch state electrons

near the Dirac point are compressed into the degenerate Landau level at 0 energy upon applica-

tion of a large magnetic field. Since the final states have a total energy of 0, this is a particularly large

change in the free energy and hence the magnetization, (derivative of some free energy with respect

to field) is also very large. This effect is additionally dependent on both temperature and Fermi en-

ergy, and should become singular at the Dirac point for very low temperatures. In Ch. 5 we will

explore the doping dependent diamagnetic response of graphene using NV centers.

While it may seem an odd candidate for exploring magnetism, there are several other ways to in-

duce magnetism in graphene. Individual vacancies in graphene create a magnetic moment due to

the imbalance between the A and B subnlattices271, which could provide an intersting platform for

quantum simulation since these may be created on the lattice scale using high powered TEM146.

Graphene can also be functionalized with atoms (such as fluorine220 or hydrogen127) or molecules

(such as benzoil peroixide221) to introduce magnetism. Finally, stacking multiple layers of graphene

into twistedMoiré lattices has been shown to induce magnetism319,283. While we do not explore

this physics in this thesis, the often small sizes of Moiré domains make such physics a natural candi-

18This is more appropriately derived by writing out the Dirac Hamiltonian in the presence of a strong
magnetic field and explicitly calculating the eigenvalues. The result is the same, but without an explanation of
the origin of the shifted Landau levels.
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date for study with a local sensor such as the NV center.

1.4.5 Device fabrication

A B C

Figure 1.32: Fabricaঞon of 2D heterostructures. Contrucঞon of a 2D material heterostructure. (A) Flakes of different
materials are selected by inspecঞon under an opঞcal microscope. (B) A polymer stamp is used to repeatedly pick up and
set flakes on top of each other, building a stack from the top down. (C) A finished stack is etched and contacted with
standard photolithography techniques.

Graphene is not hard to make. Whenever someone writes with a pencil, some small flakes of graphene

are produced258. The Nobel prize winning breakthrough of Ref.264 was determining a way to pro-

duce fairly large flakes, and, more importantly, developing a method to find them. Today, while

much progress has been made on developing wafers of CVD grown graphene86, most experiments
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requiring high quality devices are performed on small (100s of μm2) flakes of graphene that have

been exfoliated from larger bulk crystals by repeatedly peeling them apart using tape263. These flakes

are then transferred from the tape to a standard 300 nm thick silicon dioxide on silicon wafer. The

thickness is important. Graphene only absorbs about 2% of incident light256, but interference ef-

fects between monolayer graphene and an optimized SiO2/Si substrate provide good optical con-

trast (≈ 12%) for monolayer flakes38. This means that it is possible not only to see this single atom

thick material under a white light microscope, but also to count the number of layers by eye. The

layer thickness can be confirmed with Raman spectroscopy104, but often this is not necessary.

Once a suitable flake as been found with an optical microscope, contacts can be defined by e-

beam lithography and metal evaporation, or, for a more high quality device, a heterostructure may

be assembled. One of the great breakthroughs of 2Dmaterials research was the discover that other

Van der Waals materials can be “stacked” together like Lego© blocks265. High quality crystals of

hexagonal boron nitride (hBN), for example, can be exfoliated in the same manner as graphene85,388.

hBN is another Van der Waals material with a honeycomb lattice, like graphene, but due to the lack

of sublattice symmetry hBN is a wide bandgap (5.955 eV) insulator rather than a metal57. It is also

exceptionally clean and flakes can be atomically flat, making it an ideal gate dielectric and encap-

sulation material to protect graphene from environmental impurities238. To construct a stack, a

polymer stamp attached to a glass slide is used to pick up a chosen flake, after which the stamp is po-

sitioned above the next layer in the stack and the two flakes are pressed together374. Continuing in

this way, heterostructures consisting of many layers of gates, dielectrics, and active materials can be

assembled with atomically perfect interfaces374. Once a stack is constructed, it is pressed onto a sub-

strate (such as diamond containing NV centers) and the polymer stamp is dissolved in solvent. This

way only the topmost layer is ever exposed to the contaminating effects of the polymer stamp. Pat-

terning of electrodes then proceeds as usual, perhaps with some reactive ion etching to reach buried

layers of the stack.
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While not especially scalable, constructing heterostructues in this way leads to extremely high

quality (e.g. low disorder) devices238,374 that display unique physics. It also provides a previously

inaccessible level of control over device properties: material type, thickness, strain, and relative twist

angle can all determine the behavior of the device.

1.4.6 Other 2Dmaterials

A B

Figure 1.33: Stacking of 2D materials. (A) With the wide variety of different Van der Waals materials available, devices
with desirable properঞes can be constructed layer by layer. Figure taken with permission from Ref.121. (B) Relaঞve twist
angle is a parameter available in Van der Waals materials that is unique. Rotaঞng two layers with respect to each other
results in a long wavelength Moiré potenঞal that can produce interesঞng effects.

Graphene was the first truly 2Dmaterial to be isolated and studied, but today graphene is just one of

many 2Dmaterials under investigation265,121. Thicker layers of graphite make excellent gates for de-

vices and significantly reduce device disorder403. hBN, as previously mentioned, is an insulator that

is used as a gate dielectric and to encapsulate other materials to protect them from environmental

degradation and electrostatic impurities. A whole family of materials, the transition metal dichalco-

gonides (TMDCs), have been studied extensively in recent years when it was realized that several
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become optically active direct bandgap semiconductors in the monolayer limit and host long lived

excitons335,394. More recent additions to the 2Dmaterials zoo include two-dimensional magnets

such as CrI3 161, 2D superconductors such as exfoliated BSCCO397, and candidate quantum spin

liquids such as 1T-TaS2 213 and 1T-TaSe2 303. Often, these materials are used together in stacks to

construct devices with desirable properties, such as stacked TMDCs to make P-N junctions300,28, or

magnetic memories that can be electrically switched160.

One degree of freedom possessed by all 2Dmaterials that is unique is the lattice mismatch be-

tween layers of a stack. This can be an intrinsic mismatch, such as the 1.8% lattice mismatch be-

tween aligned hBN and graphene, or it can be intentionally introduced by controlling the rotation

angle between materials. In general, a Moiré lattice results, and the additional periodic lattice modi-

fies the band structure163. This band engineering can lead to diverse physical phenomena, including

the observation of Mott insulating and superconducting phases in bilayer graphene with a “magic”

relative twist angle53, orbital Chern insulators362,320, periodic confinement of excitons361,177,8,

among other interesting phenomena. Due to twist angle and strain variation, device properties

are frustratingly nonuniform in many real world experiments366, which makes local probes such

as scanning nanosquids and NV centers promising platforms for studyingMoiré superpotential

physics.

101



God made the bulk; the surface was invented by the devil.

Wolfgang Pauli

2
Origins of diamond surface noise
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Figure 2.1: Depicঞon of surface X-ray spectroscopy, where X-rays excite electrons from the atoms of the diamond
surface.

2.1 Introduction

In a broad sense there are only two types of targets for NV center sensing: those that exist inside

of the diamond and those that are outside of it. Sensing inside of the diamond is generally per-

formed on other types of magnetic defects in the lattice, such as 13C nuclear spins, P1 centers, or

other NV centers. While this type of sensing is somewhat limited in scope, the relatively controlled

environment of diamond provides an ideal platform for quantum simulation, which can even be

accomplished under ambient conditions. Most of the proposed applications of NV centers involve

sensing of targets that are external to the lattice. This includes a wide variety of systems, including

biomolecules, condensed matter systems, and liquids, to name a few. In all cases, sensing of external
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targets necessitates close proximity to the material of interest, which may be accomplished either by

placing a target on the surface of a bulk diamond containing shallowNV centers or by scanning a

nanostructured diamond containing NV centers over a sample. This proximity is necessary due to

the strong distance dependence of the dipolar interaction, which falls off proportional to r−3, where

r is the separation between the NV center and the sensing target.

Nanoscale magnetic field sensing with NV centers is a technology that holds great promise, as

there are few other sensors that can compete with NV centers on these length scales. The need

nanoscale proximity between NV centers and external targets introduces a challenge, however.

The primary reason that NV centers make such good sensors is that they possess extremely long

coherence times, even at room temperature. As was discussed in Ch. 1, the sensitivity of a quantum

sensor depends on this all important parameter. The trouble is that the NV center coherence time

is so long because diamond is a magnetically pure material with a low concentration of magnetic

impurities that produce decoherence-inducing noise. Once this isolating environment is altered, the

high sensitivity of the NV center becomes a hindrance, as it is very sensitive to environmental noise

as well as to the desired signal to be sensed. By bringing an NV center within nanometers of the dia-

mond surface, the effects of the disordered surface become apparent rapidly: while bulk NV centers

can have T2 ≈ 1 ms, for very shallowNV centers this degrades to< 1 μs, resulting in a massive de-

crease in sensitivity. It is then natural to ask where exactly this additional surface noise comes from,

and whether or not it can be suppressed (or eliminated completely). Answering these questions is

of paramount importance, as the degradation of coherence times for shallowNV centers hinders

nearly all NV center based sensing efforts.

In this chapter, I will provide some background on the known properties of diamond surfaces

as they relate to NV centers, followed by an exposition of surface spectroscopy methods that will

be used in the remainder of the chapter. This surface spectroscopy will be correlated with NV cen-

ter measurements to determine potential origins of diamond surface noise, and to create a surface
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treatment that improves the coherence times of shallowNV centers.

2.1.1 Background

The surface is where the infinite periodicity of the perfect lattice clashes with the messy reality of

real world solids. Where we might normally consider real-valued wavevectors when constructing

electronic bands, this is not a requirement, and in fact for crystal with a finite boundary states with

complex wavevectors exist12. The exact character of these surface states depends on how exactly

the surface is constructed–what types of atoms and in what orientations they have bonded–and

these surface states in turn alter the band structure near the surface. Charge at the surface is usually

redistributed due to the break in the periodic lattice here, which results in a bending of the energy

bands as one approaches the surface. This process, called band-bending, is depicted in Fig. 2.2.
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A B

Figure 2.2: Band bending near the diamond surface. (A) Energy levels of diamond before charge redistribuঞon. The
presence of acceptor states on the surface alters the charge distribuঞon as electrons move to occupy these low energy
states. (B) A[er charge redistribuঞon, holes accumulate at the surface to balance the electrons that now occupy the
surface traps. This has the effect of bending the energy bands upwards on approach to the surface, while the Fermi
level remains constant. LUMO: lowest unoccupied molecular orbital, HOMO: highest occupied molecular orbital. Figure
taken with permission from Ref.63.

For NV centers, surface states can have a number of different effects. The previously discussed

phenomenon of band bending can either stabilize or destabilize near surface NV centers depending

on whether the Fermi level lies above or below the defect energy within the band gap, which can lead

to an overall preference for the lower energy (and metrologically useless) NV0 charge state. Surfaces

can also introduce mid gap states that are close in energy to NV−, which can alter the photoionzi-

ation dynamics since single photon ionization/recombination processes would then be permitted.

From a sensing perspective, surface states can also be problematic as they likely introduce electric

and magnetic field noise that severely limits the coherence times of shallowNV centers. Since di-

amond has a very long screening length, the influence of the surface extends relatively far into the

bulk, and even individual defects can strongly perturb the electrostatic environment71.
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Figure 2.3: Energy levels of defects in the diamond band gap. Energy levels of various defects in diamond relaঞve to the
valence (EV) and conducঞon EC bands. Since NV0 is lower in energy than NV−, local variaঞons in the Fermi level from
nearby defects can make NV− unstable. Band bending can likewise shi[ the posiঞons of the defect states so that NV−

lies above the Fermi energy. Figure taken with permission from Ref.84.

The two most common diamond surfaces are (100) and (111). While other surfaces are possible,

these are the slowest growing surfaces and so for the CVD grown diamonds commonly used for

NV center experiments, once growth has terminated, all other surfaces have “grown themselves out

of existence”336. We will concentrate on (100) surfaces here as they are more commonly available,

but much work has been done on the properties of (111) surfaces, which in general show different

properties from (100) surfaces. A pristine (100) diamond surface has two dangling bonds per atom.

These dangling bonds are not a stable configuration, however, and they will pair up to lower the

overall energy. This is called surface reconstruction, and the geometry of the reconstruction is given

indices of the formm × n to denote the number of unreconstructed cells present in a reconstructed

unit cell (along two directions). (100) surfaces undergo a 2× 1 reconstruction, as shown in Fig. 2.4,

where neighboring pairs of atoms form double bonds. The remaining dangling bonds form bond-

ing (π) and antibonding (π∗) orbitals resulting in a splitting of the surface bands into an occupied

π band and an unoccupied π∗ band thought to be 2.4 eV above the VBM. The π band is either

within the valence band (and hence inactive) or is slightly above it, though this is a topic of some
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debate292,293. For a (111) surface, the single dangling bonds reconstruct to form Pandey chains. The

π orbitals are delocalized along the chain, like in graphene, and so the surface should be metallic in

theory, though this has not been observed experimentally129.
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Figure 2.4 (following page): Surface reconstrucঞon of diamond. Models of the last three carbon layers of the (100) dia-
mond surface. (A) Unreconstructed surface, where each of the terminal carbon atoms has two bonds to form. Surface
Brillouin zone shown on the right. (B) 2×1 reconstructed surface that corresponds to the clean (100) surface and to
the hydrogen terminated surface (hydrogen atoms not shown). Figure taken with permission from Ref.293
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Figure 2.4: (conঞnued)
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B
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The carbon atoms at the surface need not bond only to each other. Indeed, the bare carbon sur-

face reconstruction is difficult to produce except through careful vacuum annealing. There are

many possible surface terminations that are possible, though hydrogen and various oxygen groups

are the most studded. Hydrogen terminated diamond is typical of CVD grown crystals, or it can

be created through exposure to a hydrogen plasma. Hydrogen bonds to the orbitals that form π

bonds in the bare surface, modifying bonding/antibonding states and pushing the surface bands

apart. This results in the occupied band being pushed even lower into the valence band, and hence

the (100) diamond surface is not conducting. An interesting byproduct of hydrogen termination

in both (100) and (111) diamond surfaces is a negative electron affinity. This is because the under-

lying carbon lattice is more electronegative than the terminating hydrogen atoms. Positive partial

charge is pulled towards the vacuum side, setting up a dipole moment perpendicular to the surface.

When such a surface is exposed to atomosphere, hydrocarbon adsorbates create acceptor states for

the surface electrons, resulting in a hole-gas at the surface229. This surface transfer doping shifts the

Fermi level below the position of NV− within the band gap, which changes the equilibrium charge

state distribution in favor of NV0 137. Hydrogen termination also results in near-surface delocalized

states, which should shuttle photoexcited electrons away fromNV− and to the surface, where they

would be emitted due to the large negative electron affinity184. These effects can extend far into the

bulk, again due to the large screening length in diamond, and perhaps due to the long mean free

path of conduction band electrons. Experimentally, hydrogen terminated diamonds do not show

favorable charge state properties for sensing147,299.

In contrast to hydrogen termination, oxygen termination tends to increase the electron affinity,

which should result in NV− being a favorable charge state110. This is because oxygen has a very

large electronegativity. There are, however, multiple ways for the two bonds of oxygen to incorpo-

rate into the (100) surface. Oxygen can form double bonds with each carbon atom (C=O, ketone),

or it can form a bridge between adjacent carbons (C-O-C, ether). Both of these options should lead
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Figure 2.5: Surface electron affiniঞes for different diamond surface terminaঞons. The clean surface has a slightly pos-
iঞve electron affinity, but hydrogen terminaঞon makes this negaঞve due to the low electronegaঞvity of hydrogen.
Oxygen terminaঞon, by contrast, results in a very high electron affinity due to its high electronegaঞvity, surpassed only
by Fluorine for common elements. Figure taken with permission from Ref.293.

to occupied bands below the VBM, and only the ketone-like termination is expected to have unoc-

cupied states within the gap399. OH coverage is also possible, though this is less desirable due to a

small negative electron affinity336. There are also complicated “designer” surface terminations such

as a 2 × 2:H/O/OH reconstruction studied in184 that should result in good NV center properties

but would be difficult to realize in practice. Diamond surfaces can be oxygen terminated by oxida-

tive wet chemistry (commonly a triacid clean, explained in Appendix A) or by exposure to a “gentle”

oxygen plasma. The type of oxygen termination produced by these methods is likely of mixed type.

Additionally, termination by oxygen plasma is difficult to do without damaging the diamond, since

it is one of the commonly used methods for diamond etching.

A final surface termination that should have desirable properties is fluorine termination, which

would result in an even higher electron affinity than oxygen358. Electron affinity is only a small part

of the charge stability story, however. There seems to have been little work done on this type of

surface since the publication of Ref.73, perhaps due to the predicted existence of unoccupied states
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just below the conduction band minimum that could periodically trap photo-excited electrons,

leading to blinking184.

When density functional theory calculations are performed for the diamond surface to determine

expected surface states, a uniform and perfectly terminated surface is usually assumed. This is, of

course, unlikely in real world samples, which are full of step edges, vacancies, and a jumble of differ-

ent terminations. Graphitic carbon (sp2) defects, which can locally pin the Fermi level, are relatively

common292. Real surfaces are also plagued by layers of adventitious hydrocarbons and water which

make studying the intrinsic surface difficult.

Besides affecting the charge state stability of NV centers, surface states (and more localized sur-

face defect states) are theorized to be responsible for the decrease in NV center coherence upon

approaching the surface. The rapid decrease in coherence for NV centers within 100 nm of the di-

amond surface has been well documented301,254,81,230,187,298, with NV center noise spectroscopy

revealing a secondary, nearly white noise bath that is not present for bulk centers254,298. For at least

some diamonds, electric field noise is a significant driver of decoherence255,120,187, though mag-

netic noise is more commonly assumed to dominate. The discovery of stable spin-1/2 “dark” spins

on the diamond surface has long been thought to provide a broadband magnetic noise bath, and

indeed by driving these spins an increase in NV center coherence time (analogous to motional nar-

rowing) has been demonstrated44. The required density to explain the level of measured noise (0.04

spins/nm2 254) is relatively high compared to what we have measured in our own samples (see Ch. 3).

Additionally, even for samples where mitigating the decoherence induced by surface spins results in

an extension of NV center T2 as in Ref.44, the coherence time remains significantly lower than bulk

values, indicating that other noise sources become dominant. One such defect is the “primal” sp2

defect studied in Ref.338, which can be detected in X-ray spectroscopy and is predicted to give rise

to unoccupied mid-gap states that could be transiently filled by photoexcitation. The authors also

show that these defects lead to band bending and NV center charge state instability within hundreds
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Figure 2.6: sp2 defects on the diamond surface. (A) first two layers of carbon on (100) diamond, showing an sp2 defect
formed by removal of a terminal carbon atom. (B) NEXAFS spectra near the C1s edge, showing regions associated
with sp2 carbon in three diamond samples (gray box). Graphene was used as a uniform coverage sp2 reference in this
experiment. Figure taken with permission from Ref.338.

of nanometers of the surface, and that there seems to be some correlation between the density of

these defects and NV center optical properties.

Oxygen termination of diamond was originally explored in the context of NV centers as a method

of charge state stabilization, due to the aforementioned high electron affinity of oxygen terminated

diamond surfaces. It was additionally found in Ref.227 that careful oxygen annealing can improve

the spin properties of NV centers. This same technique appears to lead to a reduction in the num-

ber of sp2 defects on the diamond surface338.

One final complicating factor for understanding diamond surfaces is that the surface morphology

can vary dramatically depending on the initial preparation steps. Some diamonds are used with “as-

grown” surfaces, meaning that the crystal faces that remain after CVD growth are still intact when

nitrogen is implanted. These surfaces seem to innately have a lower defect density than the alterna-

tive diced and polished surfaces338, but there is significant spatial variability on these surfaces. Diced

and polished surfaces can also be etched with a reactive ion etcher (RIE), and all of these steps have
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Figure 2.7: As grown and polished surfaces. (A) An as-grown diamond surface displays facets in an opঞcal image (le[)
but the surface is very smooth on these facets (right). (B) A polished diamond shows scaife marks from the polishing
procedure, but these can be smoothed (and the strain removed) by isotropic ArCl2 ion etching.
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the potential to leave behind morphological and chemical defects that can affect the local density of

states when NV centers are implanted. See Fig. 2.7 for examples.

2.1.2 Measurement overview

In the following experiments, we will correlate NV center measurements with information about

the surface gained from a number of surface sensitive spectroscopy techniques. The NV center mea-

surements utilized are introduced in Ch. 1. The following sections provide a brief introduction to

the different surface spectroscopy methods that are used in this chapter.

X-ray photoemission spectroscopy (XPS)

In X-ray photoemission spectroscopy (XPS), a monochromatic beam of X-rays is shone upon a

sample and the energy of the incident beam is swept while monitoring the number and energy of

electrons that are excited off of the sample and into the vacuum. The X-rays are of a high enough

energy (100s eV) to excite core electrons1, which have a characteristic binding energy for different

elements. The presence or absence of emitted core electrons at a particular binding energy is then a

probe of the presence or absence of the element whose core electrons have that particular binding

energy. That is, XPS can give an elemental fingerprint of a material, and ratios of different elements

can be determined by the relative intensity of emitted electrons at that element’s characteristic en-

ergy. XPS is not sensitive to helium or hydrogen, however. While incident X-rays may excite atoms

deep in the sample, emitted electrons are unlikely to make it to the detector unless they are very close

to the surface, which makes XPS primarily a surface sensitive technique. In order to probe deeper

layers of a sample, XPS is sometimes combined with ion milling. The binding energy of an atom de-

pends on its electrostatic environment, and so in many cases it is also possible to resolve peak shifts

1The first shell is called the “K-shell” in X-ray spectroscopy. This absorption threshold is then called the
“K-edge.”
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and broadening due to chemical bonds. The ability to determine both the elemental composition

of the surface and they types of chemical bonds have made XPS an extremely important tool. Its

development and popularization earned Kai Siegbahn a Nobel Prize in 1981325.
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Figure 2.8 (following page): XPS schemaঞc. (A) Schemaঞc depicঞng the XPS measurement, where X-ray photons (purple)
ionize core electrons from atoms. The photoelectrons are detected and their energy is measured. (B) Typical XPS spec-
trum from diamond at the carbon binding energy (C1s). (C) Typical XPS spectrum from diamond at the oxygen binding
energy (O1s). The raঞo in the two signals can be used to esঞmate the proporঞon of the two atomic species.

118



Figure 2.8: (conঞnued)
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Near edge X-ray absorption fine structure absorption spectroscopy (NEXAFS)

NEXAFS is similar to XPS in that high energy (100s eV) X-rays are used to excite core electrons, but

rather than measuring the primary electron yield, NEXAFS can monitor fluorescence and secondary

(Auger) electrons produced when nearby electrons fall into the hole left by the photoexcited core

electron. Auger electrons carry information about the higher lying orbitals that have decayed to fill

in the missing core electron. The states that contribute to the NEXAFS signal are much more nu-

merous than for XPS: in NEXAFS a signal can be detected from any final state of the photoexcited

electron, rather than just the unbound free primaries as in XPS. This is the “absorption” part of

NEXAFS. NEXAFS spectroscopy also probes unoccupied states, which contribute fine structure to

the spectrum when electrons of the appropriate energy are excited into unoccupied orbitals instead

of exiting the sample. While some bonding information may be inferred from high resolution XPS,

it is mostly limited analyzing peak broadening, while NEXAFS spectra contain significant infor-

mation about local chemical bonds in their detailed fine structure. Of particular note for diamond

surfaces, NEXAFS spectroscopy is sensitive to both sp2 and sp3 hybridized carbon, and the differ-

ent types of carbon-carbon bonds are resolvable338. Finally, NEXAFS is a polarization sensitive

technique, since the excitation probability depends on the overlap between the incident polariza-

tion and final state molecular orbital from Fermi’s Golden Rule94. This polarization dependence is

used to determine molecular structure, and provides insight into how well ordered a particular sur-

face is. Like XPS, NEXAFS is a surface sensitive technique, as electrons produced more than a few

nanometers below the surface are unlikely to be detected. Unlike XPS, NEXAFS spectroscopy must

be performed at a synchrotron that can produce monochromatic X-rays with a narrow linewidth. A

good overview of the technique is found in Ref.343.
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Ultraviolet photoemission spectroscopy (UPS)

As the name suggests, in ultraviolet photoemssion spectroscopy, electrons in a sample are excited by

photons with ultraviolet wavelengths. These photons are significantly lower energy (10s eV) than

those used in the X-ray spectroscopy methods above. Rather than exciting core electrons, ultraviolet

photons excite valence electrons. Due to hybridization of these orbitals, UPS spectra posses a certain

degree of ambiguity that make them less useful for material identification. UPS is even more surface

specifc than XPS and NEXAFS due to the shorter (2 − 3 nm) mean free path of photoionized

valence electrons. UPS is a convenient way to measure the work function of a material, which is

the energy required to remove an electron and send it into the vacuum. Since incident photons are

usually produced from a discharge lamp with a fixed wavelength, the work function,W, is given by

W = hν− (Elower − EF) , (2.1)

where ν is the frequency of the incident photons, Elower is the cutoff energy below which no elec-

trons are collected, and EF is the Fermi energy, which is the largest binding energy with a measur-

able signal. The work function provides information about surface atoms, which affect the surface

charge distribution, and is related to the electron affinity, Δχ, as

Δχ = W+ EF . (2.2)

Low energy electron diffraction (LEED)

Low energy electron diffraction provides structural information about the surface in a manner simi-

lar to bulk X-ray diffraction. Just as in X-ray diffraction, the condition for constructive interference
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between an incident electron with wavevector k⃗i and a diffracted electron with wavevector k⃗f is12

k⃗f − k⃗i = K⃗ , (2.3)

where K⃗ is a reciprocal lattice vector. Low energy electrons are used for this technique because they

do not penetrate very far into the sample (a few angstroms), so the reciprocal lattice K⃗ is the 2D

lattice of the surface and not of the crystal as a whole. In practice, a collimated beam of low energy

(≈ 100 eV) electrons is fired perpendicular to the sample surface so that k⃗i,∥ = 0 and the pattern

of spots on the screen simply gives the 2D lattice structure in reciprocal space. Since certain surface

terminations have characteristic reconstructions, for a well ordered surface the reconstruction type

can be determined by LEED.
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Figure 2.9 (following page): Depicঞon of LEED. (A) Principle behind LEED, where diffracঞon of electrons creates intensity
peaks when the difference in path length is an integer mulঞple of the wavelength. (B) Real space (red) and reciporical
space (blue) laমce for a 2D square laমce with equal bond lengths (1×1). (C) Real and reciprocal space laমce for a 2×1
laমce.

123



Figure 2.9: (conঞnued)
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2.2 Origins of diamond surface noise probed by correlating single spin mea-

surements with surface spectroscopy

The following section is a reproduction of the manuscript “Origins of diamond surface noise probed

by correlating single spin measurements with surface spectroscopy,” by Sorawis Sangtawesin, Bo L.

Dwyer et al 308.

The nitrogen vacancy (NV) center in diamond exhibits spin-dependent fluorescence and

long spin coherence times under ambient conditions, enabling applications in quantum in-

formation processing and sensing. NV centers near the surface can have strong interactions

with external materials and spins, enabling new forms of nanoscale spectroscopy. However,

NV spin coherence degrades within 100 nanometers of the surface, suggesting that diamond

surfaces are plagued with ubiquitous defects. Prior work on characterizing near-surface noise

has primarily relied on using NV centers themselves as probes; while this has the advantage

of exquisite sensitivity, it provides only indirect information about the origin of the noise.

Here we demonstrate that surface spectroscopy methods and single spin measurements can

be used as complementary diagnostics to understand sources of noise. We find that surface

morphology is crucial for realizing reproducible chemical termination, and use these insights

to achieve a highly ordered, oxygen-terminated surface with suppressed noise. We observe NV

centers within 10 nm of the surface with coherence times extended by an order of magnitude.

NV centers in diamond are a promising platform for quantum information processing and sens-

ing240,90, and shallowNV centers near the diamond surface are actively explored as highly sensitive

sensors with subnanometer resolution341,232,133,124. Although it is easy to place NV centers near

the surface by low-energy ion implantation301,298 or delta-doping254,301, the surface itself can host

defects that lead to noise that obscures the sensing target (Fig. 2.10a). We observe that coherence

time degrades with proximity to the surface in numerous samples with different surface conditions
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(Fig. 2.10b), consistent with prior studies254,81,230, pointing to the need for new techniques to un-

derstand and control diamond surfaces. Gaining precise control over diamond surface chemistry

is challenging because diamond is a chemically inert material, and also because it is hard to prepare

uniform, flat diamond surfaces. Surface morphology is difficult to control because diamond’s hard-

ness makes etching and polishing non-trivial. State-of-the-art diamond polishing can achieve surface

roughness below 1 nm, but the resulting surface is highly strained. Plasma etching can remove this

strained layer355,109, but this process is highly anisotropic and therefore small differences in initial

conditions can lead to dramatic differences in final morphology and termination158,380 (see Ap-

pendix A6). Therefore, direct characterization of the surface is crucial for establishing that particu-

lar protocols reproducibly lead to specific, desired surface terminations.

In this work, we characterize the diamond surface by correlating photoelectron spectroscopy,

X-ray absorption, atomic force microscopy (AFM), and electron diffraction with measurements of

NV spin decoherence and relaxation to identify and eliminate sources of noise at the surface. We

find that surface roughness leads to poor NV coherence, and we observe that surface morphology

changes the density of electronic defects observed with photoelectron spectroscopy, even for the

same nominal chemical termination, implying that it is critical to maintain precise control over sur-

face purity and morphology at every processing step.

In our procedure, we remove surface and subsurface damage resulting from polishing and re-

active ion etching (RIE) before ion implantation, perform high-temperature annealing to remove

implantation damage, and use oxygen annealing followed by wet oxidation to terminate the surface

(Fig. 2.10c, see also Appendix A1.1). In order to ensure high purity throughout processing, samples

are cleaned in a refluxing mixture of concentrated perchloric, nitric, and sulfuric acids (triacid clean)

before RIE and all annealing steps. Starting with scaife-polished substrates with RMS roughness

of less than 1 nm, we can typically achieve final oxygen-terminated surfaces with RMS roughness

∼ 100 pm, as measured by AFM (Fig. 2.10d). We show detailed examples in Appendix A6 of con-

126



tamination and irreversible surface roughening when this procedure is not followed. Using this

surface processing, we extend the coherence times of NV centers within nanometers of the surface

by around one order of magnitude (Fig. 2.10b).

To study the effects of different oxygen terminations on spin coherence, we prepare samples

containing shallowNV centers using low-energy ion implantation followed by high-temperature

annealing at 800 ◦C and triacid cleaning, and focus on detailed comparison before and after oxygen

annealing. This procedure, excluding the final oxygen annealing step, is widely used for preparing

shallowNV centers341,232,254,347,227,279. We isolate the impact of the oxygen annealing step by study-

ing the same NV centers near the surface through multiple processing cycles with and without this

step.
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Figure 2.10: Creaঞon of shallow NV centers with long coherence ঞmes (a) Schemaঞc showing an NV center near the
diamond surface. The surface can host defects that produce electric and magneঞc field noise. (b) Hahn echo coherence
ঞme, T2,Echo, as a funcঞon of NV depth, measured across six samples with different surface condiঞons. Although the
triacid-cleaned surfaces have different origins and processing histories (see AppendixA1), the relaঞonship between
T2,Echo and depth is similar across all samples, and the high-temperature and oxygen-annealed sample exhibits sig-
nificantly improved coherence ঞmes at the same depths. (c) Surface processing steps before implantaঞon to remove
surface polish damage and subsurface RIE damage, and a[er implantaঞon to form NV centers and create a well-ordered
oxygen surface terminaঞon. The high-temperature annealing step can be performed at 800 ◦C or 1200 ◦C. (d) AFM
images of iniঞal scaife-polished diamond (top) and the final surface a[er oxygen annealing (middle). Scale bar is 100 nm.
(bo�om) Confocal image showing individually resolvable NV centers. Scale bar is 1 μm.

We performed single spin measurements on shallowNV centers that are implanted into an elec-

tronic grade diamond sample with natural abundance 13C, before and after oxygen annealing. Six

NV centers were randomly selected from a confocal scan. Their depths were measured using proton

128



NMR signal from the microscope immersion oil279 (see Appendix A2.4), and the direct comparison

of their properties under the two surfaces is shown in Fig. 2.11. We measured the coherence time,

T2,Echo, using a Hahn echo sequence for each NV center. We then studied the spectrum of the lo-

cal noise environment using XY4 and XY8 dynamical decoupling sequences80,298. Additionally,

we studied the high frequency spectral properties of the noise using single- and double-quantum

relaxation measurements for both surfaces255.

Figure 2.11a shows a comparison of a Hahn echo decay of the same NV center before and after

oxygen annealing. The measurements were performed at Bz = 1900 G in order to average out the

free precession of the 1.1 % natural abundance of 13C in the sample. We observe a significant in-

crease in T2,Echo under the oxygen-annealed surface compared to the triacid cleaned surface on all

NV centers (Fig. 2.11c), indicating that noise at the surface is suppressed upon oxygen annealing.

However, T2,Echo still decreases as the NV centers approach the surface, indicating that surface noise

remains the dominant source of decoherence. Figure 2.11b shows an example of the measured co-

herence time, T2, as a function of the number of π-pulses,N. We observe a clear improvement in T2

under the oxygen-annealed surface by up to a factor of four compared to the triacid-cleaned surface

for allN (see Appendix A8). For a slowly fluctuating bath, such as 13C nuclear spins or dilute P1

center electron spins, T2 is expected to scale asN2/3 (Fig. 2.11b dashed lines)80. We fit the data to

the scalingNs and obtain s = 0.2− 0.7 across all NV centers, and in some cases, we observe that T2

saturates forN < 40 (Fig. 2.11b and Appendix A8). This range of values that deviate from the ex-

pectedN2/3 scaling indicates that the noise at the surface is broadband, and spectral decomposition

reveals a noise spectrum spanning 10 kHz to 1MHz (see Appendix A9).
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Because the surface morphology remains smooth through oxygen annealing (Fig. 2.10d), the ter-

mination is reversible. We demonstrate this reversibility by performing a “surface reset” via 800 ◦C

vacuum annealing and triacid cleaning (Fig. 2.11c, inset). For direct comparison between different

surfaces, we measure the coherence time with Hahn echo, T2,Echo, and XY8, T2,XY8, sequences from

the same NV centers across different surface terminations. After the surface reset, coherence times

are reduced to values comparable to those prior to oxygen annealing. Finally, these coherence times

can be restored by repeating the oxygen annealing, showing that we have reproducible control over

surface termination.

We note that we achieve the longest coherence times by annealing at 1200 ◦C after annealing at

800 ◦C (Fig. 2.10b). The higher temperature removes divacancies and multivacancy centers that

form after ion implantation, which can contribute magnetic noise363,70,81,384. However, we also

observe that the NV center charge state is not stable after 1200 ◦C annealing without subsequent

oxygen annealing. Therefore, to isolate the role of the oxygen termination, we have performed these

experiments with only an 800 ◦C post-implantation anneal.

We probe the separate contributions of electric and magnetic noise by measuring relaxation rates

between different levels in the NV ground state (Fig. 2.11d,e). The single-quantum (SQ) transition

can be driven by magnetic noise, while the double-quantum (DQ) transition is magnetically for-

bidden and can thus be used to probe electric field noise. Comparison of the measured SQ and DQ

spin relaxation times allows for the extraction of SQ and DQ transition rates, which are a reflection

of the relative contributions of electric and magnetic noise255. Figure 2.11d shows the measured SQ

and DQ spin relaxation times, T1,SQ and T1,DQ, measured at Bz = 40 G for the two different surface

terminations. We observe an improvement in T1,SQ of 1-2 orders of magnitude after oxygen an-

nealing (Fig. 2.11d), indicating that the high frequency magnetic field noise is strongly suppressed,

consistent with T2 measurements that probe the magnetic field noise at lower frequencies. In com-

parison, T1,DQ exhibits a small improvement (less than a factor of three) after oxygen annealing
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Figure 2.11 (following page): Comparison of NV centers under the triacid-cleaned (red squares) and oxygen-annealed
(blue diamonds) surfaces (a) Hahn echo decay curves from the same NV center. The Hahn echo coherence ঞme, T2,Echo,
is improved a[er oxygen annealing. (b) Coherence ঞme, T2, as a funcঞon of number of the dynamical decoupling pulses,
N. Dashed lines depict the scaling expected for slowly fluctuaঞng noise, T2 ∝ N2/3. (c) Measured T2,Echo (N = 1,
opaque) and T2,XY8, (N = 8, transparent) for six NV centers through four steps of surface terminaঞon and reset (inset),
showing that the oxygen annealing is reversible and reproducible. (d,e) Single- and double-quantum spin relaxaঞon
ঞmes, T1,SQ and T1,DQ, as a funcঞon of NV depth (transiঞons indicated in insets). T1,SQ shows a more pronounced
improvement with oxygen annealing compared to T1,DQ, indicaঞng that magneঞc noise is more strongly suppressed
than electric field noise.
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Figure 2.11: (conঞnued)
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(Fig. 2.11e). Dynamical decoupling, SQ, and DQ relaxation measurements are sensitive to differ-

ent frequency regimes, but the DQ transition rate is expected to scale inversely with frequency as

1/fn where n ≤ 2, allowing for extrapolation to other frequencies255. Spectral comparison of the

dynamical decoupling data and DQ relaxation data indicates that the electric field noise is not the

dominant source that limits the coherence of NV centers at high frequencies under either surface

termination prepared with our methods (see Appendix A9).
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NV-based measurements indirectly suggest that the triacid-cleaned and oxygen-annealed surfaces

host different electric and magnetic defects, and therefore have different electronic structure. To

directly characterize the structure and chemical composition of the two different oxygen-terminated

surfaces, we employ a variety of surface-sensitive spectroscopy techniques (Fig. 2.12a). Near-edge

X-ray absorption fine structure spectroscopy (NEXAFS) probes the density of unoccupied states

near the surface, ultraviolet photoelectron spectroscopy (UPS) gives information about the Fermi

energy and electron affinity, and X-ray photoelectron spectroscopy (XPS) yields information about

the chemical state of the surface termination.

The NEXAFS spectra at the oxygen K-edge for the two surfaces are qualitatively similar (Fig. 2.12b,c).

Both exhibit a sharp π∗ peak at 532.5 eV and a broad σ∗ shoulder at around 540 eV, indicating

similar chemical states. Varying the angle of incidence of the linearly-polarized X-rays changes the

relative polarization with respect to the surface normal. As this angle is varied, the signal changes

dramatically for the oxygen-annealed surface (Fig. 2.12c), while the triacid-cleaned surface shows no

variation (Fig. 2.12b). Strong polarization dependence arises from distinct and well-resolved bond

orientations343, indicating that the oxygen-annealed surface is highly ordered at the atomic scale,

while the oxygen groups in the triacid-cleaned surface are disordered (Fig. 2.13c).

The NEXAFS spectra at the carbon K-edge (Fig. 2.12d) show a characteristic exciton peak at

289.2 eV and a second absolute band gap at 302.2 eV324. At energies below the exciton peak at the

conduction band edge, both surfaces exhibit two peaks, one at 285 eV that is assigned to sp2 carbon,

and one at 286.5 eV associated with oxygen termination324. However, the triacid-cleaned surface

has an average of 2.4 times higher density of unoccupied states below the conduction band edge,

indicated by the area under the pre-edge region. These energetically deep unoccupied states at the

surface can potentially act as electronic traps that host unpaired electrons, which can contribute

both magnetic and electric field noise338. Furthermore, a morphologically rough surface after the

same surface preparation and oxygen annealing exhibits a much larger density of unoccupied states
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Figure 2.12 (following page): Surface spectroscopy comparison between triacid-cleaned (blue) and oxygen-annealed
(red) surfaces (a) Schemaঞc showing surface-sensiঞve spectroscopy techniques used to probe the diamond surface.
(b,c) Polarizaঞon dependence of NEXAFS spectra at the oxygen K-edge. The polarizaঞon angle is defined relaঞve to the
surface normal. The y-axis for all NEXAFS spectra is the parঞal electron yield (PEY), normalized and baseline subtracted
(see AppendixA2.2). The oxygen-annealed surface spectrum exhibits strong polarizaঞon dependence, indicaঞng that
oxygen groups at the surface are well-ordered. (d) NEXAFS spectra at the carbon K-edge from three triacid-cleaned
samples (blue curves) and two oxygen-annealed samples (red curves). Triacid-cleaned surfaces show a higher density of
unoccupied states (shaded regions). The full energy range is shown in the inset. (e) UPS spectra with excitaঞon energy
hν = 21.2 eV of the triacid-cleaned (blue) and oxygen-annealed (red) surfaces. The spectral width, ω, is indicated by
the shaded regions. The oxygen-annealed surface exhibits a higher posiঞve electron affinity, EA, (+2.14 eV) than the
triacid-cleaned surface (+0.92 eV).
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Figure 2.12: (conঞnued)
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than the smooth surface (see Appendix A6). Using UPS, we observe that the oxygen-annealed sur-

face exhibits a positive electron affinity of+2.14 eV, compared to+0.92 eV for the triacid-cleaned

surface (Fig. 2.12e, see also Appendix A10), indicating that the two surfaces possess drastically dif-

ferent electronic structure. To the best of our knowledge, this electron affinity is the largest reported

for oxygen-terminated diamond230.

Combining the data from surface spectroscopy and NVmeasurements, we conclude that disor-

der at the surface can lead to unoccupied defect states near the conduction band edge of diamond,

which in turn lead to rapid decoherence of NV centers near the surface. These defect states give

rise to broadband magnetic noise that cannot be circumvented by simple dynamical decoupling. It

is therefore important for future applications in nanoscale sensing to devise methods to eliminate

disorder and defect states at the diamond surface.

We now turn our attention to the chemical identification of the well-ordered, oxygen-annealed

surface. XPS (Fig. 2.13a) reveals that the only detectable atoms are carbon and oxygen. The oxygen

peak comprises 6 %–7 % of the signal, corresponding to approximately monolayer surface coverage

(see Appendix A12). High-resolution XPS was used to probe the structure of the carbon and oxy-

gen 1s peaks in detail (Fig. 2.13a, inset). The carbon 1s spectrum shows a dominant peak at 285 eV,

which we assign to diamond sp3 carbon. Two satellite peaks at higher binding energies of+1.2 eV

and+2.4 eV correspond to carbon singly- and doubly-bonded to oxygen, respectively193. The peak

at lower binding energy of−0.8 eV is assigned to sp2 carbon. The oxygen 1s spectrum shows a ma-

jor peak at 532.3 eV and two satellite peaks at lower binding energies of−1.0 eV and−2.8 eV with

a relative ratio of 11:2:1. These peaks have been previously assigned to ether, alcohol, and ketone,

respectively21. Low-energy electron diffraction (LEED) indicates that the surface is 1 × 1 recon-

structed (Fig. 2.13b). Combining the XPS and LEED data, we assign the surface as predominantly

ether-terminated (∼ 80 %), with a minority mixture of alcohol and ketone groups (Fig. 2.13c). Ad-

ditionally, our measured electron affinity is consistent with density functional theory calculations of
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Figure 2.13: Detailed characterizaঞon of the oxygen-annealed surface (a) XPS survey scan showing dominant car-
bon and oxygen peaks. Peaks marked with (∗) are Auger peaks associated with carbon and oxygen. (le[ inset) High-
resoluঞon XPS carbon 1s spectrum showing a dominant diamond sp3 peak with three side peaks assigned to sp2 carbon,
and carbon singly- and doubly-bonded to oxygen. (right inset) High-resoluঞon XPS oxygen 1s spectrum showing a
dominant ether (C-O-C) peak and two satellite peaks assigned to alcohol (C-O-H) and ketone (C=O). (b) LEED pa�ern
showing a 1 × 1 reconstrucঞon of the oxygen-annealed surface, consistent with ether terminaঞon. (c) Ball and sঞck
diagrams illustraঞng the surface terminaঞon before and a[er oxygen annealing. The disordered, acid-cleaned surface
hosts a mixture of groups, which transform into a highly-ordered, predominantly ether-terminated surface upon oxygen
annealing.

an ether-terminated surface336. We note that all of the surface spectroscopy techniques are unable to

directly detect hydrogen, and we thus cannot exclude that the mixed surface includes residual hydro-

gen, although the large positive electron affinity rules out significant hydrogen incorporation230.

While the coherence of shallowNV centers is significantly improved by the techniques presented

here, these coherence times remain far from typical bulk values20. The present work suggests a num-

ber of promising avenues for future study. The sp2 peak observed in NEXAFS and XPS is a deep

electronic trap, and is a natural target for improvement338. It was also recently demonstrated that
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NV center coherence can be improved by implanting nitrogen through a boron-doped layer81.

Combining such strategies with our surface preparation could yield even longer spin coherence. Fi-

nally, it is unknown what contribution adventitious carbon contamination makes to magnetic and

electric field noise. Our ongoing work includes preparing and interrogating surfaces in ultrahigh

vacuum conditions to disentangle the contributions of chemical surface termination and exogenous

contamination.

Our approach of combining surface spectroscopy with single spin measurements can be applied

to the future development of novel surface terminations. We have shown that surface morphology

and electronic structure measurements can help to evaluate which surfaces are likely to lead to fur-

ther improvements in NV coherence, which can provide useful benchmarking for rapid exploration

of new surface chemistry. More broadly, the strategy of correlating surface spectroscopy with qubit

measurements can be applied to a variety of quantum platforms that also exhibit deleterious ef-

fects from surfaces and interfaces, such as superconducting qubits119, trapped ions151, and shallow

donors270.

2.3 Discussion

The work presented in the previous section is a small step forward in our understanding of the di-

amond surface. The eventual goal of such studies is the production of shallowNV centers with

properties more akin to those in the bulk: good optical stability, long coherence times, and high

NV− equilibrium distributions. Our oxygen termination procedure addresses some of these re-

quirements, at least in part. NV centers under oxygen terminated surfaces have more typical ioniza-

tion dynamics392 and better contrast between spin states338, in addition to the improved coherence

times detailed here. The improvement in coherence times, while significant, is not as high as was

reported in Ref.227, which may indicate some sample dependence. While oxygen annealing pro-
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duces longer coherencec times, they are still very far from bulk values. The methods introduced here

provide a structured pathway to improvement of surface properties.

For example, besides the higher degree of order in oxygen annealed samples, NEXAFs data shows

that samples which have undergone this procedure have a lower surface coverage of sp2 carbon that

can act as an electronic trap338. This surface defect is likely a major source of noise at the surface,

and its identification here with X-ray spectroscopy enables rapid testing of different surface treat-

ments that may be able to further passivate these defects.

It remains possible that there are other surface effects that influence NV center coherence that

can not be easily modified. Ref.298 suggests that “surface-modified phonons” could be respon-

sible for some portion of the observed noise spectrum. This is supported by some work showing

that T1 of shallowNV centers has significant temperature dependence301, though in our own sam-

ples we have observed a saturation of T1 at low temperatures that depends on implantation energy

(Fig. 2.14). If shallowNV center decohernce is truly phononic in origin, surface chemistry tech-

niques should have little effect on NV center coherence. The observation that oxygen annealing at

least can improve coherence times casts doubt on this theory.
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Figure 2.14: T1 for different implantaঞon energies. Measurements of NV center T1 relaxaঞon ঞmes at 70 K as a func-
ঞon of implantaঞon energy. Straggle is introduced along the x axis to separate points from the same sample, so the
energy of each point is approximate.

The combination of surface spectroscopy with qubit measurements has applications beyond NV

centers, as many other quantum systems are thought to be limited by surface noise. Qubits based

on trapped ions suffer from heating due to currents and electronic states on the trap surfaces151.

Superconducting qubit coherence is thought to be limited by two level fluctuators on the surface of

the qubit119, but the identification and passivisation of these surface states has not received signifi-

cant attention 2. Applying materials science principles to superconducting qubit design has already

yielded some exciting results when materials that are less susceptible to the formation of surface

states are used282.

As a final point, we note that NV centers in nanostructured diamonds suffer frommany of the

2One of the most important discoveries in the superconducting qubit world over the past few years was
the recognition that coherence could be extended by reducing the surface/volume ratio of a qubit by placing
it in a 3D cavity269. In contrast, the coherence times of normal transmon qubits have not improved signifi-
cantly since 2012282
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same noise sources as shallowNV centers, since they are both likely to be close to the surface and

because there are simply more surfaces in a nanostructure. Surface treatments can in principle help

mitigate some of these issues, but this is complicated by the multiple crystal faces present in a nanos-

tructure and the possibility of subsurface defects, such as multivacancy complexes169, introduced by

reactive ion etching that may be impossible to passivate or anneal out.
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The advantage of the resonance method is that it enables

one to select out of the total magnetic susceptibility, a

particular contribution of interest - one that may, for

example, be relatively very weak.

Charles P. Slichter

3
Dynamics of surface defects
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Figure 3.1: Arঞsঞc rendiঞon of surface spins temprarily occupying traps on the diamond surface.

In the previous chapter, we inferred the existence of many defects at the diamond surface that

likely contribute to NV center decoherence. In this chapter, we will turn our focus to one particular

surface defect, the spin-1/2 “dark” spins that are commonly encountered on diamond samples. We

will explore surface treatments that are designed to control the surface spin density and use this to

investigate the effects of this particular family of spins on NV center decoherence. By investigating

the character of the decoherence caused by these spins, we are additionally able to learn about their

dynamics.

3.1 Background

Surface spins have long been implicated as potential sources of magnetic noise. Just like the bulk

spins that cause decoherence of deep NV centers, a bath of spins on the surface creates a magnetic

field that the NV center senses, but due to spin flips the value of the total field changes with time.
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There are two important parameters needed to link such a bath to NV center decoherence: the den-

sity of the spins, which sets the noise amplitude, and the surface spin relaxation time, T1, which sets

the frequency spectrum of the noise bath. T1 is also at least partially set by the density. The rate of

flip-flops from dipolar coupling between surface spins can be estimated by calculating the flip-flop

rate for nearest neighbor spins for a given density

Γdip =
π
2

(
μ0ℏγ

2
e

4πr3NN

)2(3 cos2 θ− 1
2

)2

(3.1)

∼
(
2μ0ℏγ

2
e

π

)2

σ3 , (3.2)

where rNN is the distance between nearest neighbor spins and θ is the angle between these spins.

This does not tell the whole story, however, since environmental fluctuations (from neighboring

spins or other sources) can significantly reduce the chances of a spin finding a resonant partner. In

the presence of disorder of strength γ, the flip-flop rate is reduced to

ΓFF =
Γdip
γ

. (3.3)

This, of course, assumes that dipolar interactions are the primary cause of surface spin flips. They

could, in principle, be limited by other sources of surface noise or by phonons, for example, in

which case 1
T1

> ΓFF In any case, as long as the interactions between spins are not too strong, the

noise bath will be a Lorentizian with τc = 2π/T1. The strength (b in Eq. (1.54)) will show a charac-

teristic d−2 scaling if the noise generating spins indeed lie on a 2D surface254.

The decrease in coherence times of NV centers in nanodiamonds is particularly dramatic, and

a bath of surface spins with areal density of≈ 10 spins·nm−2 was proposed as the culprit357.

When shallowNV centers were produced in single crystal diamond, similar problems were encoun-

145



tered2671. Again, a bath of surface spins with density 0.1− 10 spins·nm−2 was invoked. The broad-

ening of the NV center ESR lines was used to estimate the noise bath correlation time of 0.1 − 100

ns. In Ref.254, a bath of surface spins is introduced to account for the noise bath encountered by

near surface NV centers. The authors find that a density of 0.04 spins·nm−2 would be needed to

account for the noise amplitude, but the bath should have a correlation time≈ 5MHz if the sur-

face spin T1 is set by dipole-dipole coupling. This is larger than the 200 KHz correlation time that is

experimentally measured through spectral decomposition. Similar densities of 0.04-0.1 spins·nm−2

were estimated from T1 measurements of shallowNV centers301. These lower densities reflect the

improved properties of NV centers in CVD grown single crystal diamonds.

One of the earliest experiments to directly probe surface spins was published in Ref.136. The au-

thors used the technique of “Double electron-electron resonance” (DEER)211 to observe effects of a

second species of spin on the NV center coherence. It is not clear in this work if the spins being mea-

sured are intrinsic to the diamond surface, however, as they are only observed in silane treated dia-

monds and not in triacid cleaned samples. A concrete link between the DEER signal and NV center

decoherence was demonstrated shortly afterwards, but again for a spins in a material applied to the

diamond surface233. If the bath correlation of intrinsic surface spins is really in the∼nanoseconds

range, then they would not be detectable by DEER anyways, as the technique requires relatively

long target spin T1 times. It was surprising, then, when surface spins were detected via DEER on

the surface of an untreated diamond sample133. Using a magnetic tip, Grinolds et al. were able to

image the spin bath at the surface and extract a density of 0.5 spins·nm−2. While it is possible that

the magnetic field gradient used for imaging could have extended the surface spin T1 by limiting

spin diffusion, it is hard to reconcile the short timescales of the noise bath with the surface spin T1

in this experiment, which must be several μs. The density of surface spins in this sample was also

1The depths of the NV centers measured in this reference are likely not accurate, as they are estimated
from simulations rather than proton NMR. A 1 nm deep NV center would be extremely shallow, even by
modern standards.
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rather high compared with subsequent estimates, which may have been due to lattice damage caused

by reactive ion etching of the samples. Subsequent investigations in samples with high nitrogen

implantation densities have yielded larger surface spin signals as well352.
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In diamonds with a very low density of surface spins, it is possible to observe coherent oscillations

in the DEER signal, which is indicative of coupling to a single (or few) electron spins. In Ref.347,

such samples were used to measure the properties of some of these coherently coupled surface spins.

Using correlation spectroscopy techniques, Sushkov et al. found, somewhat astonishingly, that

these surface spins had not only very long T1 times (≈ 30 μs), but also T2 times of a few microsec-

onds. This was long enough to enable the authors to use the surface spins as intermediaries to sense

single proton spins on the diamond surface and relay this signal back to the NV center. This work

has spurred some discussion of using surface spins as so-called “quantum reporters” of other tar-

gets227, but to my knowledge there have been no repetitions of the feat described in Ref.347. The

concept, however, that these surface defects that were long thought to inhibit sensing efforts might

be a useful tool, is an intriguing one.

The extent to which surface spins, or at least those that can be detected with DEER, are respon-

sible for shallowNV center decoherence is not exactly clear. In the carefully prepared single crystal

diamond samples that are typically used for external sensing, the density of DEER surface spins is

often too low to account for the observed decoherence. Furthermore, the long T1 times of these

spins are incompatible with the bath correlation times measured by NV center noise spectroscopy.

They certainly do contribute significant noise in some samples, however, as it has been shown that

driving the surface spins with a strong microwave tone can extend the coherence times of shallow

NV centers in an effect analogous to motional narrowing44,179. These experiments still observe sat-

uration of T2 with microwave drive power, which suggests that the bath of driveable surface spins is

not the only thing limiting coherence. It is possible that there is some other spin species that has too

fast of a relaxation time to be measured through DEER, or other defects observed in the NEXAFS

data of Ch. 2 may play an important role.

Another mystery that arises from the low density of surface spins is that there seems to be little

variation in the DEER coupling rates for different NV centers with similar depths. For a low density

148



of surface spins, statistical variation in the number of spins near an NV center means that different

NV centers should sense different signals, particularly as the inter-spin surface spin spacing becomes

comparable to the depth of the NV center44. In our own samples, even when the surface spin den-

sity is low enough to occasionally observe coherent coupling to a few spins, these NV centers are the

exception rather than the rule. This statistical inconsistency was one of the major inspirations for

the work in this chapter, as it is difficult to reconcile with a low density of surface spins at fixed (but

random) spatial locations.

Finally, although surface spins are thought to be a ubiquitous feature of diamond surfaces, their

very existence is surprising. These spins seem to exist on diamond surfaces with many different treat-

ments, have no fine structure, and have been verified to have a gyromagnetic ratio g = 2. All of

this would point to unpaired electrons in dangling bonds, perhaps of the carbon atoms themselves.

This is supported by X-ray spectroscopy data (see Appendix B) in which a peak associated with sp3

dangling bonds is observed. These spins are, however, known to be at the surface from numerous

studies133,3472. That unsatisfied dangling bonds could exist in such an unprotected environment,

under ambient conditions, is a phenomenon that demands explanation. We will explore one theo-

retical possibility in Appendix B.

While surface spins have mostly been studied to understand their contribution to NV center de-

coherence, there have also been many theoretical efforts to harness them. This includes the work

on “reporter” based sensing schemes347 in addition to a few other ideas. A 2D lattice of surface

spins that can be manipulated by an NV center could be a promising platform for quantum sim-

ulation, especially if the defect lattice could be engineered52. Spin simulators in two dimensions

are especially interesting because localization and thermalization dynamics are different from their

3D counterparts216,67. In two dimensions, the dipolar spin coupling can be easily tuned by varying

the direction of the external field, and, with appropriate patterning, 2D frustrated lattices could be

2Whether they are actually on the surface is another matter entirely.
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produced and studied52.

It is also possible to perform quantum state transfer through a spin chain, which could in prin-

ciple be used to couple two NV centers47,389,7. The potential usefulness of a 2D network of spins

on the diamond surface has also led to some efforts to produce one in a more controlled fashion by

introducing spin labels to the diamond surface312.

3.2 Measurement techniques

The primary measurement technique used in this chapter is double electron-electron resonance

(DEER). DEER is similar to a spin echo pulse sequence, but with an additional π pulse applied at a

second frequency. The sequence is depicted in Fig. 3.2. After an initial π2 pulse, the NV center spin

precesses around the Bloch sphere, acquiring a phase given by Δφ = γeBτ/2. If B is produced by a

surface spin in the quasi static regime (T1 longer than the sequence time), B is just a constant. The

NV center π pulse and subsequent evolution would normally cancel out this phase accumulated

from a DC field, but applying a π pulse to the surface spins at the same time as the NV center π

pulse inverts the sign of the surface spin field, so the phase accumulation continues instead of revers-

ing and being canceled. Even though the spin echo is an AC field sensing technique, the NV center

senses a DC field from the spin bath. The technique is very sensitive since it takes advantage of the

longer T2 time of the NV center rather than T∗
2, and it is frequency selective.

There are different possible results of a DEER echo experiment depending on the density of sur-

face spins. If there is only one spin that the NV is coupled to, each repetition of the DEER sequence

achieves the same phase accumulation since |B| is always the same (the initial sign does not matter).

This means that the DEER signal will be a cosine at the dipolar coupling rate between the NV cen-

ter and the single spin. For a few spins, there are multiple possible values of |B|, which correspond

to the different permutations of spin states of the different surface spins (which are assumed to be
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different distances from the NV center, and hence contribute different ammounts to the total field).

Since each DEER sequence samples a different |B| from this set, the signal will consist of cosines of

a handful of different frequencies. In the limit of many spins, the distribution of possible magnetic

fields becomes normally distributed, and ⟨cos φ⟩ → e−
⟨φ2⟩

2 . That is, the signal sensed by the NV

center loses all oscillatory character and becomes an exponential decay. The rate of this decay can

be used to infer the density of surface spins, although it is somewhat dependent on the microscopic

model used.

The extra π pulse applied to the surface spins (from here referred to as the DEER pulse) does not

flip the surface spins if it is not on resonance. DEER is thus a frequency selective technique and can

be used to perform spectroscopy (DEER ESR) on other spins and to learn about their interactions

from dipolar broadening of the transition. The DEER π pulse time can also be varied, which, for a

fixed free precession time, leads to Rabi oscillations of the DEER signal, even in the case of a dense

bath of spins.

3.3 Probing spin dynamics on diamond surfaces using a single quantum sen-

sor

The following section is a reproduction of the manuscript “Probing spin dynamics on diamond

surfaces using a single quantum sensor,” by Bo L. Dwyer, Lila V. H. Rodgers, and Elana K. Urbach

et al 95.

Understanding the dynamics of a quantum bit’s environment is essential for the realiza-

tion of practical systems for quantum information processing and metrology. We use single

nitrogen-vacancy (NV) centers in diamond to study the dynamics of a disordered spin en-

semble at the diamond surface. Specifically, we tune the density of “dark” surface spins to

interrogate their contribution to the decoherence of shallow NV center spin qubits. When
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the average surface spin spacing exceeds the NV center depth, we find that the surface spin

contribution to the NV center free induction decay can be described by a stretched exponen-

tial with variable power n. We show that these observations are consistent with a model in

which the spatial positions of the surface spins are fixed for each measurement, but some of

them reconfigure between measurements. In particular, we observe a depth-dependent critical

time associated with a dynamical transition from Gaussian (n = 2) decay to n = 2/3, and

show that this transition arises from the competition between the small decay contributions

of many distant spins and strong coupling to a few proximal spins at the surface. These ob-

servations demonstrate the potential of a local sensor for understanding complex systems and

elucidate pathways for improving and controlling spin qubits at the surface.

Understanding and controlling the environment of quantum bits is a central challenge in solid-

state quantum science and engineering. Nitrogen-vacancy (NV) color centers in diamond have

emerged as a promising platform for numerous applications in quantum sensing and information

processing240,52,312. While bulk NV centers constitute spin qubits with exceptional coherence

properties, even under ambient conditions, several applications require shallowNV centers to be

placed within nanometers of the diamond surface. In particular, these shallowNV centers can

be used for nanoscale sensing applications, enabling detection of individual electron spins136,134,

molecules226, or nuclei347. However, shallowNV centers exhibit increased decoherence due to

surface defects254,298,308, including ubiquitous “dark” unpaired electron spins on the diamond

surface136,134. Prior studies have demonstrated that these dark spins themselves can have long

spin relaxation and coherence times, making them potentially useful as “quantum reporters” in

sensing applications347,134. While these surface spins have been observed and studied for several

years136,233,134,347,308,44, their origin and properties are not well-understood, limiting the potential

applications of shallowNV centers to harness them as a resource for sensing and simulation.

Motivated by these considerations, in this work, we systematically investigate the quantum dy-
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namics of over 100 individual shallowNV centers proximal to the diamond surface, using surface

treatments to adjust the density of surface spins. We find that the surface spin contribution to the

coherence decay, measured across many NV centers in numerous samples, provides insight into

the nature of these defects. Moreover, this large dataset permits us to observe a dynamical crossover

from Gaussian (n = 2) decay to stretched exponential decay (n < 1) that is indicative of a dilute

two-dimensional spin bath, averaged over many spatial configurations. We show that the crossover

time is a generic feature of disordered ensembles, which has broad relevance for other solid-state

qubit platforms.
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Figure 3.3: Double electron-electron resonance of diamond surface spins. a, Cartoon of experiment, depicঞng a near
surface NV center (dark red arrow) with nearby traps (black wells) that are transiently occupied by spin 1/2 defects
(black arrows). A 532 nm laser is used to polarize and readout the NV center. b, Pulse sequence for DEER, where si-
multaneous microwave π pulses are applied to the NV center (blue block) and surface spins (red block) midway through
the free precession interval τ. Green blocks indicate NV center spin iniঞalizaঞon and readout. c, Spin echo, C(τ) (blue)
and DEER,D(τ) (red) curves for a representaঞve NV center with coherence oscillaঞons caused by slight magneঞc field
misalignment (le[ panel). In order to invesঞgate the DEER signal, S(τ) (orange) without the influence of decoherence
from other sources,D(τ) is divided by the coherence curve C(τ) (right panel). Error bars in c are the standard error of
the mean due to photon shot noise, propagated point-by-point for the right panel.

Our experiments use NV centers produced by ion implantation226,308 located at depths dNV =

5-20 nm from the surface, under a number of different surface conditions (Appendix B2). We use
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proton NMRmeasurements to accurately determine the implanted NV depth278. The surface-

spin-NV interaction is studied using double electron-electron resonance (DEER) on a large, ran-

dom selection of individual NV centers in each sample249. The DEER pulse sequence, illustrated

in Fig. 3.3b, is similar to that of a spin echo, except that microwave π pulses are applied to both the

NV center spin and the surface spins midway through the free evolution time134. This allows for

selective interrogation of the flipped spins, while the signal due to non-flipped spins is cancelled to

first order by virtue of the echo.

Fig. 3.3c shows an example DEER dataset. In order to remove effects that limit NV center spin

coherence in the absence of surface spins, we normalize the DEER decay signal by the coherence sig-

nal obtained through a spin echo with no π pulse applied to the surface spins308. Since the surface

spin contribution to decoherence is not canceled by the echo, the resulting decay is equivalent to

the free induction decay (FID) caused by the surface spins alone. This normalization technique has

the additional benefit of removing oscillations caused by the periodic entanglement with the 13C

nuclear spin bath65 or slight misalignment between the NV center quantization axis and the exter-

nally applied magnetic field302. The full data processing and fitting procedures are described in the

supplementary materials (Appendix B3).

We fit the resulting FID to an exponential decay of the form S(τ) = e−(ΓDEERτ)n , where τ is the

total free evolution time, ΓDEER is the DEER decay rate, and n is the exponential stretching factor.

The fitted decay rates for 105 NV centers in nine diamond samples are plotted in Fig. 3.4a. For sam-

ples with similar processing histories (left plot), the couplings for a given depth cluster together,

while samples with different surface preparations (right plot) show different offsets, which we inter-

pret as arising from different densities (σ) of surface spins (Appendix B2).

To demonstrate control over the surface spin density, we anneal one diamond sample at 650 ◦C

in vacuum and measure the same NV centers before and after this procedure (Appendix B4). In

Fig. 3.4b, we plot ΓDEER for the same NV centers before and after this annealing procedure and find
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that, indeed, the DEER signal is significantly reduced following annealing, suggesting a reduction

in the density of surface spins. We also characterize NV center coherence before and after annealing

and observe that changes in coherence are minimal (Appendix B4). We note that even carefully

prepared diamond surfaces host numerous other electronic traps that can be inferred from X-ray

spectroscopy methods308, and that in our samples these other traps are likely dominant sources of

electric and magnetic field noise at the surface.

Previous work has treated the surface spin bath as a dense, 2D ensemble of spins with positions

fixed but spin states that are initialized randomly between sequences347,134,188,44. The DEER decay

rate can then be computed as

ΓDEER =
( μ0
4π

) √
3πσγ2e ℏ
8d2NV

, (3.4)

where μ0 is the permeability of free space, γe is the electron gyromagnetic ratio in units of radi-

ans/second, and ℏ is the reduced Planck’s constant. This decay arises from an ensemble average

over many realizations of spin state configurations, with fixed locations, in which there is no domi-

nant proximal spin. The resulting distribution of total magnetic field amplitudes sensed by the NV

center is then normally distributed, which is a requirement for the derivation of equation (3.4) and

also leads to n = 2 in the exponential decay83(Appendix B6).
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Figure 3.4: DEER coupling rates and stretching factors. a, Fi�ed DEER couplings as a funcঞon of depth for numerous
NV centers. All samples in the le[ plot have nominally idenঞcal surface preparaঞons (acঞvated or reset surface, SI),
while samples in the right plot represent different surface preparaঞons described in Appendix B. Shaded region indicates
expected couplings for surface spin densiঞes of 0.001− 0.05 nm−2, according to Eq. (3.4). b, DEER coupling vs depth
for the same NV centers in before (blue) and a[er (orange) annealing at 650 ◦ C. c, Fi�ed exponent as a funcঞon of
depth for samples in a. Filled markers are samples with similar surfaces. Shaded region indicates exponents between
1 and 2. Inset: example DEER coupling curve from (orange points) fit with a fixed n = 2 (red) and with n as a free
parameter (purple). n = 0.7 is a be�er fit. d, Fits of exponent vs depth for simulated data. Colors indicate different
simulaঞon spin densiঞes of 0.008 nm−2 (light blue), 0.006 nm−2 (dark blue), 0.004 nm−2 (light purple), and 0.002
nm−2 (dark purple). Shaded regions are confidence intervals for fits of simulated data. Dashed lines indicate limiঞng
values of n = 2 and n = 2/3. (Inset) Simulaঞon of representaঞve spin configuraঞons (dots) relaঞve to an NV center
that is 5 nm deep (red diamond). Simulaঞon radius is 25 nm. DEER signals for the representaঞve configuraঞons are
shown in the last panel. Dashed line is an average of 10, 000 iteraঞons. All error bars are 68% confidence intervals of
the fits.

Using this model to extract surface spin densities, we find that much of our data fall well out-

side the regime where the assumptions of equation (3.4) are valid. The lower limit of the shaded

region in Fig. 3.4a is plotted from equation (3.4) for a surface spin density of 0.001 nm−2, or an
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average nearest neighbor spin-spin separation of≈ 15 nm (Appendix B6), greater than the depth

of the majority of NV centers measured here. For such a low density of spatially fixed surface spins,

equation (3.4) should not be valid because the NV center primarily senses the field from the few

nearest surface spins and hence the distribution of total magnetic field amplitudes is no longer Gaus-

sian. Additionally, different NV centers should statistically sample different surface spin configu-

rations, leading to a large variation in ΓDEER among NV centers44. Instead, we observe that ΓDEER

is fairly consistent at similar depths, and in particular does not exhibit increased variance for shal-

lower depths, which is expected due to the increased likelihood of finding a few dark spins that

are markedly closer to the NV center than the others. In the extremely dilute limit, the NV center

would primarily sense the field from a single surface spin, which results in strong coherent oscil-

lations rather than an exponential decay. While some of these strongly coupled surface spins have

been observed previously347,134 and were found in some of our nine samples (Appendix B2), these

events are relatively rare, occurring in< 2% of measured NV centers.

In Fig. 3.4c, we examine the fitted exponent across all of the samples depicted in Fig. 3.4a. For

the majority of the shallowNV centers we investigated, a Gaussian decay profile provides a poor

fit to the data, as is demonstrated in Fig. 3.4c (inset). Furthermore, we observe that shallower NV

centers exhibit lower fitted exponents (Pearson’s correlation coefficient 0.4, p <1.5×10−5), and that

many NV centers exhibit n < 1. The exponential stretching factor n is related to the form of the

noise generated by the environment spins83. In particular, a Gaussian (n = 2) decay occurs for a

quasi-static bath, while a smaller exponent may arise from a finite bath correlation time. For a white

noise bath, this exponent saturates at n = 1, so the observation of n < 1 for many NV centers

is surprising. Additionally, measurements of the surface spin T1 times for a select number of NV

centers in this sample (Appendix B5) find surface spin T1 times are generally> 30 μs, which is long

compared to the spin echo decay time of the shallowNV centers, and so the quasi-static assumption

is justified. We also note that although a short surface spin T1 time can reduce the value of n from

158



2 towards 1, the stretching factor as a function of depth should display a trend opposite to that of

Fig. 3.4c (Appendix B7).

Finally, for a few NV centers, we sample the coherence decay with much finer time steps to inter-

rogate the shape of the decay in more detail. In Fig. 3.5a, we plot the logarithm of the inverse DEER

signal, log
{
S(τ)−1}, as a function of free precession time on a log-log plot so that the stretching fac-

tor is given by the slope of the line. Instead of a single slope, we observe a transition in the stretching

factor at some critical time, which increases with increasing NV center depth.
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3 . Curves are offset for clarity. b, Diagram depicঞng the expanding strong dipolar coupling volume of the
NV center as the duraঞon of the echo sequence increases. The form of the signal detected by the NV center changes
as the volume intersects with the 2D plane of the surface spins. c, Simulaঞons of the DEER echo signal detected from a
5 nm deep NV center near a surface with a logarithmically spaced density of 10−4 nm−2 (blue) to 10−2 nm−2 (purple)
where surface spins undergo configuraঞonal averaging. The dashed lines correspond to n = 2, and the do�ed lines
correspond to n = 2

3 . d, Simulaঞon of the DEER echo signal detected from NV centers with log spaced depths from 1
nm (blue) to 10 nm (purple) with configuraঞonal averaging of the surface spins. The density of simulated surface spins is
0.005 nm−2. The solid black line is the analyঞc soluঞon for a 1 nm deep NV center (SI).

In order to explain our observations showing the lack of statistical variation among NV centers,

the lack of coherent coupling to surface spins, the observed anomalously small decay exponents,
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and the transition in decay exponents with time, we consider a model wherein most of the surface

spins do not have permanently fixed locations, but can occasionally “hop” between unoccupied

sites such that the position is stationary for one experimental sequence and may change between

sequences, as depicted in Fig. 3.3a. The NV center then effectively senses a surface spin ensemble av-

eraged over many positional configurations. For a dilute bath, such an averaging drastically changes

the form of the decay due to strong fluctuations of the dipolar coupling strength stemming from

the shot-to-shot fluctuations in the spin positions194,89. In particular, the stretched exponents arise

naturally from sampling different configurations of the spin bath, each with its own characteristic

decay time89,339. Other electronic defects in diamond are known to change occupation under the

intense illumination of the 532 nm laser used for NV center polarization and readout328,381, and

so it is conceivable that optical initialization and readout are responsible for inducing reconfigura-

tion. The required averaging in our experiments would make it difficult to determine the frequency

of reconfiguration or to observe an effect from illumination power, as, due to the large number of

experimental repetitions typical of NV center experiments (∼ 106 repetitions), even a small proba-

bility of hopping results in sampling many spatial spin distributions.

In order to quantitatively investigate our model, we performedMonte Carlo simulations of the

DEER signal resulting from configurational averaging of a low density of surface spins, as shown in

Fig. 3.4d (insets). By fitting the resulting FID of a large number (105) of averages to an exponential

decay with a variable exponent n, the depth dependence of n is readily apparent and is in qualitative

agreement with the trend observed in Fig. 3.4c. The fitted values of n approach 2 for large depths

(dNV > 1/(2
√
σ)), but gradually transition to a value of 2/3 as the depth is decreased below the

average surface spin separation.

By integrating over the possible configurations of surface spins206, we can obtain an analytic

expression for the DEER signal measured by an NV center external to the spin bath (Appendix B6).

For short times such that μ0
4π γ

2
e ℏτ ≪ d3NV, we recover equation (3.4) and n = 2, even though the
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spins are assumed to be non-stationary in this case. In the opposite limit, μ0
4π γ

2
e ℏτ ≫ d3NV, we find

instead

⟨S(τ)⟩c = exp

(
−
9
√
πΓ( 116 )σ
5

(
μ0γ

2ℏ
8π

)2/3

τ2/3
)

, (3.5)

where Γ(x) is the Gamma function. The stretching factor n = 2/3 for a 2D bath of spins has been

predicted previously103,141, and its appearance here implies that for long times the entire system,

including the sensor, behaves as if it is two dimensional.

In our finely sampled data in Fig. 3.5a, we find that the data are well-fit by our analytical model,

which captures the transition regions that move to later times for increasing depths. Because the lo-

cation of this transition is sensitive to depth alone, it is possible to extract a depth for each NV cen-

ter from these measurements independent of the surface spin density. These extracted depths are in

good agreement with those measured by proton NMR, which additionally indicates that the spins

we address are indeed at the diamond surface (Appendix Fig. B.12). Further model comparison and

additional datasets can be found in the Appendix (Appendix B8-B9).

In Fig. 3.5c and Fig. 3.5d, we examine the simulated behavior of n in more detail by plotting

log
{
S(τ)−1}. We note a change in the stretching factor from n = 2 to n = 2/3 at a depth-

dependent critical time, similar to what is observed in the data in Fig. 3.5a. The shift of this tran-

sition to earlier times for shallower NV centers indicates that the intermediate values of nmeasured

in Fig. 3.4c and simulated in Fig. 3.4d are not the result of a continuously varying exponent, but

rather of averaging different numbers of points that lie in either the n = 2 or n = 2/3 regions of

the decay and fitting to a single exponent.

In some cases, re-positioning of surface spins can be detected more directly. In Fig. 3.6a, we show

DEER traces from the same NV center measured minutes apart, showing both a coherent coupling

signal that dips below 0 (red), and a weak incoherent coupling signal observed a short time later
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(orange). By binning into smaller numbers of averages for a fixed free precession interval of 2 μs, it

is possible to see the switching behavior in real time in Fig. 3.6b. We interpret these results as indi-

cating the presence or absence of a particularly stable proximal spin, and hence as evidence that the

occupation of such traps can change. While our model does not rule out the existence of some num-

ber of stable, spatially fixed spins, based on the percentage of measured NV centers in our samples

that display coherent oscillations, we estimate an upper bound on the number of stationary surface

spins of≈ 10% of the total spins detectable by DEER (Appendix B10).
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Figure 3.6: Transient strong coupling of surface spins. a, Coherence (blue), coherently coupled DEER signal (red), and
incoherent bath signal (orange) from the same NV center measured at different ঞmes. b, Time series for NV center in
a, with a fixed free precession interval of 2 μs. The DEER signal drops below 0 for short intervals, indicaঞng transient
coherent coupling to a nearby dark spin (black arrows). Error bars are the standard error of the mean due to photon shot
noise.

The time-dependent behavior of the exponent n can be understood by considering the dipolar

coupling between an NV center and the sheet of surface spins at a distance dNV away. Initially, the

NV center senses a small contribution from all of the spins, which results in a Gaussian (n = 2)

decay. Once the phase accumulated from the nearest spin reaches a large enough value ( μ04π
γ2e ℏ
d3NV

τ ∼

2π), further time evolution contributes only an oscillatory phase while more distant spins still con-

tribute a summation of many small phases. This process can be considered with a simple geomet-

ric picture. The quantity ( 1
2π

μ0
4π γ

2
e ℏτ)

1/3 ≈ (52MHz · nm3τ)1/3 defines the radius of a sphere,
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centered on the NV center, that increases with the free evolution time. Spins within this sphere

contribute significant phase (≳ π) to the NV center. Initially, there are no surface spins within

this sphere. The sphere of strong coupling will increase in size until it intersects the surface when

(52MHz · nm3τ)1/3 ≈ dNV, at which time spins begin to interact strongly with the NV center.

As is depicted in Fig. 3.5b, the number of strongly interacting spins grows with the cross-sectional

area that intersects the surface plane, which grows like τ2/3. It is only once the volume of strong in-

teractions grows to include the plane in which the spins dwell that the dimensionality of the bath

impacts the NV center coherence, and the NV center decay reflects this dimensionality for long

times. In a sense the NV center becomes a member of the 2D bath for sufficiently long interaction

times, which is supported by the absence of any dependence on dNV in the long-time limit given by

equation (3.5).

The inferred dynamics of the surface spins has immediate consequences for surface-spin-based

sensing of external targets and for using surface spins as a model system to explore many-body inter-

actions in two dimensions. In particular, the stability of these spins needs to be taken into account

and may need to be enhanced. Samples prepared with different processing might host more stable

surface spins347, and it is possible that diamond surface treatments could be used to stabilize, rather

than eliminate, these defects. Lacking this, other, potentially more stable systems, such as spinful de-

fects in 2Dmaterials221,390, could be transferred onto the diamond surface and interrogated by NV

centers. A more accurate determination of reconfiguration probability and mechanism could be

made with single-shot readout of the NV center through resonant excitation296,170 or mapping the

electronic spin state to the host nitrogen spin226. Furthermore, techniques such as nano-MRI134,131

or MRFM305 could enable a more systematic survey of surface spin properties. Dilute spin ensem-

bles in other materials can be studied with scanning NV center experiments231,272 where the dis-

tance to the sample can be tuned continuously. More generally, the techniques for understanding

surface environment dynamics presented here may be broadly applicable in other quantum systems.
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Specifically, the dynamics of proximal probes can carry significant information: the minimum im-

purity separation, the dimensionality of the environment, and the scales of finite dimensions are

all reflected in the behavior of the decay, constituting a promising tool for studying the disordered

environment of quantum systems.
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3.4 Discussion

While the statistical arguments and characteristic shape of the coherence decay observed in the pre-

vious section certainly suggest that a spatially static bath of surface spins is unlikely, they are far from

a direct observation of spin “hopping.” More direct determination of this phenomenon may prove

difficult, especially if it is indeed facilitated by laser excitation.
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Figure 3.7: Mid sequence scrambling of surface spins.(A) Simulated DEER decay curves for the case of fixed posiঞons
for each free precession interval (blue) and for different posiঞons for the two free precession intervals (green), as could
be the case for a mid sequence scrambling pulse. (B) Same simulaঞon as in (A), but with ln S(τ)−1 plo�ed on a log-log
plot so that the stretching factor is given by the slope.

One possibility is that longer wavelength light may also be able to excite reconfiguration of sur-

face spins, but without affecting the NV center. If this were the case, it would be possible to induce

reconfiguration mid sequence, which would result in a different decoherence profile (Fig. 3.7). The

difference from the usual configurational averaging prediction is not dramatic, however. If it so hap-

pens that light with a wavelength shorter than the NV center zero phonon line is required, a similar

effect could be obtained using a “donut” beam, wich could excite nearby traps without repolariz-
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ing the NV center at the center, as long as the electronic mean free path on the surface is sufficiently

long. It might also be possible to observe a motional narrowing effect by rapidly photoexciting the

surface spins during an NV center sequence. However, the best tool to study these spins would

likely be one that does not rely on photoexcitation, such as scanning SQUIDs or MRFM.While we

have proposed photoexcitation as a probable mechanism for rearrangement, this has not in fact been

demonstrated. It is also possible that thermal excitations are the culprit–some charge traps have

been observed to change occupation in the dark43.

The dynamical nature of these defects complicates proposals to use them as tools for sensing and

simulation. For sensing, at least, it is important that the reporter spin maintains a constant relative

position between itself and the NV center that is used to interrogate it. While such stable spins have

been observed, their rarity means that such tools are inherently stochastic and are ill suited for gen-

eral sensing work where co-localization is already a difficult task. For simulation, dynamic, random

redistribution of the simulation components would severely limit the sorts of systems that could

be studied. Since all of the spin-spin couplings could change for each repetition, performing state

transfer through a spin bus would also likely be impossible. This does not mean that all of these

proposals are in vain, but perhaps they would be better realized in a more stable spin environment.

Attaching molecules with protected electronic spins to the diamond surface, or using defects in Van

der Waals materials, are two possible avenues for realizing controlled and stable spin networks.

In addition to investigating the dynamics of the surface spins, we have provided a possible mi-

croscopic model for how they could arise in sterically protected step edges of the diamond surface.

X-ray spectroscopy data, coupled with the NV center DEERmeasurements, provides some evidence

that the DEER spins are indeed sp3 dangling bonds, but more study is needed. In particular, the

diamonds used for the NEXAFS study and DEER study were not the same, and different furnaces

were used for the annealing procedures which may have had different calibrations. Even if all of

these details were worked out, correlation between the NEXAFS data and the NV center measure-
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ments does not necessarily mean that the dangling bond peak in NEXAFS is the cause of the DEER

signal.

Finally, the analysis of the decoherence profile applied in this chapter is a very general technique

that can be applied to any number of disordered quantum ensembles. Indeed, while preparing this

manuscript, we became aware of a related work78 exploring the same concept in a different system.

In their manuscript, Davis et al. investigate the decohernce profile of a quasi-2D layer of p1 centers

that, unlike the surface spins investigated here, have fairly strong interactions. They find analogous

results, but for a system with a fast bath correlation (e.g. n = 1/3 instead of n = 2/3 in the long

time limit).
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Figure 3.8: Simulaঞon of 3D to 2D crossover behavior in the case of a central spin sensing a spin bath in a slab of finite
thickness. (A) Schemaঞc of a central spin (yellow and red arrow) in a slab of bath spins (red). Once the sphere of strong
coupling breaks out of the slab, counঞng proceeds as a 3D volume intersecঞng a surface. (B) Calcualted DEER signals
for the slab geometry. (C) Same simulaঞon as in (B), but with ln S(τ)−1 plo�ed on a log-log plot so that the stretching
factor is given by the slope. The iniঞal slope is for 3D spin counঞng (n = 1) but when the dipolar coupling volume
breeches the slab it conঞnues as 2D (n = 2/3). In principle at the very earliest ঞmes, no spins are counted and n = 2,
which is the regime explored in the previous secঞon.

These results are also not limited to NV centers. The same behavior could, in principle, be ob-

served in the free induction decay of a bulk crystal. It is, however, the shortest spin-spin spacing that

sets the transition time in a bulk measurement, however, so the time at which the exponent changes

scale would be very short. Part of the advantage of an external probe is that this length scale can be

varied by simply moving the probe farther away. The behavior of systems with different interaction
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strengths, such as Rydberg atoms r−6, or systems with more complex dimensionalities, such as a slab

of spins with finite thickness, are also easy to predict with our geometric model (see Fig. 3.8). These

techniques will hopefully find widespread use in may different quantum systems.
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The noise is the signal.

Rolf Landauer

4
Global and local probes of an

electron-phonon Cerenkov instability in

graphene

171



Figure 4.1: Arঞsঞc rendiঞon of the electron-phonon Cerenkov effect in graphene.

In this chapter, we move away from sensing intrinsic diamond properties and instead turn our

focus to the exploration of external materials. We combine global transport-based noise measure-

ments of graphene with the unique nanoscale noise sensing capabilities of the NV center to explore

a striking phenomenon in highly biased graphene. This chapter begins with a discussion of the types

of noise common in electronic systems, which will be contrasted with the observed noise in our

graphene devices. Previous experiments quantifying noise in graphene are reviewed, followed by a

brief explanation of the techniques that will be used throughout this chapter. After this, we present

the experiments published in Ref.9, followed by a discussion of their relevance and future applica-

tions. Throughout this chapter we will use the notation Sx(ω) to refer to the noise spectrum of a
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measurable quantity x, withV for voltage and I for current.

4.1 Background

All measurements are subject to noise of some sort. Usually, as experimentalists, we would like to

eliminate as much noise as possible in order to performmeasurements with a high degree of preci-

sion. It may seem surprising, then, that noise itself can contain useful information, and is itself the

target of experiments. We have already seen some examples of this in Ch. 2 and Ch. 3, where the

measured noise spectrum includes information about spins in a qubit’s environment. In fact, noise

measurements have a long and important history. It was, after all, the observation of a type of noise,

Brownian motion in 1827, and it subsequent explanation by Einstein98 that unequivocally proved

the particulate nature of matter. Noise continues to be a useful tool for studying physical systems, in

a large part due to the fluctuation dissipation theorem.

4.1.1 The fluctuation dissipation theorem

The linear response of a system can be expressed in terms of the system’s thermal fluctuations. This

is the statement of the fluctuation-dissipation theorem, one of the capstones of statistical physics.

More concretely, for a linear1 system with a response function χ(t), in thermal equilibrium at a

temperature T, the fluctuation-dissipation theorem states that

Sf(ω) = coth
(

ℏω
kBT

)
Im[χ(ω)] , (4.1)

where Sf(ω) is the noise spectral density at a frequency and Im denotes taking the imaginary part

of χ. kB is Boltzmann’s constant. Eq. (4.1) is the full quantummechanical version of the theorem,

1By linear, we mean that the response of the system is linear in the perturbation. That is, for some observ-
able x(t) and a perturbation f(t), we should be able to write ⟨x(t)⟩ = x0 +

∫ t
−∞ χ(t− τ)f(τ)dτ, where χ is the

response function that describes how the observable responds to the perturbation.
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which shows the influence of vacuum fluctuations in the regime kBT ≪ ℏω. Although this distinc-

tion is important in some cases314, we can usually take the high temperature limit to find the more

familiar classical version of Eq. (4.1):

Sf(ω) =
kBT
ω

Im[χ(ω)] . (4.2)

While this relation may at first seem surprising, the physical intuition behind it is straightforward.

Considering the Brownian motion example, applying a (randomized) force to the particles in a sys-

tem will add energy and cause them to heat up, and conversely increasing the temperature will cause

more randommotion of the particles, which should result in more noise. The really remarkable

thing is how universal this realtion is.

The fluctuation-dissipation theorem applies to any system that obeys detailed balance, and hence

there are many physically relevant χ that can be measured simply by monitoring thermal noise! This

includes, for example, the mobility of particles diffusing in a medium (e.g. Brownian motion), di-

electric and magnetic susceptibilities, and the conductivity of a metal. It is this last response func-

tion that we will concern ourselves with here.

4.1.2 Johnson-Nyquist noise

Johnson-Nyquist noise is the electronic equivalent of Brownian motion, where the randommotion

of electrons in a conductor cause voltage fluctuations. This type of noise was first observed by John-

son in 1927178 and later given a straightforward derivation by Nyquist266. This broadband noise is

given by

SV(ω) = 4RkBT , (4.3)

whereR is the resistance. We recognize Eq. (4.3) as a special case of the fluctuation-dissipation the-
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orem with Im[χ(ω)] = 4ωR. This noise exists regardless of the type or composition of the conduc-

tor. Since Johnson-Nyquist noise depends only on the resistance of the sample (which can be mea-

sured) and the temperature, it has been used extensively as a thermometry technique378. In addition

to being universal, Johson-Nyquist noise is essentially featureless: it has no dependence on ω, at least

for kBT ≫ ℏω and reasonable frequencies. This is because the low-frequency conductivity of metals

is not very exciting: it is flat up to the electron scattering time (∼THz). At a constant temperature,

fluctuations (Johnson noise) are really a measurement of the response function (conductivity), and

so the noise spectrum is also flat.

Graphene is a somewhat unique material in that the electron and phonon temperatures need not

coincide. It is possible to heat graphene electrons far out of equilibrium with the lattice by flowing

a current, for example, because acoustic phonon scattering is very inefficient332, as is demonstrated

in Fig. 4.2. It is so inefficient, in fact, that the primary cooling pathway between hot electrons and

phonons is thought to be defect mediated “supercollision” cooling33,199. This introduces a cooling

bottleneck, and so even at a low bath temperature, the electrons in graphene can be very hot. This

electron temperature is naturally measured through Johnson noise thermometry72.
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A B C

Figure 4.2: Acousঞc phonon sca�ering in graphene. (A) If the Fermi surface of graphene is large enough, it is easy for an
electron to sca�er to an unoccupied state along the Fermi surface through absorpঞon or emission of a phonon in the
available phonon space. (B) Once the Fermi surface shrinks such that 2kF < qmax, only a small fracঞon of the available
phonon space can contribute to sca�ering. (C) A “supercollision” sca�ering event permits an electron to sca�er with a
long wavelength phonon since the defect absorbs some momentum. TBG = Bloch-Gr’́uniesen temperature, 2ℏvskF/kB,
where vs is the speed of sound. Figure taken with permission from Ref.33.

1/f noise

1/f noise is so named because the noise spectral power density increases for low frequencies accord-

ing to

S(ω) ∝ 1
ωα

, (4.4)

where 1 ≤ α < 2. This noise typically only occurs at low frequencies (≲ 1 GHz), as the rapid

decrease with frequency means other noise types (Johnson Noise, for example) dominate at higher

frequencies153. 1/f noise is ubiquitous, afflicting everything from superconducting qubits50 to

graivtional wave detectors1. There is no generalized theory of 1/f noise40, but it is thought in some

cases to arise from charge traps with a wide distribution of trapping times. By considering many

such flickering noise sources, each with its own characteristic time153, it is possible to reproduce the
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1/f scaling as is outlined in Fig. 4.3242. 1/f noise has a power dependence as well as a spectral depen-

dence as it tends to increase in magnitude for increasing current. The reason for this is simple: 1/f

fluctuations are actually fluctuations of the conductance, and so application of a large current re-

sults in a large voltage fluctuation through Ohm’s law. Since many modern devices operate at much

higher frequencies, 1/f noise is avoided, but it can be a consideration in high powered electronics

due to its correspondingly larger magnitude in high current devices.

A B

C D

Figure 4.3: Origins of 1/f noise. (A) Traps in the substrate or gate dielectric can cause conductance fluctuaঞons with a
distribuঞon of ঞme constants. (B) For a logaraithmically spaced distribuঞon of trapping ঞmes, the total noise exhibits a
1/f spectral dependence. (C) Typical noise spectrum in electronic devices, which is dominated at low frequencies by 1/f
noise but which transiঞons to thermal or shot noise once the 1/f noise decreases below the noise floor. Some devices
may exhibit an addiঞonal G-R “bump” at a characterisঞc frequency. (D) 1/f noise only occurs at low frequencies, but it
upconverts to higher frequencies in real world systems due to nonlineariঞes and so makes up a significant porঞon of the
noise in modern communicaঞons systems. Figure taken with permission from Ref.19.
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1/f noise has been observed in graphene devices on silicon dioxide33,19, but is greatly suppressed

in devices that use hBN as a substrate185. This is thought to be due to the much higher number of

defects at the graphene/SiO2 interface compared with hBN, which could provide electronic traps

and local changes to the doping profile.

4.1.3 Shot noise

Shot noise is another fundamental noise that arises from the discrete nature of particles. It is a sort

of counting noise that quantifies the variation in the number of particles that arrive at a detector in

some time t. For fully independent particles, if the mean number of detected particles in a time t is

λt, then the number of particles that are detected follows a Poisson distribution

p(n) =
(λt)n

n!
e−t , (4.5)

where p(n) is the probability of detecting n particles. The variance of this distribution, and hence

the shot noise, is given by σ2 = λt. Shot noise is commonly encountered in optics experiments

when few photons are collected (including NV center experiments). Since electrons are also discrete

particles that can be counted, current flowing through a conductor should also display shot noise. It

turns out that shot noise in conductors is a phenomenon of some subtlety, and explaining when it

should occur and why was a major triumph of mesoscopic physics.

Schottky showed that electron shot noise should take on the value315

SV(ω) = 2eI , (4.6)

where e is the electric charge of an electron and I is the average current. While this was observed to

be the case in vacuum tubes, noise in conductors is usually dominated by Johnson-Nyquist noise.
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In order to observe electron shot noise in conductors, experiments had to be conducted at very low

temperatures and with a limited number of conduction channels. Even then this effect is difficult

to observe: unlike photons, electrons are 1) Fermions and 2) interact strongly with matter and with

each other. Since electrons are Fermions, the independence constraint of Poissonian statistics is not

exactly satisfied, as electrons cannot occupy the same state (for example, a transmission mode in a

conductor) simultaneously. The result is that for perfectly ballistic transport in a thin wire, no shot

noise is observed289. When otherwise ballistic electrons undergo some scattering, shot noise arises

from the probabalistic transmission and reflection of electrons at these scatterers, which partition

the conductor. The shot noise in a conductor should actually be given by

S =
e3V
πℏ
∑
n

Ti(1− Ti) , (4.7)

where Ti are the transmission eigenvalues for each conducting channel. Application of this formula

generally results in a value of the shot noise that is less than Eq. (4.6), which is only recovered in the

limit of very small Ti. The ratio of the measured noise to the value 2eI is known as the Fano Factor,

F , and this may be calculated explicitly for many systems. Interestingly, partitioning a wire into

many segments, as effectively happens in a disordered conductor, again leads to a suppression of the

noise to a value of 1/3 of the Poissonian value29. Real macroscopic conductors see even greater sup-

pression, which may be due to inelastic scattering208,29, but some work has shown that correlations

between electrons due to Fermi statistics are sufficient223,222. This is a useful result, as it implies

that measurements of shot noise provide information about scattering mechanisms2. One expects

different values ofF depending on whether electrons remain phase coherent (F = 1/3), momen-

tum conserving (electron-electron) collisions dominate (F =
√
3/4), or there is no scattering

2Another way that shot noise can provide information about a system is if the value of e differs from that
of a bare electron. Shot noise resulting from transmission across a superconducting/normal barrier, for ex-
ample, has a Fano factor of 2 because Cooper pairs have charge 2e30. Quasiparticles with fractional electron
charge have also been measured in this way82, and there exist proposals to probeMajoranas46.
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(F = 0)342.

Shot noise has been observed in graphene88,75 (see Fig. 4.4), which has a predicted Fano factor

of 1/3 near the charge neutrality point364. This value is surprising, since it is the same as for a dis-

ordered metal, but occurs only in the ballistic regime where no shot noise should be observed for

a perfect conductor. It is a peculiar quirk of massless Dirac Fermions, as at the charge neutrality

point, transport is thought to occur through evanescent modes extending across short distances364,

and so the similarity to the disordered metal result is purely coincidental. For higher charge densi-

ties, the Fano factor is decreased further.

Shot noise and Johnson noise are fundamental types of noise. When no bias is applied to a sam-

ple, there is only thermal noise. When a current is flowing, shot noise becomes dominant. This

transition is captured by the expression51

SV(ω) = 2eIF coth
(

eVsd
2kBT

)
. (4.8)

The transition between these two regimes in graphene is displayed in Fig. 4.4B.
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Figure 4.4: Noise in graphene devices. (A) 1/f noise in several graphene devices on SiO2. Figure taken with permission
from Ref. 19. (B) Crossover from thermal noise to shot noise in a short graphene device. Inset: conducঞvity of graphene
device as a funcঞon of gate voltage showing the Dirac peak. Fit is to the expression in Eq. (4.8). (C) Fi�ed Fano factor
of≈ 1/3 at different gate voltages. (B) and (C) taken with permission from Ref.88.

4.1.4 Generation recombination noise

A final common type of noise in electronic systems is generation recombination (GR) noise. This

noise occurs due to fluctuations in the numbers of charge carriers in a semiconductor due to tran-

sitions between different states, for example different energy bands or mid gap states250. This noise

has a characteristic timescale associated with the carrier lifetime, and so has a Lorentzian (or multiple

Lorentzian) spectrum.

Graphene is a semimetal rather than a semiconductor so there should not traps within the band

gap, but traps in the substrate and gate dielectric can locally change the conductivity as charges tun-

nel into and out of these traps. These sorts of traps are likely the origin of 1/f noise in graphene, but

distinctive GR noise with a Lorentzian frequency dependence is only expected to occur at graphene

PN junctions, or possibly at metallic contacts, which can slightly dope graphene59. While GR noise

is not usually observed as a unique noise source in graphene, we mention it here for completeness.
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4.1.5 Power dependence of noise
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Figure 4.5: Power dependence of noise in graphene. (A) Temperature of electrons in a graphene device as a funcঞon of
heaঞng power, as measured by Johnson noise thermometry. The fit is to a 1/3 power scaling. (B) NV center relaxaঞon
rate as a funcঞon of heaঞng power, showing a similar scaling. The power scaling is in agreement with a dominant defect
assisted cooling mechanism 33.

All of the types of electronic noise we have discussed so far have characteristic dependencies on ap-

plied power. Shot noise is proportional to current, and so SV(ω) ∝
√
P. 1/f noise typically scales

linearly with power. The scaling of Johnson noise with power depends on the cooling pathways

(how this power translates into increased temperature), but it is sublinear in power97,331. For clean

graphene at low doping, T ∝ P1/3 33 (Fig. 4.5). For higher dopings where acoustic phonon scatter-

ing is more efficient, T ∝ P1/4 34. GR noise also scales with SV(ω) ∝
√
P. None of these common

noise sources give rise to a signal that is superlinear in the applied power over any integrated fre-

quency range. As we will see, such a power dependence can occur, but it implies there is some sort

of instability in the system providing positive feedback.
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4.1.6 Techniques

Γ

A B

Figure 4.6: Global and local conducঞvity measurement of graphene. (A) Global conductance of a graphene field effect
transistor as a funcঞon of gate voltage, measured in transport. (B) Corresponding relaxaঞon rate of a NV center located
under the device. A small, constant Joule heaঞng current of 2.7 mW is applied to increase the electron temperature and
make the noise signal larger.

In order to investigate noise sources in a biased graphene field effect transistor, we utilized both

global and local measurements, some examples of which are shown in Fig. 4.6. In the simplest of

these measurements, the graphene is simply connected to a low-noise amplifier and the voltage fluc-

tuations are measured on a spectrum analyzer while a DC current is applied. Note that while we

report noise in terms of an equivalent temperature, this does not mean that the electrons in the sam-

ple actually reach this temperature. This notation expressed how hot electrons would be if this noise

were only Johnson noise.

To supplement these noise measurements, the frequency dependent conductivity of the device

was also measured. This measurement is performed in a similar manner, but instead of measuring

the noise at all frequencies, a small voltage signal is applied to the sample and its reflection and trans-

mission coefficients (and phases) are monitored while the signal frequency is swept. This informa-
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tion is used to calculate the real and imaginary parts of the graphene conductivity. This technique

is explained in more detail in Appendix C. Because of the fluctuation dissipation theorem, the noise

and conductivity are related, though the exact relationship is likely complicated here due to addi-

tional noise sources. Generally, if the conductivity drops (resistance rises), one expects to measure a

corresponding increase in the noise.

dNV

A

B C

Figure 4.7: Relaxaঞon of NV centers near conductors. (A) The NV center relaxaঞon rate is sensiঞve to the transverse
conducঞvity of a material, since longitudinal charge fluctuaঞons are suppressed. (B) Fluctuaঞons with a short wave-
length (large k) create a magneঞc field that averages out at the locaঞon of the NV center, while (C) k ∼ 1/dNV has the
largest contribuঞon to the decay.

Finally, we perform local measurements by measuring the relaxation time of NV centers under-

neath the device, which provides a spatial map of the magnetic noise at frequencies near the zero
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field splitting. Under equilibrium conditions, this noise arises from the thermal motion of electrons,

it is a measurement of the local conductivity197. By changing the electron density of the device by

gating, we can alter the conductivity, which results in a change in the relaxation rate of the NV cen-

ter since Γ ∝ kBT
d2NV

σ. In the following sections, we measure noise far in excess of what is expected for

simple conductivity changes from gating. Although the conductivity of the device is indeed mod-

ified by stimulated acoustic phonon emission, the extremely high noise measured is the result of

rapid scattering of electrons through stimulated phonon emission, and so is a rough measurement

of the local phonon population. Most noise sources are isotropic and hence should have no spa-

tial dependence, but by measuring NV centers under different regions of the sample, we are able to

see how the noise changes as electrons flow across the sample, which is a striking characteristic of

electron-phonon Cerenkov noise.

4.2 Electron-phonon instability in graphene revealed by global and local

noise probes

The following section is a full reproduction of the manuscript “Electron-phonon instability in

graphene revealed by global and local noise probes” by T. I. Andersen, B. L. Dwyer, and J. D. Sanchez-

Yamagishi et al 9.

Understanding and controlling non-equilibrium electronic phenomena is an outstanding

challenge in science and engineering. By electrically driving ultra-clean graphene devices out

of equilibrium, we observe an instability that is manifested as dramatically enhanced current

fluctuations and suppressed conductivity at microwave frequencies. Spatial mapping of the

non-equilibrium current fluctuations using nanoscale magnetic field sensors reveals that the

fluctuations grow exponentially along the direction of carrier flow. Our observations, includ-

ing the dependence on density and temperature, are consistently explained by the emergence
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of an electron-phonon Cerenkov instability at supersonic drift velocities. These results of-

fer the opportunity for tunable terahertz generation and active phononic devices based on

two-dimensional materials.

Non-equilibrium phenomena in driven electronic and optical systems display rich dynamics that

can be harnessed for important applications, such as Gunn diodes and lasers. Two-dimensional (2d)

materials265 constitute a new platform for exploring such non-equilibrium phenomena. In par-

ticular, modern ultraclean graphene devices exhibit high mobilities376 and can be driven to high

electronic drift velocities where instabilities have been predicted to occur. Examples include hy-

drodynamic instabilities244 in electronic fluids205,72, as well as Dyakonov-Shur instabilities, where

plasmons are amplified by driven electrons96,360. In addition to the potential use for high-frequency

signal generation, understanding non-equilibrium dynamics is vital for many technological applica-

tions of graphene, including high-frequency transistors219, ultra-fast incandescent light sources190,

and flexible transparent interconnects189. In practice, such electronic instabilities are difficult to re-

alize due to increased phonon scattering at high drift velocities. While phonon scattering is typically

an irreversible loss channel, long-lived phonons can themselves act as a source of instabilities. Specif-

ically, when the electronic drift velocity (vD) exceeds the sound velocity (vs), stimulated phonon

emission can dominate over absorption (4.8B), resulting in exponential growth of the phonon pop-

ulation known as phonon Cerenkov amplification280,334. This phenomenon has long been theo-

retically explored as a method to produce high-frequency acoustic waves198,398, with experimental

evidence found in bulk systems and semiconductor superlattices via acoustic and optical measure-

ments165,284,99,322.
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Figure 4.8: Non-equilibrium dynamics in graphene probed both globally and locally. (A) Device schemaঞc: hBN-
encapsulated graphene device on diamond substrate containing NV centers for nano-magnetometry. Inset: opঞcal
image of clean hBN-encapsulated device A1 (6 × 5.4 μm2). (B) Condiঞon for Cerenkov emission of phonons: when
vD > vs, sঞmulated phonon emission dominates over absorpঞon (right). (C) 2-probe resistance versus carrier density
of device A1 (T = 10 K). (D) Current density as a funcঞon of applied electric field (T = 80 K) in clean device A1 (blue)
and disordered device B1 (7×18 μm2, black). The gray dashed line indicates where vD = vs for the LA mode. (E) Global
electronic noise PSD (averaged over 100 − 300MHz) as a funcঞon of bias power in devices A1 (blue) and B1 (black).
Blue curve saঞsfies vD > vs for P > 0.12 μW/μm2. (F) Local magneঞc noise (measured by NV nano-magnetometry)
versus applied bias power in clean device C1 on diamond substrate.

Our experiments make use of electrically gated graphene devices encapsulated in hexagonal boron

nitride (hBN, 4.8A), and are conducted at cryogenic temperatures (T=10 − 80 K). Figure 1C

presents the low-bias transport properties of the ultraclean graphene system, with a mobility of

20 − 40 m2/Vs at a carrier density of 2 × 1012 cm−2, corresponding to nearly-ballistic transport

(Ch. C). Due to the high mobility, carriers can be accelerated by an electric field to high drift ve-

locities (vD ≫ vs = 21 km/s), where a non-linear current response is observed (4.8D, blue). By
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contrast, a disordered device shows linear Ohmic behavior (4.8D, black).

We first study the non-equilibrium behavior by measuring the global noise in the source-drain

current with a spectrum analyzer (noise power spectral density, PSD, averaged over 0.1− 0.3 GHz),

while varying the applied bias power, P. The noise observed in disordered devices (black, 4.8E) is in

good agreement with increased thermal noise due to Joule heating, and shows a characteristic P1/3-

dependence (Ch. C)33. Different behavior is observed in clean (hBN-encapsulated) devices, where

the noise grows superlinearly with drive power and reaches values that are inconsistent with thermal

noise. In particular, at higher biases the noise increases to values equivalent to the thermal noise ex-

pected for a sample at 10, 000 K (Ch. C). This behavior, observed consistently in 12 devices (Ch. C),

stands in stark contrast to that of more disordered (not hBN-encapsulated) devices studied here and

elsewhere33,387, indicating a new noise source in driven graphene devices with low disorder.

To gain insights into the origin of this anomalous noise, we perform spatially-resolved noise mea-

surements by fabricating graphene devices on diamond substrates that contain shallowNV color-

center impurities (40 − 60 nm depth (Ch. C)240. These atom-like spin qubits can be individually

measured using confocal microscopy, and can probe nanoscale current noise by measuring the re-

sulting magnetic fields197,5,56. The locally probed noise under a driven clean graphene device ex-

hibits similar superlinear behavior as global measurements (4.8F).

We probe the spatial dependence of the anomalous noise by optically addressing single NV cen-

ters along the device (4.9A) and measuring their spin relaxation rate (4.9B), which is determined by

the local noise at 2.87 GHz197. Far from the midpoint of the device, the noise exhibits a clear asym-

metry with current direction (4.9C), with nearly an order of magnitude difference when the current

is reversed. This is surprising given that the global noise and transport properties are independent

of current direction (Ch. C). Using the device gate, we invert the sign of the charge carriers and find

that the asymmetric pattern also inverts, indicating that the local noise signal depends on the flow

direction of momentum, not charge. 4.9D shows the local noise profile along the source-drain direc-
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tion when vD = 5.8vs. We observe that the noise is small at the carrier entry point, but then grows

exponentially as the carriers flow downstream the L = 17 μm long device. The noise profile inverts

when the current direction is reversed, and flips back when the carrier sign is also switched (4.9E).
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C2) at j = 0.18 mA/μm and n = 0.92 × 1012 cm−2. The spaঞal profile is consistent with the exponenঞal
growth of phonons due to Cerenkov amplificaঞon (cartoon, top). Dashed black curve shows the theoreঞcally predicted
excess phonon populaঞon (offset to account for background noise). (E) The growth direcঞon is reversed by changing the
current direcঞon (le[) or the charge carrier sign (right).
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To explore the underlying dynamics, we measure the spectrum of the global current noise. When

driven, the disordered graphene samples show 1/f and white thermal noise (black curve, 4.10A),

consistent with previous studies33,19. Clean devices, on the other hand, exhibit a peaked spectrum

with a roll-off at∼ 1.5 GHz. Interestingly, the AC differential conductivity is suppressed at similar

frequencies (4.10B). These GHz features are in stark contrast to the equilibrium graphene Drude

spectrum, which is featureless up to∼THz157,16, thus indicating timescales much longer than the

typical electronic lifetime. Importantly, the frequencies of these non-equilibrium features are in-

dependent of drive voltage, doping and temperature (Ch. C), but are upshifted in a shorter device

(4.10C-D).
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The observed spectrum, spatial dependence, and scale of the anomalous noise are inconsistent

with conventional noise sources (such as 1/f or white thermal/shot noise)145. Our observations,

especially the slow timescales and their independence on electronic parameters, are incompatible

with many purely electronic mechanisms for AC signal generation244,96,248 (Ch. C), and suggest

that other, longer-lived excitations play a role. In particular, the timescales match well with the time

taken for acoustic phonons to traverse the device. Furthermore, the anomalous effects only occur

when the electronic drift velocity is higher than the speed of sound, but onset at energies that are

too low to excite optical phonons and plasmons (2ℏkFvD, kBT < 20 meV) (Ch. C).

We now show that all our observations are consistently explained as an electron-phonon Cerenkov

instability. The key insight is that when the electronic drift velocity exceeds the speed of sound,

a cone of forward-moving acoustic phonon modes experience a faster rate of stimulated emission

(γemq ) than absorption (γabsq )280,334,198,398. In order for the emitted phonons to amplify, γemq must ex-

ceed the loss rate due to absorption and other decay sources. Pristine graphene exhibits long acoustic

phonon lifetimes (τq)261, thus an emitted phonon can stimulate the emission of more phonons,

leading to exponential growth (4.10G). This process is seeded by a wide spectrum of spontaneously

emitted and thermal phonons, and is therefore expected to have limited coherence. Stochastic elec-

tronic scattering with the growing phonon population is expected to reduce the conductivity and

increase noise.

To model these effects, we analyze the coupled electron-phonon dynamics by including the influ-

ence of the phonons on the electronic scattering rate, Γe (Ch. C):

∂tj(r, t) = DE(r, t)− Γe({nq})· j(r, t) (4.9)

∂tnq = −
(
nq − nq,0

)
τq

+ γemq (j)
(
nq + 1

)
− γabsq (j)· nq − vsq̂·∇nq. (4.10)
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Here,D = 2e2vFkF/h is the Drude weight of graphene, nq is the phonon occupation at wavevector

q, nq,0 is the equilibrium phonon occupation when j = 0, and τ−1
q is assumed to be dominated

by anharmonic interactions. Note that while we describe the phonon population using second

quantization, the results can also be obtained through a semi-classical treatment. Using known con-

stants for the electron-phonon coupling and anharmonic decay, we find that phonon amplification

(Γamp
q = γemq − γabsq − τ−1

q > 0) can be easily achieved for a wide range of parameters (Ch. C).

For instance, the parameters used in 4.9D (vD = 5.8vs) give a maximum γemq − γabsq = 11 GHz at

q ∼ 2π/(25 nm), where τ−1
q = 0.02 GHz. The amplification of stochastically emitted phonons

is expected to cause large fluctuations in the local electronic scattering rate, thus generating current

noise. Due to the Poissonian nature of phonon emission, the fluctuations are expected to scale with

the mean emission rate, which is proportional to nq. We thus plot the spatial profile of the excess

phonon population (∼ eΓampx/vs − 1) associated with Γamp = 11 GHz (dashed black curve) along

with the noise profile in 4.9D, and find good agreement with our experimental results. Integrat-

ing over more modes gives a similar profile, indicating the dominance of the most amplified modes

(Ch. C). This amplification behavior is also consistent with our global measurements, where the

anomalous noise increases with device length (Ch. C).

The model also predicts that the electron-phonon Cerenkov instability gives rise to a conductiv-

ity spectrum of the form:

σ(ω) =
σDrude(0)

1− iK
ωT (1− e−iωT)

, (4.11)

where σDrude(0) = D/Γe is the usual DCDrude conductivity andK is an increasing function of

Γamp
q (Ch. C). Importantly, σ(ω) depends on the the sample traversal time for phonons, T = L/vs.

When Cerenkov amplification occurs, the correlation time probed in conductivity measurements

is no longer limited by the individual electron and phonon lifetimes but by the traversal time, be-

cause the memory of an emission event is amplified until the phonons reach the edge (reflected,
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backwards-moving modes are no longer amplified). To account for the variation in Twith phonon

emission angle, we sum over a cone in phonon phase space in our fits (Ch. C). Our model gives ex-

cellent agreement with the observed conductivity spectra (4.10B and D, black lines), and even pre-

dicts the slight oscillatory behavior due to the sharp transit time cut-off. The extracted traversal time

is independent of drift velocity (4.10E), and the corresponding speed matches that of the longitudi-

nal acoustic mode in graphene (4.10F)180.

The extension of the correlation time is expected to also cause noise in the same low-frequency

range, consistent with our observations (4.10A and C). While the stochastic emission of a phonon

normally causes a small drop in current that only lasts for 1/Γe ∼ ps, Cerenkov amplification both

prolongs and magnifies the effect. Intuitively, the emitted phonon stimulates cascading emission of

subsequent phonons, causing the current to continue decreasing until the phonon packet reaches

the device edge. This should give strong current correlations ⟨δj(t)δj(t + τ)⟩ for long τ (up to T ∼

100 ps) and thus noise at low frequencies≲ 1/T.

Cerenkov amplification is sensitive to the phonon lifetime, and the effect is therefore expected

to intensify at lower temperatures due to slower anharmonic decay195. Indeed, we observe a strong

increase in noise as the temperature is reduced from 300 to 10 K (4.11A), in clear contrast to the

decreasing thermal noise observed at low drives (vD ≲ vs). This suggests that the amplification

process is limited by scattering with thermally occupied modes at similar energies as the amplified

mode (∼ 7 THz ∼ 50 K at n = 2× 1012 cm−2).

194



A B

C

2 64
0.6

0.8

1.0
4

8

ω
pe

ak
 (

T
H

z)

Carrier density (1012 cm-2)

7.3μm
4.7μm

2μm

G
lo

ba
l n

oi
se

 P
S

D
 (

10
3 
K

)

C
ur

re
nt

 n
oi

se
 (

n
or

m
.)

Tbath  (K)

6

4

2

0
0 100 200 300

2.5μm

vD=0

6.3vS

12 D

2

2 4 6 8

4

6

n p
ea

k 
(1

0
12

 c
m

-2
)

Device length (μm)

Figure 4.11: Dependence on bath temperature and charge density. (A) Global noise PSD as a funcঞon of bath tempera-
ture at constant dri[ velociঞes and carrier density n = 2×1012 cm−2. (B) Calculated peak phonon emission frequency,
which can be tuned via the graphene carrier density. (Blue: Te = 0 K, red: Te = 320 K). (C) Normalized global current
noise as a funcঞon of carrier density for different device lengths (j = 0.6 mA/μm). Solid curves show predicted total
phonon emission. (D) The charge density at which the noise peaks (npeak) for a wider variety of samples than in (C), with
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Another important aspect of Cerenkov amplification in graphene is that the peak emission fre-

quency is tunable via the carrier density, n (4.11B). This peak occurs just below the upper limit

ω ∼ 2vskF, corresponding to transitions across the entire Fermi surface. The frequency tunability

manifests as a non-monotonic dependence of the global current noise on n (4.11C) (Ch. C). Ini-

tially, the noise increases with n, because the larger Fermi surface permits emission of more (and

higher energy) modes. In other words, increasing n broadens Γamp
q . However, its maximum value

decreases at constant current since vD = j/(ne), eventually causing a downturn in noise.

The cross-over density, npeak, is determined by the relative importance of the width and maxi-

mum of Γamp
q , which depends on the device length. Analogously to an active filter, the amplification

process narrows the excess phonon distribution nq(x) ∼ eΓ
amp
q x/vs as it traverses the device. In longer

devices, the noise therefore depends more on the maximum of Γamp
q than its width, causing a smaller

npeak. We observe such a length dependence, shown in 4.11C-D in terms of current noise to facili-
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tate comparison with the model. Plotting the predicted total phonon emission along with the data,

we find that our model reproduces both the peak shift and narrowing well (Ch. C).

These considerations show that our observations are well explained as an electron-phonon Cerenkov

instability in a 2d material. This driven electron-phonon system shows rich non-equilibrium dy-

namics that merit further exploration, potentially by developing new techniques to directly charac-

terize the phonon spectrum. Prior theoretical work predicts that the amplified phonons in graphene

have frequencies as high as 10 THz398, significantly higher than that observed in other materi-

als165,284,322. Moreover, this system can offer purely electrical generation and amplification of

phonons in a single μm-scale device, with wide frequency tunability. Future work could explore

coupling to a mechanical cavity to develop a phononic laser, as well as out-coupling of the ampli-

fied sound waves to far-field THz radiation. Our results represent a promising step towards a new

generation of active phononic and photonic devices based on 2d materials.

4.3 Discussion

The electron-phonon Cerenkov effect discussed here is not unique to graphene, but graphene has

many favorable properties that facilitate its observation. What is needed is a system with very little

scattering so that a high drift velocity can be achieved, and with no other low lying energy bands

that very biased electrons can scatter into (such as in the Gunn effect138). Graphene devices can be

made very clean by hBN encapsulation (our SiO2 devices did not show enhanced noise). Acoustic

phonon scattering in graphene is very weak, at least outside of the Cerenkov regime, and impurities

are relatively rare, so electrons have long mean free paths (and hence high drift velocities). Optial

phonons in graphene are very high energy (≈ 200 meV) and so they do not efficiently scatter elec-

trons. hBN optical phonons are slightly lower in energy, and so it is likely that remote scattering by

hBN phonons eventually limits this effect385. Additionally, graphene has no other energy bands
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that can be reached at transport energies. The very high speed of sound of graphene is in many ways

a hindrance to the observation of this effect, since the Fermi surface must be tilted very steeply for

stimulated emission to occur.

Phononic Cernkov emission is an important effect to understand because it limits high bias

transport in graphene, leading to velocity saturation even before other types of scattering become

dominant. It could also prove to be a useful tool: the amplification of phonons discussed here is ex-

actly analogous to amplified spontaneous emission of light in a laser medium. Just as in a laser, many

modes are amplified initially, but, with the introduction of a cavity, it may be possible for one mode

to out-compete the others. This behavior is already present in very long devices, since the amplifica-

tion is exponential in the length, the most amplified mode has the largest gain with distance. Future

work could explore phononic cavities that could be used to augment this mode competition and cre-

ate a true sound laser (or SASER). Another worth-wile avenue of exploration concerns the potential

out-coupling of these amplified phonon modes to electromagnetic radiation, perhaps through a

plasmonic intermediary. An on chip, tunable source of terahertz electromagnetic radiation could

revolutionize modern electronics, as these frequencies are typically difficult to produce even with

bulky and expensive equipment.

Finally, a word about NV center relaxometry. While non-isotopic noise sources such as the one

studied here are uncommon, the nanoscale sensing capabilities of the NV center are still well suited

for noise measurements in condensed matter systems. This is because, in addition to the NV cen-

ter’s ability to map out noise spatially, it can also map out noise in momentum space. An NV center

at a depth dNV is most sensitive to transverse fluctuations of electrons at a particular wave vector

k ∼ 1/dNV
5. Transport probes the k = 0 conductivity modes of a system, while optical methods

measure the conductivity at very small momenta due to the high velocity of light. In order to probe

phenomena at nonzero k, the extra momentummust be supplied somehow, usually be a grating or

some kind of tip. Despite many interesting phenomena in condensed matter physics having non-

197



trivial dispersions, they are difficult to probe. Because of this, NV center relaxometry has been sug-

gested as a probe of hydrodynamic electrons3 5 and more recently quantum spin liquids62,186. The

wireless nature of NV center sensors also makes them attractive conductivity probes of materials for

which electrical contact is challenging, including many emerging 2Dmaterials74.

3This was actually the original motivation for this experiment, but while heating the electrons to increase
the electron-electron scattering rate we discovered an unexpected effect.
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Figure 5.1: Arঞsঞc rendiঞon of orbital diamagneঞsm detecঞon in graphene.

5.1 Introduction

NV centers are desirable magnetometers for a number of reasons. The first is their small size, which,

until recently, was really unparalleled. While there existed many other magnetometers, even the

smallest was on the∼ μm scale. NV centers can measure fields on the nanometer scale, set pri-

marily by the distance between the NV center and the target. For many phenomena, nanoscale

resolution is desired, and hence the large investment in scanning NV center probes over the last

decade401,10,354,152,272,231. NV centers can also be extremely sensitive probes at these scales–they

are capable of measuring individual electron spins132 and single nuclei347. The sensitivity numbers
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quoted for NV centers can be somewhat misleading, however. The sensitivity of the magnetometer

to DCmagentic fields, which is limited by T∗
2, is far inferior to its AC sensitivity, which is limited

by the substantially longer T2. While NMRmeasurements are a natural fit for AC sensing schemes

due to the known precession frequencies of nuclear species, much of the work in condensed matter

systems has only used NV centers as DCmagnetometers1 It is sometimes possible to transformDC

measurements into ACmeasurements by modulating some parameter of the system, which is the

technique that is explored in this chapter.

Figure 5.2: Sensiঞvity and resoluঞon of magnetometers. Sensiঞvity vs. sample separaঞon for several different magene-
tometers, including NV centers. Figure taken with permission from Ref.39.

1Some experiments have combined scanning NV center probes with T1 relaxometry measurements,
however11,273.

201



The measurement utilized in this chapter is somewhat akin to a lock-in measurement, and as a

result has been called a “quantum lock-in” technique400. The key idea is to modulate some param-

eter of the sensing target while a spin echo pulse sequence is applied to the NV center. The phase

accumulated by the NV center will be given by

φ = γe

(∫ τ

τ/2
Bz(t)dt−

∫ τ/2

0
Bz(t)dt

)
. (5.1)

If Bz(t) has a different value for the two halves of the free precession interval, a net phase will be

accumulated. For maximum sensitivity, Bz(t) should have the same period as the pulse sequence and

should have opposite magnitudes in each half of the sequence. The best case is a square wave with

amplitude B0, in which case the total phase accumulated is

φ = γeB0τ . (5.2)

Fields that do not oscillate at the frequency set by the spin echo filter function are canceled, as is the

DC offset in the signal. This includes environmental noise that the NV center is sensitive to, and so

decoherence is reduced and the measurement can be performed at τ = T2 for maximum sensitivity.

In this way, fields in the∼ nanotesla range can be readily measured, and using a higher number of

pulses field changes in the picotesla range can in principle be sensed.

While not all sensing targets are amenable to modulation, 2Dmaterials have many properties that

are sensitive to electrostatic doping and displacement field. This includes the previously discussed

conductivity of graphene, as well as excitonic properties in TMDCs174, energy gaps349, and phase

transitions53. In the following section, we will use this technique to measure gate dependent orbital

magnetism in graphene.

Unlike the other chapters of this thesis, this section has not been published elsewhere and repre-

sents work that is ongoing.
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5.2 NV centers as local probes of orbital magnetism in 2Dmaterials

Many exotic phenomena in condensed matter physics, including the quantum hall effects,

topological states of matter, and magnetoelectric effects, can be understood in terms of the

Berry phase of electrons in a solid. One of the first observations of a Berry phase effect was in

graphene, whose Berry phase of π shifts a Landau level at zero energy, resulting in an uncon-

ventional quantum hall effect and a diverging magnetic susceptibility at the Dirac point. We

introduce a novel technique for measuring the susceptibility of 2D materials using nitrogen

vacancy centers implanted in a diamond substrate. We use these wireless susceptometers to

non-invasively measure the gate dependent magnetic response of graphene and find the pre-

dicted sharp increase in signal near the Dirac point. The local nature of our measurements

permit us to map this signal at different locations under the device, including under mul-

tilayer graphene regions. This technique gives insight into the origins of the quantum hall

effect in graphene, and more importantly provides a straightforward method for measuring

orbital magnetism and other Berry phase effects in many 2D materials such as topological

insulators and twisted structures that exhibit emergent Moiré potentials.

Well before the isolation and measurement of graphene samples, graphene was a material of sig-

nificant theoretical interest due to its peculiar magnetic properties. It was well known that graphite,

uniquely among naturally occurring materials, has a very large diamagnetic susceptability. It is so

strong that it is possible to levitate a graphite chunk over a strong magnet, as is shown in Fig. 5.3. In

1956, McClure showed that this strong diamagnetism arises naturally in the case of graphene, and,

treating graphite as a consisting of many weakly interacting layers of graphene, was able to explain

the observed magnetism in bulk graphite241.
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HOPG block

Figure 5.3: Levitaঞon of graphite. Bulk graphite can be levitated over a permanent magnet under ambient condiঞons.
HOPG = higyly oriented pyroliঞc graphite, which is a form of graphite where the individual graphite crystals are well
aligned with each other.

In modern parlance, charge carriers in graphene are massless Dirac Fermions which have a sur-

prising property in an applied magnetic field: they acquire a Berry phase of π during a cyclotron

orbit, in contrast to the 2π phase of most other materials391,382. This unique Berry phase shifts the

energy position of the Landau Levels (LL) in graphene396, which results in a distinct LL at zero en-

ergy and a divergent diamagnetic susceptabilty at low temperatures241,200,201. Thus the levitation of

graphite, which can be observed at room temperature with no specialized equipment, is a manifesta-

tion of the relativistic quantummechanics embodied by the charge carriers of graphene.

While McClure’s result in many ways began the search for interesting physics in graphene, this

phenomena has proven difficult to measure in monolayer flakes due to the small signal from a single

flake and the incompatibility of traditional measurements with gated devices. Some work has been

done exploring the field dependence of bulk samples218, but without a field effect transistor and

a high quality monolayer sample the predicted gate dependence of the susceptibility could not be

observed. It was only very recently that researchers were able to measure this effect in a gated device

using a giant magnetorsistance sensor, finding good agreement with theoretical predictions367.

We present here a new technique for measuring the magnetic susceptibility of 2Dmaterials using

204



nitrogen vacancy (NV) centers in diamond. By fabricating devices on top of diamond substrates

containing NV centers, we measure the local gate dependent change in magnetic field below the

device that results from orbital magnetic currents in the material. This technique exhibits several

advantages over other approaches, since in addition to its exquisite sensitivity, NV centers are non-

invasive, local sensors that provide spatial information about current distributions in the sample.

Additionally, NV centers operate over a wide range of temperatures328,173 and magnetic fields107.

While we demonstrate the usefulness of this technique for graphene, it has wide applicability to

other 2Dmaterials, particularly those in which spatial inhomogeneity make global measurements

difficult.

5.3 Experimental results
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Figure 5.4: Graphene device on diamond. (A) Image taken under 532 nm illuminaঞon, which produces background
fluorescence that overwhelms the NV center fluorescence. Inset: opঞcal image of the device on diamond. (B) Same as
(A) but taken with a low powered laser tuned to the NV center zero phonon line (ZPL), which permits imaging through
the device and selecঞvely addressing NV centers that are close together due to the inhomogeneous distribuঞon of
ZPLs.

We fabricate graphene field effect transistors on top of diamond containing individually resolvable

NV centers≈ 50 nm below the surface. The devices are dual graphite gated to reduce disorder290,

and hexagonal boron nitride is used as a gate dielectric. Fluorescence scans of a device are shown
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in Fig. 5.4. We utilize a 637 nm laser resonant with the NV center zero phonon line to image and

measure NV centers with minimal background.

NV center measurements are performed in an AC sensing scheme. An NV center is optically

initialized in the ms = 0 spin state and a spin echo sequence is performed while a parameter of

the device is varied in phase with the sensing sequence. This “quantum lock-in ” technique cancels

phase contributions from sources that are not modulated at the echo frequency, fsig = 1/τ. This

technique permits much higher sensitivity for NV center measurements than DCmagnetometry

because it is limited by T2 rather than T∗
2. For NV centers, T2 is much longer than T∗

2
26. Fig. 5.5

shows representative measurements of T∗
2 and T2 in our diamond samples.
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Figure 5.5: NV center decohrence at low temperatures. (A) Representaঞve T∗
2 measurement for NV centers in a

12C
enriched diamond at 60K. (B) Representaঞve T2 measurement for NV ceters in the same diamond sample. The longer
decoherence ঞme translates to increased sensiঞvity in an AC sensing scheme.

To test the sensing capabilities of the NV center, we first apply a small sinusoidal voltage to the

graphene and measure the NV center phase accumulation for a fixed free precision interval, as de-

picted in Fig. 5.6A. Repeating this measurement at different gate voltages yields the magnetic field

values shown in Fig. 5.6B. Approximating the graphene as an infinite sheet of current, the magnetic
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field along the NV center quantization axis, Bz can be written as

Bz =
μ0σ
2

sin α , (5.3)

where μ0 is the vacuum permeability, σ is the 2D current density, and α is the angle of the NV cen-

ter quantization axis with respect to the surface normal (≈ 54.7◦ for the (100) diamond surfaces

used here). The current density extracted from the local measurement agrees well with that obtained

from global transport, but the Dirac peak is shifted slightly, which may be a result of local disor-

der395.
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Figure 5.6: Global and local transport of graphene. (A) Quantum lock in sequence for AC sensing graphene currents.
VSD is sinusoidally varied (amplitude = 5 mV) in phase with a concurrent spin echo on the NV center. (B) Each gate
voltage produces a different current density (blue), which the NV center sense as a change in magneঞc field (red). Blue
curve is determined from a global transport measurement.

Tomeasure the diamagnetic response of graphene, we ground the graphene and apply a small

external field to the sample (≈ 200 Gauss) to separate the spin states of the NV center. We apply

an offset voltage,Voff to the gate and modulate it with a square wave of amplitude δV = 40 mV

at f = 1/τ = 5 KHz, in phase with the echo sequence. Applying this sequence while sweeping

Voff through the charge neutrality point yields ∂ΔB
∂V ∝ ∂M

∂μ , where ΔB is the change in magnetic
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field from the applied value,M is the magnetization of the sample, and μ is the Fermi level of the

graphene. We show the result of one such measurement in Fig. 5.7, along with the integrated signal,

which is displays the expected peak around the Dirac point.
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While the graphene is grounded during these measurements, a small amount of charge must nec-

essarily flow into the graphene when it is gated so that the charge density changes. This is a negligi-

ble contribution to the detected signal for a few reasons. Firstly, the current should be out of phase

with the voltage modulation by 90◦, which means that the signal would be canceled in the two

halves of the echo sequence. Second, since the phase accumulated is φNV ∝
∫
B(t)dt ∝

∫
I(t)dt,

the phase is proportional to the total charge that flows into the graphene, independent of the tem-

poral dynamics of the current. Thus we can calculate that the resulting magnetic signal from this

flowing charge would be in the femptotelsla, range which is significantly less than the observed sig-

nal.

A key advantage of NV centers as susceptometers is that they are local probes and hence the mag-

netization of the sample can be mapped out. Both transport and the orbital magnetic response of

graphene are thought to be limited by local variations in the Dirac point within the sample395,200,

and local probes that are sensitive only to the local material properties should be less sensitive to

these extrinsic effects. In Fig. 5.8, we repeat the gate modulation measurement for several NVs lo-

cated at different points on the sample. Interestingly, all of these NV centers record approximately

the same signal. This is unusual because of the expected effects of disorder. Perhaps more surpris-

ingly, the signal seems to have no dependence on the distance between the NV center and the edge

of the sample. In the simplest model of orbital magnetism, application of a magnetic field induces

cyclotron orbits of the electrons, which set up an opposing magnetic field. However, all of the or-

bits in the bulk of the sample should cancel, leaving only a contribution from the current flowing

along the edge of the sample. Hence NV centers near the edge of the device should experience a

larger change in magnetic field, as if the field were produced by a thin wire outlining the sample.

Only the NV center nearest to the edge shows any deviation in the measured signal, but this is likely

due to electric field effects, as discussed below.
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Figure 5.7 (following page): Gate dependent diamagneঞsm in graphene. (A) Pulse sequence used to detect diamagneঞc
sheilding from graphene. A square wave of amplitude 40 mV is applied at different offset values while a sine magnetom-
etry pulse sequence is applied to the NV center. The signal detected by the NV center is the derivaঞve of the magneঞc
field with respect to the gate voltage, which we integrate in (C) to find the change in magneঞc field as the gate is swept
through the Dirac point.
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Figure 5.7: (conঞnued)
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Figure 5.8: Magneঞzaঞon signal at different locaঞons. Each color curve is taken from an NV center at the corresponding
locaঞon in the inset.

A useful feature of NV centers is that it is possible to distinguish electric frommagnetic field sig-

nals by observing the behavior of different qubit states. For a magnetic field aligned closely with the

NV center quantization axis, application of a small additional magnetic field causes the eigenener-

gies of the ms = ±1 qubit states to move in opposite directions, as shown in Fig. 5.9. Application

of an electric field causes them to shift together in the same direction92. By measuring in both the

{ms = 0,ms = +1} and the {ms = 0,ms = −1} basis, the nature of the field can be determined.

For NV centers near the bulk of the device, we find that changing qubit basis also inverts the sign of

the signal, as expected for an NV center in a magnetic field. The near edge NV center, on the other

hand, shows a signal that does not invert when the qubit basis is changed, indicating that the signal

is likely electric in origin. While NV centers are less sensitive to electric fields than to magnetic fields,

the extremely large fields produced over short distances in nanoscale field effect transistors can pro-

duce fringe fields that produce phase accumulations of a similar magnitude to the magnetic fields we
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attempt to measure here.
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Figure 5.9: Discriminaঞng between electric and magneঞc fields. (A) Applying amagneঞc field results in opposite fre-
qeuency shi[s for the ms = +1 and ms = -1 states. (B) By chaning the measurement qubit basis, we find that the signal
inverts, which implies that it is magneঞc in nature. (C) Electric fields cause the qubit states to move in the same di-
recঞon. (D) For an NV center very close to the device edge, we find that the measured signal does not invert upon
switching qubit bases, implying that this signal is due to the fringing electric fields of the FET.

While NV centers can in principle be used over a large range of magnetic fields (0 − 8 T106) and

temperatures (4− 300 K), the details of our experiment make varying these parameters challenging.

Nevertheless we present a measurement taken at 5 K which can be compared with the previous mea-

surements at 60 K. Interestingly, while the peak in susceptibility is predicted to become singular at

low temperatures241,367, we find significant broadening at low temperatures. Additional tempera-

ture dependent measurements are ongoing.
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Figure 5.10: Temperature dependence of magneঞzaঞon peak. NV center measurement taken at different temperatures,
showing an increase in the measured field difference and broadening of the signal.

5.4 Methods

NV centers were created by implanting 14N ions in electronic grade diamonds (Eelement Six) with

a 12C isotopically purified overgrowth layer to achieve maximum coherence times. Samples were

annealed in vacuum with a two step process: first to 800 ◦ for 8 hours to create NV centers and

then ramped to 1200 ◦ for 2 hours to remove divacancies77. The second annealing step reduces

environmental noise, as is evidenced by the increase in NV center T1 after this procedure (Fig. 5.11).

Diamonds were then cleaned in a refluxing mixture of 1:1:1 sulfuric:nitric:perchloric acid to remove

graphitic carbon on the surface.
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Figure 5.11: High temperature annealing effect onT1. For samples implanted at high densiঞes, an addiঞonal anneal at
1200◦ C improves spin relaxaঞon ঞme because divacancies are annealed out.

2Dmaterial heterostructures were assembled using the dry transfer technique374,281. The stacks

were annealed on a SiO2 substrate at 350◦ C for 15 minutes before being picked up and transferred

to the diamond. Contacts were made by E beam lithography, and any etching was done using CHF3

plasma reactive ion etching.

Measurements were taken in a Montana Cryostation with optical access. An external magnetic

field is required to split off the NV center spin transitions so that it may be used as a two level system

for sensing. We applied a field normal to the sample using a permanent magnet on a translation

stage inside of the cryostat, as depicted in Fig. 5.12, and added a longitudinal component with an

external magnet to better align the field with the NV center quantization axis (54.7◦ to the surface

normal) for one of the four possible orientations of NV centers.
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Figure 5.12: Cryostat used for NV center measurements. A magnet is a�ached to the translaঞon stage inside of the
bellows to introduce a magneঞc field to the sample.

Pulse sequences were synthesized using two synced Tektronix AFG3022C arbitrary function gen-

erators. These were used to send TTL signals to a Minicircuits ZASWA-2-50DR+ high isolation

switch and IQmodulation inputs to an SRS SG384 microwave signal generator, which provided

the microwave signals used to manipulate the NV center spin. The remaining channel was output

to an analog switch and then to one of the device gates. The switch allowed for the sample to be

grounded while the NV center was initialized and read out, which reduces photodoping of the sam-

ple. The switch was connected to the AFG during pulse sequences so that the gate voltage could be

modulated. Additional DC voltage control and transport measurements used Keithley 2400 source
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Figure 5.13: Minimizing photodoping. (A) Device structure, with a back gate between the dielectric interface between
the bo�om hBN and diamond to prevent charge accumulaঞon during photoexcitaঞon. (B) As an addiঞonal precauঞon,
the device gate was connected to an analog switch so that it could be grounded whenever a laser was switched on for
readout. (C) As a result of these precauঞons, photodoping was significantly reduced. Global transport measurements
during iniঞal cool down (blue) and taken a[er one month of measurements (green).

The pulse sequence were orchestrated by a pulseblaseter ESR-PRO board, which, in addition to

triggering the pulse sequence, controlled NV center initialization and readout. Readout was accom-

plished using a modified spin-to-charge mapping procedure with a resonant external cavity diode

laser (Newfocus Velocity TLB 6704) tuned to the NV center zero phonon line for readout. The

resonant laser permitted easy imaging through the device due to the low background it produced.

Additionally, due to the broad inhomogenous distribution of NV center zero phonon lines, it was

possible to distinguish individual NV centers at different wavelengths even though the sample was

implanted densely enough that individual centers were not resolvable under off resonant excitation.

These measurements rely on the zero phonon line being thermally broadened to avoid spectral dif-

fusion. For low temperature measurements, the laser frequency must be swept across the range of

possible optical transitions during a readout sequence, which was accomplished by modulating the

cavity piezo on of the laser.
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NV center spin readout was accomplished with a modified spin-to-charge conversion scheme321,9.

Following a measurement period, the NV center was excited using a strong 594 nm laser to shelve

the ms = 1 population in the metastable singlet state. Before the singlet has decayed, an intense,

short 637 nm pulse is applied with a diode laser (≈ 70 mW), which ionizes any population that is

not shelved. Charge state readout is then performed using the resonant laser, and the spin state can

be inferred based on the number of counts since they indicate the final charge state.

5.5 Discussion

The unique gate dependent diamagnetism studied here is a manifestation of the Berry phase of the

charge carriers in graphene. Typically, such effects require high magnetic fields to observe, such as

in the quanum hall effect, but here we have demonstrated their effects in thermodynamic quantities

that can be observed without the need for strong magnets. The local nature of the NV center makes

it a particularly appealing probe, as this permits a measurement of the scaling of orbital magnetism

under different numbers of layers in the same device.

While the gate dependence of the magnetization of graphene is not unexpected, the measure-

ments recounted above show some unexpected behavior that is difficult to reconcile with our un-

derstanding of orbital magnetism. In particular, the absence of dependence of the magnetization

signal on the distance from the edge is intriguing and begs for an explanation. Typically in these

types of experiments, very large magnetic fields are applied so that the electronic wavefunctions are

eigenstates of a shifted harmonic oscillator Hamiltonian. Classically they are often thought of as

undergoing cyclotron orbits with a small radius, and with a frequency such that many orbits are

completed before any scattering occurs. In our samples under a 200 Gauss field, the magnetic length

(≈ 200 nm) is much larger than the NV center to sample distance (≈ 70 nm), which is a regime in

which the cyclotronic treatment of electrons may not be valid. Further investigation is required to
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understand these measurements.

As this experiment was cut short by the outbreak of the COVID-19 pandemic, there are several

other measurements we would like to perform to obtain a more comprehensive picture of mag-

netism in graphene.

First, another possible source of the signal in Fig. 5.7 is the graphite gates on the top and bottom

of the sample, since graphite should also show a diamagnetic response that depends on doping.

To rule out this contribution, we plan to repeat the differential magnetization measurements but

applying voltages of±V volts to the top and bottom gates, respectively, which will dope them far

from charge neutrality while leaving the graphene neutral. Applying the modulation to the top gate

and sweeping the offset, we will then attempt to reproduce Fig. 5.7, but now with the gates doped

the evidence that the signal comes from the graphene alone will be more solid.

Second, we plan to use the spatial distribution of NV centers to measure the layer dependence of

the magnetization in multilayer graphite. We plan to fabricate a device that has different thicknesses

of graphite in a single flake, and by measuring the magnetic field change underneath regions of the

sample consisting of monolayer, bilayer, and trilayer graphene, we hope to observe different mag-

netizations. In particular, the different numbers of layers are expected to display switching between

bilayer-like behavior and monolayer + bilayer-like behavior as the number of layers is changed201.

While we have used gate modulation based quantum lock-in techniques to study diamagnetism

in graphene, this is in many ways a proof of principle demonstration of the more general technique.

Diamagnetism in graphene, while difficult to measure, was never in doubt, but there exist many

other phenomena that are more contentious. Graphene aligned to hBN, for example, is predicted

to exhibit diamagnetism at the Van Hove singularities in the superlattice band structure253 and may

also exhibit a special kind of orbital ferromagnetism320. Twisted bilayer graphene also possesses Van

Hove singularities that appear to give rise to a diamagnetic response at half filling224. Graphene

is of course not the only 2Dmaterial with interesting magnetic properties. Recently discovered
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Wigner Crystals in TMDCs330,402 also likely have magnetic ordering, but it is currently unknown

if this is ferromagnetic or antiferromagnetic. Since this crystallization occurs only for particular

electronic densities, it can be studied with the same gate modulation technique. Perhaps the greatest

field in which NV center based suscptometers could make an impact is that of Moiré lattices of 2D

materials, including twisted bilayer graphene, because the twist angle is generally not uniform across

the device making local probes desirable. NV centers would be excellent tools to study such systems

in the future.

Finally, while we have utilized bulk implanted NV centers in order to achieve good coherence

times, gate modulation could also be applied to devices under a scanning NV center setup. NV

centers in nanostructured diamond typically achieve coherence times that are inferior to their bulk

counterparts due to many of the reasons discussed in Ch. 2. Since nanostructures have more sur-

faces, and the NV centers they contain are close to multiple surfaces, they are more sensitive to

noise. Additionally, the fabrication process itself likely introduces additional defects that can act

as charge traps which destabilize the Fermi level and create electric and magnetic field noise. Even

with such effects, the T2 times of NV centers in nanostructured diamond are much longer than

their T∗
2 times, and so in general a great improvement in sensitivity is expected.
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6
Conclusion

It could be said that there are two approaches to the study of condensed matter physics. There is

the “bottom up” approach employed by atomic physicists, where a suitable model for a real world

crystal is constructed atom by atom. Such experiments, though unparalleled in their control of the

constituent particles, are necessarily simplified simulations of a real solid. At the other extreme,

transport and related techniques attempt to infer the properties and behavior of the particles in a

solid through collective measurements over an entire crystal. Such techniques, though they operate
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on “real” materials, are somewhat indirect and can be muddied by real world complications such

as material impurities and inhomogeneity. Somewhere in the middle lies the local sensor, which

measures the properties of a real and possibly complex material, but is sensitive to mesoscopic num-

bers of particles. While local measurements are not always warranted, there is clearly demand for

the information they provide. Consider howmuch research relies on the Atomic Force Microscope

(AFM) or the electron microscope as a characterization technique. A tool that could provide similar

information for electric or magnetic properties would be invaluable.

NV centers join a growing family of local probes, including scanning tunneling microscopes

(STMs), scanning superconducting quantum interference devices (SQUIDs)192, scanning single

electron transistors (SETs)236, that can provide detailed spatial information about materials. The

length scale at which these techniques operate has improved rapidly. Scanning SQUIDs, for exam-

ple, achieved resolutions of a micron a decade ago192, but today nano-SQUIDs are being produced

with 10s of nanometers resolution369. This improves our ability to study physics that occurs on

small length scales, or that has variable spatial extent. Sometimes the world just looks different on

small length scales, as is exemplified by NV center conductivity measurements that show ballistic

electrons on short length scales even though the entire sample is diffusive197.

NV centers are not, in all cases, the preferred method of probing local physics, but they do have

certain characteristics that set them apart from competing technologies and are advantageous for

studying certain systems. First, NV centers operate over a wide range of temperatures, which makes

them promising candidates for biological applications in particular. An entire field of NV center re-

search concerns their use for nanoscale NMR, which promises to characterize minute quantities of

substances13 and may one day be able to elucidate the structure of individual proteins6. These tech-

niques will benefit from a solution to the “surface problem” discussed in Chapter 2 of this thesis,

as it is necessary to bring NV centers close to these molecules while retaining good coherence prop-

erties for maximum sensitivity. Second, NV centers can sense over a wide frequency range using
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different techniques, fromDC to several GHz, which enables detection of specific signals as well as

spectroscopy. Third, and perhaps most importantly, while much effort has been spent on creating

scanning NV center systems, experiments incorporating NV centers need not be so difficult. One

of the great hurdles to overcome for scanning systems is their prohibitive complexity of operation,

which is undoubtedly a major reason they have not seen universal adoption. By fabricating devices

on top of diamonds, a local measurement technique can be introduced with a relatively straightfor-

ward optical system, without compromising traditional electrical measurements. Some resolution is

lost with this method, but, as we have seen in the preceding chapters, there is still interesting physics

to study.

For 2Dmaterials specifically, future experiments involvingMoiré superlattices could benefit

greatly from local probes, including NV centers. In many of these structures, the superlattice has

a length scale that is compatible with the NV center sensing resolution (∼10 nm)163,53. They are

also rarely uniform. When a heterostructure is constructed with a twist angle, the misaligned sublat-

tices are not in an energetically favorable position and can undergo reconstruction346, concentrating

strain at domain boundaries, or there can be variable strain and a nonuniform twist angle through-

out the device. For structures where this twist angle is of paramount importance, such as magic

angle bilayer graphene, this means only a small portion of the device is actually at the correct twist

angle, and it is by luck that the contacted region of the device overlaps with the region of appro-

priate twisting. This variation in twist angle has already been observed with a local probe366. The

ability to measure different regions of the device is extremely helpful here. These structures addi-

tionally display exotic phenomena that are not well understood, such as emergent magnetism319

and superconductivity22, which can be sensed by magnetometers. The coming years will be an ex-

citing time for the physics of 2Dmaterials as the mysteries of Moiré hetrostructures are unraveled,

and perhaps NV centers will play a role in deepening our understanding.
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A
Supporting material for Chapter 2

A1 Methods

Samples

In this letter, we present NV coherence data from several samples in Fig. 2.10b. Here, we describe

the different samples:

• Sample A: The sample used for data in Fig. 2.11. Commercially available electronic grade
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diamond (Element Six) with<5 ppb nitrogen and<1 ppb boron.

• Sample B: The sample that was subjected to 1200 ◦C annealing followed by oxygen anneal-

ing, presented in Fig. 2.10b. This sample originated from the same crystal as sample A. The

crystal was sliced prior to any processing described in Fig. 2.10c.

• Sample C: Another sample that originated from the same crystal as sample A. The crystal

was sliced prior to any processing described in Fig. 2.10c.

• Sample D: An electronic grade sample with 12C-enriched layer that was processed according

to Fig. 2.10c.

• Sample E: An electronic grade sample with 12C-enriched layer with rough, as-grown surface

that was subsequently processed with Ar/Cl2 and O2 RIE.

• Sample F: An electronic grade sample with 12C-enriched layer. The surface is left as-grown.

In addition to these NV samples, surface spectroscopy data is presented from several electronic

grade samples. Three triacid-cleaned samples and three oxygen-annealed samples, one of which is

morphologically rough, were used for NEXAFS and high-resolution XPS (Fig. 2.12b–d, Fig. 2.13a,

inset). A boron doped sample (0.1 ppm boron and<5 ppb nitrogen) was used for UPS spectroscopy

(Fig. 2.12e) to prevent charging. Finally, a lower purity sample (<1 ppm nitrogen and<0.5 ppm

boron, Element Six “standard grade”) was used for oxygen annealing calibration.

A1.1 Sample Preparation

Our method for preparing a high-quality diamond surface prior to ion implantation relies on a

multi-step process to remove surface and subsurface damage. Unless indicated otherwise, all samples

described above are laser cut and scaife-polished to a RMS roughness of less than 1 nm with a (100)
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major face and ⟨110⟩ edges, specified to within 3 ◦. In order to prepare substrates for implantation,

reactive ion etching was performed using an inductively coupled plasma (ICP) with the following

parameters: 400W ICP power, 250W substrate bias RF power, 25 sccm Ar, 40 sccm Cl2, 8 mTorr

(1 Pa) for 30 minutes followed by 700W ICP, 100W substrate bias, 30 sccmO2, 10 mTorr (1.3 Pa)

for 25 minutes (Plasma-Therm Versaline ICP RIE). These two RIE steps etch approximately 2 μm

and 4 μm of the subsurface polish damage layer, respectively109.

In order to remove residual subsurface damage from ICP RIE, 1200 ◦C vacuum annealing is

performed in a Lindberg Blue tube furnace with high purity (>99.5 %) alumina ceramic tubes at

pressures between 1× 10−7 Torr (1× 10−5 Pa) and 2× 10−6 Torr (3× 10−4 Pa) with the following

sequence, starting from room temperature:

1. Ramp to 100 ◦C over 1 hour. Hold for 11 hours.

2. Ramp to 400 ◦C over 4 hours. Hold for 8 hours.

3. Ramp to 800 ◦C over 6 hours–12 hours. Hold for 8 hours.

4. Ramp to 1200 ◦C over 6 hours–12 hours. Hold for 2 hours.

5. Let cool to room temperature.

This annealing results in a<3 nm layer of amorphous carbon at the surface, which is subse-

quently removed by cleaning the sample in a refluxing 1:1:1 mixture of concentrated sulfuric, nitric,

and perchloric acids (triacid clean) for at least one hour. The conversion of material to amorphous

carbon and subsequent removal is critical for removing subsurface damage resulting from RIE pro-

cessing. Annealing at lower pressures (below 1 × 10−7 Torr (1 × 10−5 Pa)) does not result in a thick

layer of amorphous carbon, and thus does not remove this damage layer (Fig. A.2).

Sample A was then sent for 15N ion implantation (Innovion) with the recipe: dose= 1 ×

109 cm−2, energy= 3 keV, and 0 ◦ tilt. Other samples were implanted with the same parameters,
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except with doses of 3 × 109 cm−2 for samples B and F and 5 × 108 cm−2 for samples C, D, and

E. Following implantation, all samples are triacid cleaned and 800 ◦C annealed in vacuum using

the same recipe as above, with or without the 1200 ◦C step. Another triacid clean following this

vacuum anneal results in the condition referred to as the “triacid cleaned” surface throughout the

text.

To create the oxygen-terminated surface, the sample is then annealed at 445 ◦C–450 ◦C in a tube

furnace (Lindberg Blue Mini-Mite with high-purity quartz process tube) under continuous flow of

O2 at atmospheric pressure for 4 hours. The oxygen flow is regulated with a mass flow controller,

and the outlet of the process tube is connected to a bubbler to prevent backflow of gases. The input

gases, oxygen (for annealing) and nitrogen (for venting the furnace), are filtered via SAES Sentrol

point-of-use purifiers, MC1-203F andMC1-902F, respectively. Following the oxygen anneal, the

sample is cleaned in a 1:2 mixture of hydrogen peroxide in concentrated sulfuric acid (“piranha”).

The resulting sample condition is referred to as the “oxygen-annealed” surface throughout the text.

Finally, Sample B was annealed at 1200 ◦C and subsequently oxygen annealed to achieve the best

spin coherence times, shown in Fig. 2.10b.

XPS is used between each step to verify that the surface is contamination free at the 0.1 % level,

which is the sensitivity limit of the instrument. If any heteroatoms other than C and O are found

(e.g. Na, Cl, Si), the sample is repeatedly cleaned with either triacid or piranha until the contam-

ination is eliminated. We show examples of XPS spectra from a contaminated sample before and

after acid cleaning in Fig. A.1, as well as micromasking and surface roughening that can result from

contamination in Fig. A.4.
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A2 Process Calibration for Oxygen Annealing

Since diamond etches when heated in an oxygen atmosphere116, changing the surface termination

while avoiding etching requires careful temperature calibration. Our process proceeds as follows:

1. Clean sample in 1:2 hydrogen peroxide in sulfuric acid (piranha). Verify that the sample is

contaminant-free in XPS.

2. In the furnace, ramp to the target temperature over 4 hours, and anneal at the target temper-

ature for another 4 hours.

3. Repeat step 1.

4. Examine the sample in AFM to check for morphological changes at the surface.

5. Cycle back to first step and increase target temperature.

Previous studies showed that diamond starts to etch in oxygen around 500 ◦C116. Therefore, we

begin with 450 ◦C for our calibration and choose the final temperature to be the highest tempera-

ture that does not produce pitting on the sample. Examples of AFM images taken after annealing at

different temperatures are shown in the Fig. A.3.

A2.1 XPS and AFMCharacterization

XPS survey scans in Fig. 2.13a and AFM images in Fig. 2.10c were performed at the Imaging and

Analysis Center (IAC) at Princeton University. XPS was performed with a Thermo Fisher K-Alpha

spectrometer, collecting photoelectrons normal to the surface. AFMwas performed interchangeably

with either a Bruker Nanoman or a Bruker ICON3 AFM operating in AC tapping mode (AFM tip:

Asylum Research AC160TS-R3, resonance frequency 300 kHz). Each diamond was thoroughly

cleaned with either triacid or piranha before AFM scans were performed. Large-scale (5 μm×5 μm)
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and small-scale (1 μm×1 μm or 0.5 μm×0.5 μm) scans were performed in several distinct areas of

the diamonds, away from the edge. In general, for the same sample, no clear variation of the RMS

roughness was observed across the interrogated areas.

A2.2 NEXAFS andHigh-Resolution XPS

In near-edge X-ray absorption fine structure spectroscopy (NEXAFS), monochromatic X-rays excite

core electrons, and secondary electron yield is measured as a function of the incident X-ray energy,

giving a signal that is proportional to the density of unoccupied states near the surface. In XPS,

incident X-rays ionize core electrons, and the measured binding energy is sensitive to the chemical

environment of the ionized atom.

Unless indicated otherwise, all NEXAFS data and high-resolution XPS spectra (Fig. 2.13 insets)

were acquired at the Australian Synchrotron soft X-ray spectroscopy beamline, using light from

an APPLE II undulator generating linearly polarized photons and passed through a plane-grating

monochromator. Prior to scanning, the samples were annealed in situ at 430 ◦C to remove adventi-

tious carbon25.

Carbon K-edge and oxygen K-edge NEXAFS were collected in partial electron yield mode with

grid biases of 220 V and 440 V, respectively. The spectra are processed and calibrated by first divid-

ing by the total incident power measured using photoelectrons from clean gold foil in the cham-

ber, subtracting the average pre-edge background (270 eV–275 eV for carbon, 520 eV–525 eV

for oxygen), and normalizing to the post-edge electron yield (315 eV–320 eV for carbon, 558 eV–

560 eV for oxygen). The energy is calibrated by setting the sharp σ* exciton peak of the gold foil to

291.65 eV377.

High-resolution XPS spectra were analyzed using a SPECS Phoibos 150 hemispherical analyzer

with the pass energy set to 5 eV, resulting in a linewidth of better than 0.1 eV. An excitation photon

energy of 600 eV was used. XPS spectra were fitted using CasaXPS. A linear fit to the pre-edge was
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first subtracted from the data to account for the rising secondary electron tail apparent in spectra

acquired with a photon energy close to the core level energy. Subsequently, a universal Tougaard

background was subtracted and Voigt functions were used to fit the resulting spectra. Each compo-

nent function was constrained to have the same FWHM as all others within the same spectrum. We

find that the carbon signal fit residual is minimized by fitting two side peaks on the high binding en-

ergy side rather than one, and that it does not improve by fitting three side peaks. We identify these

two peaks as carbon singly- and doubly-bonded to oxygen.

A2.3 Additional XPS, UPS, and LEEDMeasurements

Additional XPS in Fig. A.10, UPS, and LEEDmeasurements were carried out in a customUHV

spectrometer at Aberystwyth University. X-ray excitation was provided by a VG twin-anode (Mg

and Al) source and He I UV radiation was provided by a SPECS UVS 300 source. Photoelectrons

were collected at normal emission by a SPECS Phoibos 100 analyzer using a 2D CCD electron de-

tector.

In UPS, ultraviolet photons (21.2 eV) ionize valence electrons, and their binding energy can then

be used to determine the Fermi energy and electron affinity. For XPS, the sample was kept at earth

potential while for UPS, a bias of−2 V was applied to the sample to enable collection of low en-

ergy electrons over a range of sample work functions. The electron analyzer was operated in wide

angle mode to sample band edge states averaged in momentum space. Since the apparent binding

energy of electron states measured by photoelectron spectroscopy is affected by surface charging and

photovoltage generation379, we calibrate the valence band edge against the Fermi edge of a tantalum

standard. Rear-view VG LEED optics were used to record surface electron diffraction patterns. The

beam energy was set to 86 eV for the diffraction pattern shown in Fig. 2.13b.
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A2.4 NVMeasurement Setup

NVmeasurements were performed on a home-built confocal microscope. NV centers are excited

by a 532 nm optically pumped solid state laser (Coherent Sapphire LP 532-300), which is modu-

lated with an acousto-optic modulator (Isomet 1205C-1). The beam is scanned using galvo mir-

rors (Thorlabs GVS012) and projected into an oil immersion objective (Nikon, Plan Fluor 100×,

NA = 1.30) with a telescope in a 4f configuration. Laser power at the back of the objective was

kept between 60 μW–100 μW, approximately 25 % of the saturation power of a single NV center, in

order to avoid irreversible photobleaching. A dichroic beamsplitter (Thorlabs DMLP567) separates

the excitation and collection pathways, and fluorescence is measured using a fiber-coupled avalanche

photodiode (Excelitas SPCM-AQRH-44-FC). A neodymiummagnet is used to introduce a DC

magnetic field for Zeeman splitting, and the orientation of the magnetic field was aligned to within

1 ◦ of the NV axis using a combination of a rotation stage and a goniometer.

Spin manipulation on the NV center was accomplished using microwaves generated by a dual-

channel signal generator (R&S SMATE200A). The two channels are independently gated with fast

SPDT switches (Mini-Circuits ZASWA-2-50DR+) and combined with a resistive combiner (Mini-

Circuits ZFRSC-42-S+) for double-quantum and DEERmeasurement capabilities. The combined

signal is then amplified with a high-power amplifier (Mini-Circuits ZHL-16W-43+) and delivered

to the sample via a coplanar stripline. The stripline is fabricated by depositing 10 nm Ti, 1000 nm

Cu, and 200 nm Au on a microscope coverslip. Following metallization, the stripline is photolitho-

graphically defined and etched with gold etchant and hydrofluoric acid. Finally, a 100 nm layer of

Al2O3 is deposited on top of the fabricated stripline via atomic layer deposition (ALD) to protect

the metal layer. This Al2O3 layer is crucial for separating the diamond surface from the metal layer

of the stripline, which can contaminate the diamond surface (Fig. A.1). Pulse timing is controlled

with a Spincore PulseBlaster ESR-PRO500 with 2 ns timing resolution, and phase control of the
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NVmicrowave pulses is achieved with an arbitrary waveform generator (Agilent 33622A).

To avoid effects of pulse errors during dynamical decoupling, we alternate the phase of each π-

pulse using the XY4 protocol for the 4-pulse sequence, the XY8 protocol for the 8-pulse sequence,

and repeated XY8 protocol for higher order sequences375.

The errors in depth and coherence presented in the main text and appendices are calculated for

each NV center as follows. Each sequence consists of measuring the NV coherence as a function of

inter-pulse duration. We fit the data according to279 and obtain the depth and uncertainty from the

fit. We then average the depths from the different pulse sequences and report the uncertainty to be

either the standard deviation, or the largest uncertainty from the fit, whichever is greater. For error

bars in coherence presented in the graphs, the reported values and error bars are obtained from the

fit to a coherence/relaxation decay curve. Each data point results frommeasuring NV population as

a function of evolution time, such as the data in Fig. 2a.

A3 Effects of Sample Contamination

In this work, we emphasize that prior to any surface processing step, it is critical to start with a mor-

phologically smooth and contamination-free surface, since impurities can cause irreversible surface

damage through processing. It is also important to monitor the surface roughness and contami-

nation between each step. To ensure purity between each processing step, we clean the diamonds

in triacid or piranha solution and check for contaminants in XPS before proceeding. Figure A.1a

shows examples of XPS spectra from the same sample before and after triacid cleaning. While both

surfaces show identical survey scans, fine scans can reveal small Si and Na contamination peaks (cyan

curves) that are removed after triacid cleaning. Typical sources of Si, Cl, Na, and other contamina-

tion include improper drying and handling, used solvent bottles, and device packaging. We have also

performed similar contamination checks to develop processes such that annealing and reactive ion
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etching steps do not introduce surface contamination.
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If the surface is contaminated before etching or annealing, micromasking and formation of sur-

face carbides can lead to irreversible surface roughening. For example, silicon-containing polymers

used in packaging, gloves, and other containers can leech onto the diamond surface, as verified by

XPS. If the diamond is annealed above around 900 ◦C, this silicon containing contamination layer

forms a carbide at the diamond surface, which cannot be removed with triacid cleaning, piranha

solution, or any other acid or base that we have explored. This carbide layer then results in surface

roughening through subsequent processing, such as oxygen annealing. Similarly, Na and Cl con-

tamination are correlated with surface roughening during reactive ion etching, which we attribute

to micromasking. We show in Fig. A.4 examples of surface roughness that can result from surface

contamination and damage, and we discuss the consequences for electronic structure and NV co-

herence in Appendix A6 and Appendix A7.

Another source of surface contamination is adventitious carbon that is ubiquitous on surfaces

exposed to atmosphere25. For NEXAFS and high-resolution XPS, we performed in situ annealing

in order to probe the intrinsic electronic structure of the surface, rather than the adventitious car-

bon. Figure A.1b shows a representative NEXAFS spectrum at the carbon K-edge before and after

annealing at 530 ◦C. After annealing, the density of unoccupied states near the conduction band

edge is suppressed, indicating either the removal or rearrangement of carbon-containing groups at

the diamond surface. The sample was then removed from vacuum and exposed to atmosphere for

a few minutes, and re-inserted into the chamber without further annealing. Upon re-exposure to

atmosphere, much of the pre-edge density returned, indicating that this pre-edge feature arises from

carbon-containing contamination of the surface.

This particular NEXAFS dataset was acquired at the NIST U7a beamline of the National Syn-

chrotron Light Source (NSLS) at Brookhaven National Laboratory, NY. For data taken at NSLS,

the carbon K-edge and oxygen K-edge NEXAFS were collected in a partial electron yield (PEY)

mode with an entrance grid bias of 220 V for carbon, and 400 V for oxygen. The incident light from
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Figure A.1 (following page): Sample contaminaঞon. (a) XPS spectra from a diamond sample with Si and Na contaminaঞon
before (cyan) and a[er (red) acid cleaning. The main panel shows the full energy range survey scans, while insets depict
higher resoluঞon peak scans at the C 1s, O 1s, Si 2p, and Na 2p transiঞons. (b) Normalized NEXAFS carbon K-edge
spectra and a close-up of the pre-edge region of the same sample before and a[er in situ annealing at 530 ◦C, showing
the removal of pre-edge states a�ributed to advenঞঞous carbon. Dashed line shows the spectrum a[er re-exposure to
atmosphere. (c) Single-quantum relaxaঞon and Hahn echo coherence, measured from the same NV with a contaminated
stripline in which the ALD layer has been scratched, compared with a new stripline.
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Figure A.1: (conঞnued)
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a bending magnet is passed through a toroidal spherical grating monochromator, focused through a

monochromator slit, and enters the chamber polarized perpendicular to the plane of incidence. The

polarization with respect to the sample can then be controlled by changing the angle of the sample.

Spectra are processed and calibrated by first dividing by the total incident intensity, which is mea-

sured using photocurrent from a clean gold grid in the chamber, subtracting the average pre-edge

background (270 eV–275 eV for carbon, 520 eV–525 eV for oxygen), and normalizing to the post-

edge electron yield (340 eV–342 eV for carbon, 568 eV–570 eV for oxygen). The energy calibration

is reported relative to amorphous carbon and oxygen standards. A tantalum heater was used for in

situ annealing in the loadlock at pressures ranging from 3×10−7 Torr (4×10−5 Pa) to 8×10−7 Torr

(1× 10−4 Pa).

Finally, surface contamination after processing can impact the coherence and spin relaxation

of shallowNV centers. In particular, contact with metal particles from the coplanar microwave

stripline can result in decreased spin relaxation time T1 and coherence time T2. Without the pro-

tection of the Al2O3 ALD layer, shallowNV centers exhibit shorter spin relaxation and coherence

times when placed in microscope immersion oil on the metal stripline, as illustrated in Fig. A.1c.

A4 sp2 Carbon Formation DuringHigh Temperature Annealing to Remove

EtchDamage Layer

XPS of the carbon 1s peak following the 1200 ◦C anneal (Fig. A.2a) shows a significant sp2 carbon

peak at 284.2 eV, in addition to the diamond sp3 carbon peak at 285 eV. The double-peak is con-

sistent with an sp2 carbon layer that is<3 nm thick, and the relative magnitude of this peak can be

increased by shortening the ramp time and thus increasing the peak pressure during the vacuum an-

neal. Typical peak pressures are 2× 10−6 Torr (4× 10−5 Pa) to 5× 10−6 Torr (7× 10−4 Pa) for the

12 hour and 6 hour ramps, respectively. Triacid cleaning removes the sp2 carbon layer, as shown by
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the blue curve in Fig. A.2a. Raman spectroscopy (Horiba LabRam Evolution, 532 nm excitation) of

the surface with the sp2 carbon layer shows no evidence of graphitic carbon, but instead reveals a side

peak associated with glassy or amorphous carbon around 1350 cm−1.
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Figure A.2: Graphiঞzaঞon of diamond during annealing. (a) Normalized XPS spectra of the same sample a[er a 1200 ◦C
anneal with different ramp rates. Material at the surface is converted to sp2 carbon during annealing (red and green) and
manifests as a peak at lower binding energy compared to the spectrum a[er the subsequent triacid clean (blue), which
consists primarily of an sp3 carbon peak. (b) The Raman spectrum of the 1200 ◦C annealed surface shows a glassy
carbon peak, but no clear evidence of graphite peak at 1580 cm−1 105.

A5 Process Calibration for Oxygen Annealing

At low temperatures, oxygen annealing is not effective at changing the diamond surface chemistry,

and at temperatures between 450 ◦C and 500 ◦C, oxygen annealing can lead to irreversible surface
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roughening. In order to precisely calibrate the oxygen annealing temperature, we perform detailed

AFM characterization to detect the onset of surface roughening. Figure A.3a–c shows AFM images

from the oxygen annealing calibration after annealing at 450 ◦C–470 ◦C in 10 ◦C steps. The top

(bottom) row shows 5 μm×5 μm (500 nm×500 nm) scans. The sample annealed at 470 ◦C shows

micro-pits that are more visible in the 500 nm×500 nm scan. Therefore, we anneal the NV samples

at 445 ◦C–450 ◦C to avoid pitting.
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Most failures of the oxygen anneal result in high surface roughness and prevalence of micro-pits,

as shown in Fig. A.5a and Fig. A.5b. Anecdotally, we also found that after several annealing cycles

with the same oxygen tank, the process starts to result in micro-pits, despite the oxygen tank being

more than half full. Switching the oxygen tank more frequently results in a smooth surface with no

significant change in the optimal temperature after calibration.

To monitor the etching of the diamond surface due to oxygen annealing, we measure the depths

of the NV centers at each of the successive annealing steps. The results are shown in Fig. A.3d.

While we observe a small decrease in depths (1 nm–2 nm) on NV2, NV3, and NV5, the depths

of NV4 and NV6 remain unchanged across the four processing steps. The depth decrease from the

subset of NV centers could be attributed to micro-pits that occur after successive oxygen annealing

(Fig. A.3c). For the depths presented in the main text, we use the average and standard deviation of

all the depth measurements for a given NV center through different processing steps.
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Figure A.3 (following page): Piমng of diamond at higher oxygen annealing temperatures. (a–c) AFM images of a scaife-
polished standard grade sample annealed at successively higher temperatures for temperature calibraঞon of oxygen
furnace. Micro-pits (black circles about 20 nm in diameter) are visible a[er the oxygen anneal at 470 ◦C. (d) Depth
measurements of the six NV centers presented in the main text a[er different annealing steps.
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Figure A.3: (conঞnued)
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A6 Surface Damage fromOxygen Processing and Reactive Ion Etching
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Figure A.5: Coherence ঞmes of NV centers in pi�ed diamonds. (a-c) AFM images and (d-f) NV coherence ঞmes T2,Echo
(dark) and T2,XY8 (light) from three addiঞonal samples with rougher surface morphologies. The improvement in coher-
ence ঞme a[er oxygen annealing is less pronounced than that of Sample A.

We show in Fig. A.4b–i AFM and SEM images of various samples with rough surface morphol-

ogy that result from surface contamination and subsequent processing. This surface roughness leads

to drastic differences in the electronic structure at the surface, which is evident in photoelectron

spectroscopy. For example, the sample in Fig. A.4c was RIE etched after improper polishing. Fig-

ures A.4j,k show the NEXAFS and XPS spectra from this same sample after subsequent oxygen

annealing, overlaid with spectra from a smooth diamond for comparison. Figure A.4j shows a larger

pre-edge sp2 carbon peak, a much larger density of unoccupied density of states below the conduc-

tion band edge, and a lower contrast second band gap. The carbon 1sXPS spectrum for this rough

surface (Fig. A.4k) also shows a significantly larger 284 eV “non-diamond” carbon peak. These data

show that despite nominally identical processing, the rough surface exhibits very different electronic

characteristics compared to a smooth surface, and thus it is important to start with and maintain the

smooth surface morphology throughout various processing steps.
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Figure A.4 (following page): Diamond surface damage. (a-f) Representaঞve AFM scans showing (a) smooth surface mor-
phology and rough surfaces resulঞng from (b) contaminaঞon or surface damage during an oxygen anneal of a con-
taminated surface, (c) RIE etching a[er improper polishing, (d) RIE etching of a Na and Cl contaminated surface, (e)
an oxygen anneal with uncontrolled gas purity, and (f) micromasking during an oxygen etch. (g-i) SEM images of large
scale morphology from a variety of damaged samples a[er reacঞve ion etching. (j) Carbon K-edge NEXAFS shows a
comparison between a rough surface (purple, sample shown in (c)) and a smooth surface (red) that have been both
triacid-cleaned with the full process as described in the main text. (k) High resoluঞon carbon 1s XPS spectra from the
two surfaces. The rough surface shows a large non-diamond sp2 carbon peak at lower binding energy.
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Figure A.4: (conঞnued)
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A7 ShallowNV Spin Coherence in Rough Samples

In addition to the data in the main text, we also performed oxygen annealing on three additional

samples: Samples C, D, and E (Fig. A.5). While we observe improvements in coherence times for

Sample C and Sample D after oxygen annealing, the effects are not as pronounced as that of Sam-

ple A. Moreover, Sample E shows essentially no improvement.

By examining the surface properties of these samples, we found that the surfaces are morphologi-

cally different from Sample A. These samples had all undergone extensive prior processing. Notably,

all three samples have higher average roughness and showmicropits that we do not observe in Sam-

ple A. These results suggest that subtle differences in surface morphology have a significant effect on

NV coherence times, even after oxygen annealing.
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A8 Dynamical Decoupling Data
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Figure A.6: Dynamical decoupling data. Coherence ঞme as a funcঞon of number of dynamical decoupling pulses,N,
for all six NV centers presented in the main text for triacid-cleaned (blue) and oxygen-annealed (red) surfaces. The fit
parameters are shown in Table A.1.
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We show in Fig. 2.11b that shallowNV centers under both triacid-cleaned and oxygen-annealed

surfaces show scaling of coherence time with number of pulses that differ from that of a slowly fluc-

tuating spin bath, T2 ∝ N2/3. We fit the data to a saturation curve, given by

T2(N) = T2(1)[Ns
sat + (Ns −Ns

sat)eN/Nsat ], (A.1)

or to a power law, given by

T2(N) = T2(1)Ns, (A.2)

when there is no observable saturation of T2
298. The fitted curves are shown in Fig. A.6 and the

fitting parameters for the two surface terminations are shown in Table A.1.

NV d [nm]
Triacid-cleaned oxygen-annealed

s T2(1) [μs] Nsat T2,sat [μs] s T2(1) [μs] Nsat T2,sat [μs]

1 5.1(3) 0.17(5) 6.6(3) - - 0.56(4) 8.8(5) 16(2) 43.0(6.4)

2 5.5(4) 0.39(9) 3.1(4) - - 0.66(5) 5.7(4) 10(1) 26.7(4.5)

3 5.8(9) 0.41(6) 4.4(3) - - 0.32(8) 11.3(1.3) 22(27) 30.5 (15.4)

4 7.2(4) 0.49(7) 10.4(1.4) 35(27) 60(31) 0.49(4) 19.4(1.5) 41(19) 120(36)

5 7.5(3) 0.60(4) 7.4(4) 20(3) 45.2(7.6) 0.50(2) 21.4(9) - -

6 12.1(9) 0.47(2) 31.5(2.1) 388(341) 517(248) 0.66(4) 30.2(3.5) 51(9) 586(133)

Table A.1: Fit parameters for the dynamical decoupling scaling shown in Fig. A.6.

A9 Noise Spectral Density Extracted fromNVCenterMeasurements

A9.1 Dynamical Decoupling Spectral Decomposition

We probe the spectral density of the noise bath from the oxygen-terminated surface using dynamical

decoupling. From the coherence decay C(T), where T = Nτ is the total free precession time, the

250



noise spectrum S(ω) can be obtained using spectral decomposition Eq. A.3 and Eq. A.4255,298.

C(T) = exp[−χ(T)], (A.3)

χ(T) = − lnC(T) =
1
π

∫ ∞

0
S(ω)

FN(ωT)
ω2

dω ≈ TS(ω)
π

, (A.4)

where FN(ωT) is theN-pulse filter function with a peak maximum at ω = πN/T, given by

FN(ωT) = 8 sin4
(
ωT
4N

)
sin2

(ωT
2
)

cos2
( ωT
2N
) . (A.5)

Spectral decomposition reveals a broadband noise spectrum across the frequency range of 0.01MHz–

1MHz (Fig. A.7f).
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A9.2 Double QuantumRelaxometry

To probe the electric field noise, we follow the procedure and notation fromMyers et al.255. We

briefly outline their methods here, starting from the NVHamiltonian, given by

H/h = (D+ d∥Π∥)S2z + γeB⃗ · S⃗− d⊥Π⊥
2

(S2+ + S2−), (A.6)

whereD = 2.87 GHz is the zero-field splitting, γe = 2.8MHz/G is the electron gyromagnetic

ratio, and d∥ = 0.35 Hz · cm/V, d⊥ = 17 Hz · cm/V are the electric dipole moments. From the

Hamiltonian, we can see that while the magnetic field B⃗ can only drive the single-quantum (SQ)

transition (Δms = ±1), the electric field component Π⊥ can result in a double-quantum (DQ)

transition (Δms = ±2) from the last term in Eq. A.6. Therefore, a full three-level model is required

to account for the full spin relaxation resulting frommagnetic and electric field noise. The three-

level energy diagram is depicted in Fig. A.7a, with the SQ and DQ transition rates denoted by Ω and

γ, respectively. The pulse sequences for measuring the relaxation times T1,SQ and T1,DQ are shown

in Fig. A.7b,c. From SQ and DQ T1 measurements, we can extract the SQ and DQ transition rates,

Ω and γ, from Eq. A.7255.

T1,SQ = (3Ω)−1, T1,DQ = (Ω + 2γ)−1. (A.7)

The electric field noise spectrum, expressed in terms of coupling strength to the NV center, in the

units of Hz2/Hz, can be obtained directly from the DQ transition rate SDQ(ωDQ) = γ(ωDQ),

where ωDQ is the double-quantum transition frequency255. Figure A.7d,e shows the noise spectra

sampled fromNV4 and NV5, consistent with 1/f noise. Similarly, the magnetic field noise spec-

trum, expressed in terms of coupling strength to the NV center, can be obtained from the SQ transi-

tion rate SSQ(ωSQ) = Ω(ωSQ), where ωSQ = D− γeBz = D− ωDQ/2. Unlike SDQ, SSQ is roughly
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Figure A.7 (following page): Single and double quantum relaxaঞon. (a) Energy level diagram of the ground state electronic
spin of the NV center, indicaঞng single- and double-quantum relaxaঞon channels, whose rates are denoted byΩ and
γ, respecঞvely. (b) SQ and (c) DQ relaxaঞon measurement sequences. The NV is prepared in themS = 0 (mS = −1)
state and the relaxaঞon tomS = −1 (mS = +1) is measured. (d,e) SQ and DQ transiঞon rates as a funcঞon of DQ
transiঞon frequency ωDQ for two different NV centers. Dashed lines indicate the broadband spectra forΩ and 1/f
spectra for γ. (f) Comparison of the noise spectral density from single- and double-quantum measurements. The two
spectra are plo�ed on the same scale using the effecঞve electric field noise SE⊥ . We found that at high frequencies,
magneঞc field noise (solid circles) is the dominant source of decoherence for oxygen-annealed surfaces, compared to
the electric field noise (open circles). Dashed and do�ed lines show an extrapolaঞon with 1/f and 1/f2 scaling, respec-
ঞvely.
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Figure A.7: (conঞnued)
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constant across this magnetic field range.

A9.3 ComparingMagnetic and Electric Noise Spectra

Several reports have observed that electric field can significantly contribute to the decoherence of

shallowNV centers187,172. Here we combine decoherence and relaxation measurements to com-

pare the noise spectral density arising frommagnetic field and electric field noise. Even though the

magnetic field noise spectrum obtained from SQmeasurements (dynamical decoupling and SQ

relaxation) and the electric field noise spectrum obtained fromDQmeasurements are of distinct

origins, we can place them on the same scale for comparison by considering the effective field E⊥ 255,

given by

SSQE⊥(ω) = 2SSQE∥ (ω) = 2
SSQ(ω)
d2∥

, SDQ
E⊥ (ω) =

SDQ(ω)
d2⊥

, (A.8)

where SSQE∥ is obtained by considering an effective electric field that would cause first-order dephasing

and the relationship ⟨E⊥⟩2 = 2⟨E∥⟩2 is obtained by considering the geometry of the NV axis on a

(100)-oriented diamond. The combined spectrum is shown in Fig. A.7f.

Because we probe a small frequency range over which our scaling of 1/f (dashed lines) differs

from what is reported byMyers et. al255, we also plot the extrapolated noise spectral density with

a scaling of 1/f2 (dotted lines), which would be expected from a sum of many Lorentzian noise

sources with different cutoff frequencies, as a worst case estimate. Based on this extrapolation, and

comparing to the amplitude of the magnetic field noise obtained from dynamical decoupling and

SQ relaxation, we find that the magnetic field noise is the dominant source of noise for the oxygen-

annealed surface for ω > 2π × 200 kHz.
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A9.4 Coupling to Dark Surface Spins

Several experiments have reported that the coherence times of the shallowNV centers are limited

by magnetic noise arising from “dark” surface spins that are not optically active227,254,81,301. To

examine this hypothesis, we probe the coupling of our NV centers to dark spins via double electron-

electron resonance (DEER) spectroscopy, where a second microwave tone is applied to flip the dark

spins during the NV π-pulse in the Hahn echo sequence. To extract the DEER coupling, we model

the decoherence of the NV center with two separable sources of decoherence, one arising from the

dark spins, and another decoherence rate attributable to everything else. The coherence C as a func-

tion of free precession time t can be written as:

CNV(t) = exp

[
−
(

t
T2,NV

)NNV
]
, (A.9)

CDEER(t) = exp

[
−

((
t

T2,DEER

)NDEER

+

(
t

T2,NV

)NNV
)]

, (A.10)

whereNNV andNDEER are stretching factors. To directly measure the DEER coupling, we can

normalize the DEER decay curve using the Hahn echo decay curve. The resulting decay curve can

be used to extract DEER coupling gDEER = 1/T2,DEER.

CDEER(t)
CNV(t)

= exp

[
−
(

t
T2,DEER

)NDEER
]

(A.11)

Experimentally, we interleave the DEER experiment with the Hahn echo experiment in order to

mitigate any long term drift. The pulse sequence and a sample set of data are shown in Fig. A.8a–

c. We performed DEERmeasurements on the same NV centers across several surface processing

steps. We observe that for Sample A, whose coherence data is presented in the main text, the oxygen

annealing also results in a lower DEER coupling across all the NV centers, and this lower DEER
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Figure A.8 (following page): Change in DEER signal with annealing. (a) Pulse sequence for measuring DEER coupling: a
DEER sequence is erleaved with a Hahn echo sequence to miঞgate effects from slow system dri[. The DEER driving
frequency is ωDEER ≈ 920MHz, corresponding to dark spins with g = 2. (b) Hahn echo and DEER decay curves
taken at Bz ≈ 330 G. Collapse and revival arising from hyperfine coupling with a nearby 13C can be observed. (c)
Normalized signal, where the 13C modulaঞon is no longer pronounced. (d-e) Spin echo coherence ঞme and DEER cou-
pling for several NV centers in Sample A and Sample C before and a[er oxygen annealing. Green (red) numbers indicate
the average improvement (worsening) in the decoherence rate 1/T2, and the average reducঞon (increase) in the DEER
coupling a[er oxygen annealing.
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Figure A.8: (conঞnued)
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coupling is reversible and reproducible. In section A7, we show that across several samples with

different surface morphology, there are varying degrees of improvement to the coherence times of

the NV centers with oxygen annealing, but the oxygen-annealed surface shows consistently better

coherence. However, the change in DEER coupling is inconsistent among these samples, suggest-

ing that rough surface morphology can lead to a population of persistent dark spins that are not

eliminated by oxygen annealing. Figure A.8d–e shows a comparison of changes in T2 and DEER

coupling between Sample A and Sample C. While the oxygen annealing improves the coherence

times in both samples and reduces the DEER coupling in Sample A, the DEER coupling stays the

same or increases in Sample C.

We calculate the Pearson’s product-moment correlation coefficient between the coherence time

improvement and DEER coupling reduction for both samples and we find no significant correla-

tion (correlation coefficients−0.44 and+0.25, respectively).

A10 Electron AffinityMeasurement

The electron affinity was calculated from the measured spectral width in UPS (Fig. 2.12e, also du-

plicated in Fig. A.9a). The binding energy scale was calibrated to the core levels and Fermi edge of a

tantalum calibration sample (Fig. A.9a, inset). The width of the electron distribution curve, ω, can

be measured as the energy difference between the valence band maximum (VBM) and the secondary

electron cutoff at high binding energy, as shown in Fig. A.9b,c. The ionization energy, Ei, can then

be used to relate the spectral width, ω, to the electron affinity, EA, by

Ei = hν− ω = Eg + EA, (A.12)

where hν = 21.2 eV is the excitation energy fromHe I UV source and Eg = 5.5 eV is the band gap

of the diamond.
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Figure A.9: UPS measurements of diamond surfaces. (a) UPS spectra from triacid-cleaned sample (blue) and oxygen-
annealed sample (red) as a funcঞon of binding energy relaঞve to the Fermi level. The Fermi level is calibrated with a
reference tantalum foil (inset). The spectral width, ω, is calculated as the energy difference between the secondary elec-
tron cut-off and valence band maximum, indicated by the dashed rectangles. (b,c) Zoom-in of the secondary electron
cut-off and the valence band maximum for the triacid-cleaned sample and the oxygen-annealed sample, respecঞvely.

A11 LEED Pattern of Oxygen-annealed Surface

The LEED pattern for the oxygen-annealed surface (Fig. 2.12c, duplicated in Fig. A.10a) shows that

the surface is 1× 1 reconstructed, and there is no evidence of 2× 1 reconstruction. In order to verify

that the absence of 2 × 1 diffraction peaks does not arise from disorder obscuring the peaks, the

sample was annealed at 1000 ◦C to remove the oxygen termination, as verified by XPS (Fig. A.10c).
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A clear sign of 2 × 1 reconstruction emerges in the diffraction spots (Fig. A.10b), which are absent

before annealing (Fig. A.10a).
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Figure A.10: LEED of diamond surfaces. (a) LEED of an oxygen-annealed surface, as shown in Fig. 2.12c. The 1 × 1
reconstrucঞon is consistent with an ether-terminated surface. (b) LEED a[er in situ annealing at 1000 ◦C showing 2× 1
reconstrucঞon peaks that appear for the same surface a[er the surface heteroatoms are removed. (c) XPS survey data
showing that the O 1s peak indeed disappears a[er annealing at 1000 ◦C.
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A12 Comparison of XPS Spectra for Triacid-cleaned andOxygen-annealed

Surfaces

High-resolution XPS spectra were measured at the Australian Synchrotron. The carbon 1s spec-

trum (Fig. A.11a) for the triacid-cleaned sample shows a larger peak width compared to the oxygen-

annealed surface, individual satellite peaks cannot be resolved, and the sp2 carbon peak at lower

binding energy is more pronounced. There is also some weight to the spectrum at higher bind-

ing energies, above 288 eV, possibly indicating the presence of some carboxylic acid groups at the

surface345. The oxygen 1s spectrum (Fig. A.11b) for the triacid-cleaned surface also shows a single

dominant peak with some species at lower binding energies, but the peak width is 2.1 eV, compared

to 1.3 eV for the oxygen-annealed surface. The broader peak widths are consistent with a highly

disordered, heterogeneous surface termination.
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Figure A.11: Addiঞonal XPS of annealed and acid cleaned surfaces. (a, b) Comparison of high-resoluঞon XPS spectra at
carbon 1s and oxygen 1s peaks from triacid-cleaned and oxygen-annealed surfaces. The linewidths are narrower for the
oxygen-annealed surface. (c) Histogram of the oxygen 1s atomic percentage from the XPS signal, obtained from a large
number of triacid-cleaned and oxygen-annealed surfaces.

XPS survey scans of many samples across many processing steps were taken at the Princeton IAC.

From the survey scans, the atomic composition of the surface can also be estimated by comparing

the magnitude of the XPS peaks. Here, we focus on the oxygen 1s spectra from triacid-cleaned sur-

faces and oxygen-annealed surfaces. From the inelastic mean free path of photoelectrons at these

energies (2.2 nm for 1487 eV Al Kα)323, we estimate the contribution of the signal from a mono-

layer of atoms on the diamond surface to be 7.6 %. Figure A.11c shows a histogram of the measured

oxygen 1s atomic percentage frommultiple XPS spectra, where the oxygen-annealed surfaces show

markedly higher oxygen 1s percentage compared to the triacid-cleaned surfaces. The values obtained
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are consistent with an oxygen monolayer on the surface after oxygen annealing, while the triacid-

cleaned surfaces have lower oxygen coverage, indicating incomplete oxygen termination.
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B
Supporting material for Chapter 3

B1 Measurement setup

The details of our measurement setup have been published elsewhere308, but we briefly review them

here for completeness. The data for this manuscript were taken on several measurement setups that

were constructed in a similar manner but with different components.

NV center measurements were performed on a home-built confocal microscope. NV centers
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are excited by a 532 nm frequency doubled Nd:YAG solid state laser which is modulated with an

acousto-optic modulator. The beam is scanned using galvo mirrors and projected into an oil im-

mersion objective (Nikon, Plan Fluor 100X,NA = 1.30) with a telescope in a 4f configuration.

Laser power at the back of the objective was kept between 60–100 μW, approximately 25% of the

saturation power of a single NV center, in order to avoid irreversible photobleaching. A dichroic

beamsplitter separates the excitation and collection pathways, and fluorescence is measured using a

fiber-coupled avalanche photodiode (Excelitas SPCM-AQRH-44-FC). A neodymium permanent

magnet was used to introduce a DCmagnetic field for Zeeman splitting, and the orientation of the

magnetic field was aligned to within 1◦ of the NV center axis using a goniometer. Measurements

were performed at moderate magnetic fields of≈ 300 Gauss so that the surface spin and NV center

transitions were frequency-resolved.

Spin manipulation on the NV center and surface spins was accomplished using microwaves.

Two signal generators, which output the NV center and DEER transition frequencies, were sep-

arately gated with fast SPDT switches (Mini-Circuits ZASWA-2-50DR+). In one set up, these

signals were then amplified byMini-Circuits ZHL-16W-43+ and ZHL-100W-13+, respectively

before being combined with a high-power resistive combiner and delivered to the sample via a copla-

nar stripline. In another set up, the gated signals were combined with a resistive combiner (Mini-

Circuits ZFRSC-42-S+) and amplified with a high-power amplifier (Ophir 5022A) before being

delivered to the sample via a coplanar stripline. The stripline was fabricated by depositing 10 nm Ti,

1000 nmCu, and 200 nm Au on a microscope coverslip. Following metallization, the stripline was

photolithographically defined and etched with gold etchant and hydrofluoric acid. Finally, a 100 nm

layer of Al2O3 was deposited on top of the fabricated stripline via atomic layer deposition (ALD)

to protect the metal layer. Pulse timing was controlled with a Spincore PulseBlaster ESR-PRO500

with 2 ns timing resolution. The DEER pulse was either applied simultaneously to the NV center

pulse, as depicted in the Main Text Fig. 1, or it was offset from the NV center pulse in order to avoid
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saturation of the amplifier in some cases. In the latter case, an identical DEER pulse was applied

immediately after the first π/2 pulse on the NV center as in233.

B2 Sample processing

All of the samples measured for this work were electronic grade samples (<5 ppb nitrogen,<1 ppb

boron) from Element 6. Those with an additional overgrown 12C enriched layer are indicated in

Table B.1. Most of the samples had surfaces that were prepared prior to implantation following

the procedure outlined in308. Briefly, the pre-implantation surface preparation begins with scaife

polishing, followed by etching in Ar/Cl2 followed by O2 plasma, and then annealing to 1200◦C in

a vacuum tube furnace to graphitize and remove the first few nanometers of the surface. and did

not undergo this surface preparation prior to implantation and were implanted with the “as grown”

surface. All samples were implanted with 15N, and annealed to 800◦C in a tube-vacuum furnace to

formNV centers.

After the activation anneal, NV centers were measured under a variety of different surfaces, as

noted in Table B.1. In some cases, DEER coupling was characterized in the same sample after dif-

ferent surface processing steps. The final surface conditions noted in Table B.1 were prepared as

follows:

• Activated: NV centers were measured directly after 800◦C activation anneal and triacid

cleaning (reflux sample in 1:1:1 sulfuric, nitric, and perchloric acids for 2 hrs)

• Oxygen annealed: NV centers were measured after heating the sample to 440-460◦Cwhile

flowing an atmosphere of oxygen gas over the samples, followed by cleaning in a 2:1 piranha

mixture (sulfuric acid and hydrogen peroxide) for 20 min.

• Reset: NV centers were measured after ‘resetting’ the surface to a state comparable to the
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activated surface by reannealing the sample to 800◦C in a vacuum tube furnace at around

10−6 mbar, and subsequently triacid cleaning the sample.

• 500◦C annealed: NV centers were measured after annealing the sample to 500◦C in a vac-

uum tube furnace, followed by triacid cleaning.

Sample C12 enriched Pre implant surface prep Color Surface condition

×

activated

oxygen annealed

reset

oxygen annealed

× oxygen annealed

× activated

× reset

× ×
oxygen annealed

reset

×
oxygen annealed

reset

500◦C annealed

× activated

× × activated

× oxygen annealed

Table B.1: Diamond samples
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B3 Fitting procedures

DEER datasets consist of a bright (ms = 0 projection) and dark (ms = −1 projection) reference

(BrightRef and DarkRef, respectively), spin echo signals projected onto ms = 0 and ms = −1 (sig0

and sig1, respectively), and DEER projected onto ms = 0 and ms = −1 (deer0 and deer1, respec-

tively). There are also error bars for each point in each of these categories, given by the variance of

the counts, which is
√

Nphotons for the shot-noise limited NV center spin readout employed here.

These signals are then averaged to calculate coherence decay points, Ci:

Ci =

(
Sig0i − Sig1i

BrightRefi −DarkRefi

)
(B.1)

and DEERmeasurement points,Di, in the same fashion. The error bars for the coherence are then

given by

σ2Ci =
(

1
BrightRefi −DarkRefi

)2
(σ20i+σ21i)+

(
Sig0i − Sig1i

(BrightRefi −DarkRefi)2

)2
(σ2Bi+σ2Di) (B.2)

An equivalent expression can be written down for the DEER signal error bars.

In order to remove the effects of other decoherence mechanisms from the DEERmeasurement

and obtain a free induction decay curve due to the surface spins alone, we divide the DEER signal by

the coherence:

Si =
Di

Ci
(B.3)
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and propagate the error bars

σ2Si =
(
σDi

Ci

)2
+

(
σCiDi

(Ci)2

)2
(B.4)

For the data presented in Fig. 1, we then fit to the stretched exponential function

f(τ; a, ΓDEER, n) = ae−(ΓDEERτ)n (B.5)

in order to obtain DEER decay rates (ΓDEER and stretching factor n). The parameter a is experimen-

tally found to be very close to 1.

The data presented in Fig. 3 undergo further processing to better observe the transition in nwith

time. Taking the logarithm of 1/f(τ) and plotting on a log-log scale gives a line with a slope given by

n and an intercept of n log10 ΓDEER.

First a conservative cutoff ofDi > 0.1 is introduced to remove sections of data with low signal to

noise and to avoid infinities in taking the logarithm. We then calculate

gi = log10 ln
1
Si

(B.6)

and the error bars of gi

σgi =
σSi

ln(10)Si ln(Si)
(B.7)

For many of the NV centers presented in Fig. 2, the DEER coupling rates are extremely small and

in many cases consistent with 0. The processing and fitting procedure defined above was found to

give poor results and instead a Markov ChainMonte Carlo procedure was employed to simultane-

ously fit the coherence and DEER data without division. The coherence was assumed to follow a
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function of the form

C(τ) = ae−(τ/T2)c (B.8)

While the DEER signal was assumed to follow

D(τ) = e−(ΓDEERτ)n · C(τ) (B.9)

The data Ci andDi were used to calculate likelihood functions for C(τ) andD(τ), respectively.

B4 Removal of surface spins through annealing

B4.1 X-ray spectroscopy

To investigate the microscopic origin of surface spins and to develop a procedure for their selective

removal, we interrogated diamond surfaces using X-ray spectroscopy. In near-edge X-ray absorption

fine structure (NEXAFS) spectroscopy, monochromatic incident X-rays excite core electrons, and

the electron yield is measured as a function of X-ray energy, giving a signal that is proportional to

the unoccupied density of states near the surface343. We performed NEXAFS spectroscopy on di-

amond samples prepared with the standard surface preparation procedure described in section B2,

without implanting NV centers. NEXAFS spectroscopy at the carbon edge reveals a peak at 282.5

eV (Fig. B.1b). Previous studies assign this peak to sp3 dangling bonds at the diamond surface45.

The presence of this dangling bond peak in the NEXAFS spectra correlates with the surface spin

DEER signal measured via shallowNV centers. Specifically, we observe that the peak at 282.5 eV

is present in thermally annealed and acid cleaned samples, while it is absent in samples after oxygen

annealing as described in308. Quantitatively, oxygen annealing diminishes this peak from a signal to

noise ratio of around four to a value below the noise floor (Fig. B.1(d)). Correspondingly, we have
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also previously shown that individual NV centers show decreased DEER coupling rates after oxygen

annealing, and increased coupling after a thermal surface reset process308.

The correlation between the 282.5 eV peak in NEXAFS and DEER coupling strengths across

samples suggests that dangling bonds at the diamond surface may be responsible for the surface spin

signal detected in NV center-based sensing experiments. However, there are a variety of observable

changes at the diamond surface upon oxygen annealing308, and a definitive link requires a process

for selectively removing dangling bonds. When the samples are annealed in high vacuum at 650◦C

for one hour, the dangling bond peak falls below the noise floor (Fig. B.1(c)), but the oxygen edge

NEXAFS spectrum is essentially unchanged (Fig. B.1(a)). Thus, annealing at 650◦C leads to selec-

tive removal of the dangling bond peak. This annealing procedure also leads to a decrease in DEER

coupling for the same NV centers, as shown in the Main Text.

272



0.0 0.2 0.4 0.6 0.8 1.0
Energy (eV)

0.0

0.2

0.4

0.6

0.8

1.0
Pa

rti
al

 e
le

ct
ro

n 
yi

el
d 

(A
. U

.)

530 540 550
0

1

2

Acid cleaned
500 anneal
650 anneal
800 anneal

280 290 300 310
0

1

2

3

281 282 283 284

0.00

0.05

281 282 283 284

0.00

0.05

Acid cleaned
Oxygen annealed

a b

c d

Figure B.1: NEXAFS through annealing. a, Oxygen edge NEXAFS for diamond sample with iniঞal acid cleaned surface
(green), a[er 500 ◦C annealing (blue), 650 ◦C annealing (purple) and 800 ◦C annealing (orange). b, Carbon edge NEX-
AFS of the same annealing sequence on the same sample. Red box indicates locaঞon of dangling bond peak, shown in
detail in c. c, Detailed view of dangling bond peak showing removal at higher annealing temperatures. d, Detailed view
of dangling bond peak for several samples with iniঞally prepared acid cleaned surfaces (green) and oxygen annealed sur-
faces (blue), showing absence of the peak for oxygen annealed surfaces. Oxygen annealing procedure and suppression
of DEER signal are described in 308.

B4.2 Annealing procedure

was annealed in a vacuum tube furnace with a base pressure around 10−6 mbar. The sample was

heated from room temperature to 100◦C over 1 hour, held at 100◦C for 11 hours, heated to 650 ◦C

over 20 hours, held at 650◦C for 2 hours, then cooled to room temperature.

We note that we have tried annealing in different vacuum systems and have sometimes measured

a reduction in DEER coupling at inconsistent temperatures. We attribute these discrepancies to dif-
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ferences in annealing duration, temperature calibration, or thermal anchoring of sample to heater.

Other samples showed a persistent DEER signal that was not reduced by vacuum thermal annealing

or oxygen annealing. Many of these samples either did not go through processing to reduce subsur-

face damage prior to implantation or had rough surface morphologies from iterative processing.

B4.3 Coherence change with annealing

For the NV centers depicted inMain Text figure Fig. 2a, we also measured the spin echo coherence

time (T2) of each NV center before and after annealing. The results are plotted in Fig. B.2. In con-

trast to oxygen annealing coherence times of these NV centers are not significantly affected by the

vacuum annealing procedure308. Because the DEER couplings for these NV centers are reduced

by annealing, we interpret these results together to imply that the surface spin bath is not primarily

responsible for limiting the coherence time of near surface NV centers in this sample.
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Figure B.2: Coherence ঞmes before and a[er annealing. Coherence ঞmes of NV centers in a[er annealing, plo�ed as a
funcঞon of pre-annealing coherence ঞmes. Dashed line has a slope of one.
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B4.4 Spectral decomposition through annealing

The spectral density of the noise bath, S(ω) can be probed by dynamical decoupling308,254,298. We

use the non-symmetric XY8 pulse sequence375 with multiple repetitions to probe different regions

of the noise spectrum.

In general, the coherence decay, C(T), of an NV center is given by

C(T) = exp(−χ(T)), (B.10)

where T is the total free precession time (T = Nτ forN precession intervals of length τ) and χ(T) is

given by

χ(T) =
1
π

∫ ∞

0
S(ω)

FN(ωT)
ω2

dω (B.11)

where S(ω) is the magnetic noise spectrum and FN(ωT) is the N-pulse filter function given by

FN(ωT) = 8 sin4
(
ωT
4N

)
sin2

(ωT
2
)

cos2
( ωT
2N
) . (B.12)

When FN(ωT) is sharply peaked, Eq. (B.11) can be approximated as

χ(T) ≈ TS(ω)
π

. (B.13)

We apply this procedure to the decoherence curves of select NV centers in before and after

a 650 ◦C vacuum anneal to investigate the change in the noise spectrum due to annealing, and

find that it is not significantly affected by the annealing procedure. These results are presented in

Fig. B.3. NV centers in this sample displayed reduced DEER signals after annealing, and so the ab-

sence of change in the noise spectrum indicates that the surface spins do not contribute significantly

to the surface noise bath in this sample at the frequencies probed.
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Figure B.3: Spectral decomposiঞon through annealing. Spectral decomposiঞon for sample of NV centers in before
(blue) and a[er (orange) 650 ◦C vacuum anneal. Depths of NV centers are a 10.25 nm, b 9.72 nm, c 10.42 nm

B4.5 Atomistic model for surface spins on (100) diamond surface

X-ray spectroscopy data indicate that carbon sp3 dangling bonds are a likely source of surface spins

(Section B4.1). This is a surprising result as surface sp3 dangling bonds (DBs) appear to be chemi-
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cally stable in ambient conditions, but are expected to be highly reactive in atmosphere. In order to

set up a plausible model, we assume that some structural disorder is left on the surface after oxygena-

tion, so the surface is not atomically smooth.

We propose a model to explain the existence and chemical stability of surface spins on the (100)

diamond surface as sp3 DBs at a (111) step edge. A (111) surface is essential to create a single dan-

gling bond as, in contrast to a (100) surface, each carbon atom under a (111) surface possesses three

bonds downward and one bond upward, from which it is possible to form a single sp3 dangling

bond defect with minimal change of the diamond lattice. In this model, all C(*) atoms are saturated

with OH and the total spin of these systems is S=1/2. We also propose that the (111) facet, which is

naturally generated at a step edge of (100) crystalline diamond surfaces, can sterically protect these

spinful defects.

a b c d

Figure B.4: Surface spin model. a, The trench structure of (100)-6×6 diamond surface. Surface terminaঞon is O/H/OH
type, as in 184, and step carbon atoms are saturated by OH. The red and pink balls are hydrogen and oxygen atoms,
respecঞvely. The grey balls are carbon atoms, the darker color and smaller size indicate deeper posiঞon away from
the surface. For the sake of clarity, only the first five layers are presented in the structure plots. b, Illustraঞon of the
formaঞon of a surface spin at the step edge. The yellow lobe represents the surface spin. c, A plausible structure model
of a surface spin on the trench of the diamond (100) surface. d, The energy level plot of the modeled surface spin.
The valence and conducঞon bands are depicted as blue and red regions, respecঞvely. The orange and white arrows
represent spin up and spin down channels, respecঞvely. The spin-polarizaঞon energy is high for the dangling bond. We
note that the single parঞcle Kohn-Sham levels do not directly refer to the ionizaঞon energies of the dangling bond. The
surface states are located at 0.3 eV below the conducঞon band minimum. The valence band maximum posiঞons are
aligned to zero.
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It has been previously reported that O/H/OHmixed termination of (100) diamond mini-

mally introduces defect levels to the bandgap184, so we use this surface as our starting model. In

order to mimic the local disorder at the surface, we create two step edges forming a trench con-

figuration60, as shown in Fig. B.4(a). A previous study386 indicated that such a trench structure

can be energetically more favorable than the flat structure on the diamond (100) surface. We car-

ried out first principles calculations on this surface model using the plane-wave based Vienna Ab

Initio Simulation Package202. The projector augmented-wave41 method is used to represent the

electron-ionic core interactions. For the exchange-correlation functionals, we used spin-polarized

gradient-corrected Perdew-Burke-Ernzerhof (PBE) functional274 for structure optimization and

Heyd-Scuseria-Ernzerhof (HSE06)150 hybrid functional for electronic structure calculations that

would be capable of providing correct defect levels and defect-related electronic transition within

≈ 0.1 eV to experiments118. A cutoff energy of 370 eV resulted in an equilibrium lattice parameter

of diamond of 3.570 Å, which agrees with the experimental value of 3.567 Å. We use a 6× 6 super-

cell to simulate the trench models. The thickness of the vacuum layer is more than 10 Å. There are

eleven carbon layers, the surface seven layers are allowed to be fully relaxed until the forces are below

0.01 eV/Å and the bottom four layers are fixed at their bulk positions. The k-point sampling is Γ

only, which is sufficient to map the Brillouin-zone.

In the starting model, a single carbon sp3 dangling bond is introduced as the hypothetical source

of the S=1/2 spin defect. The carbon atoms at the atomic step are more reactive because they do

not possess ideal bonding configuration, and thus may be attacked by a radical such as –OH groups

present in the oxygenation process. We simulated this situation as shown in Fig. B.4(b). First prin-

ciples calculations showed that the surface carbon atom attacked by the –OH group spontaneously

breaks a bond with a neighbor carbon atom beneath the surface, creating an sp3 DBwith S=1/2

spin as respectively shown in Fig. B.4(c) and (d). This near-surface carbon sp3 DB resides in the

fourth atomic layer referred to the topmost carbon atom layer which is topographically protected
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by the direct interaction with species from the gas phase. As expected, the sp3 DBs are electrically

and optically active; the latter may be achieved by photo-ionization to the negative charge state. The

actual photo-ionization energy threshold may depend on the interaction with other defects at the

surface or beneath the surface.

B5 Additional surface spin measurements

B5.1 Coherently coupled surface spins

Figure B.5: Coherently coupled surface spin. a, Raw DEER (blue) and echo (red) data from an NV center that is coher-
ently coupled to a surface spin. b, The raw DEER signal divided by the echo signal.

Over all the samples investigated here, coherently coupled surface spins are rarely observed. One ex-

ample of this rare occurrence is shown in Fig. B.5. Based on the coupling strength, it is 6-7 nm from

the NV center, which is consistent with the 7 nm depth as measured by proton NMR. However, we

also note that it cannot be conclusively shown with our methods that this defect exists at the surface.
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This particular spin survived multiple acid cleanings and surface treatments and so may be deeper

than the bath spins probed in the remainder of this work. There may exist several types of defects

with an observable DEER signal, some of which are found below the diamond surface134.

B5.2 Surface spin linewidth

Another important parameter of the surface spin bath is the linewidth of the DEER transition,

as this provides information about the disorder on the surface experienced by the surface spins.

We measure the linewidth by performing a DEER pulse sequence while sweeping the frequency

of the surface spin π pulse. A typical dataset, with a Lorentzian fit, is shown in Fig. B.6. We note

that this value of 35MHz is slightly larger than the≈ 20MHz linewidths reported in the liter-

ature44,233,134,347, which may be a result of power broadening. For the following discussions this

discrepancy will not be relevant, however.

280



820 840 860 880 900 920 940 960
DEER frequency (MHz)

0.3

0.4

0.5

0.6

0.7

C
oh

er
en

ce

Δf = 35.0 MHz

Spin echo
DEER echo

Figure B.6: DEER frequency sweep

B5.3 Surface spin T2,Rabi

As an additional measurement to bound the disorder of the surface spins, we sweep the duration of

the microwave pulse performed on the surface spins during the DEER sequence. We fit the resulting

curve to a cosine with an exponentially decaying envelope, and find a characteristic decay time of

200± 30 ns (see Fig. B.7).
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Figure B.7: DEER Rabi measurement. aWe perform a microwave pulse of varying length on the surface spins during the
DEER sequence and b fit the normalized signal to a decaying exponenঞal envelope to extract a coherence decay ঞme.
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B5.4 Measured surface spin T1 relaxation times

Figure B.8: Measured T1 of surface spins using correlaঞon sequence. Relaxaঞon ঞme T1 for surface spins measured by
two different NV centers a and b, using the correlaঞon sequence described in 347.

The surface spin T1 relaxation times were measured on several NV centers in using a correlation

spin sequence347,210. Results can be seen in Fig. B.8. Additionally, for , a sampling of surface spin

T1 times were measured by sweeping the time of the DEERmicrowave pulse within the echo se-

quence233. Extracted T1 times were consistent with those measured in correlation spectroscopy

(see Fig. B.9). These T1 times were significantly longer than the length of the DEER sequences per-

formed in the main text.
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Figure B.9: Measured T1 of surface spins by bath correlaঞon measurement. Relaxaঞon ঞme T1 for surface spins mea-
sured by three different NV centers, depicted in a, b, and c, using the sequence described in 233. a and b are from and c
is from .

B6 Derivation of DEER signal for static and hopping surface spins

B6.1 System description

We consider a single NV center coupled to a 2D spin bath. We assume the 2D spin bath to be lo-

cated at z = 0, in the x̂ − ŷ plane, and the NV center to be located at z = −dNV. Consistent with

a global magnetic field applied along the NV center quantization axis and for [100] diamond, we as-

sume that all spins are oriented in a direction 54.7◦ from the ẑ-axis. The Hamiltonian of the system

with NV center spin Swith resonant frequency ωs, and surface spins Ii with Larmor frequencies ωi

can be written as

H = ωSSz +
∑
i

ωiIzi +
∑
i
JiSzIzi (B.14)

where we have assumed that the interaction between the NV center and surface spins takes an Ising

form, since they have different resonance frequencies. The interaction strengths Ji are assumed to be

dipolar interactions, and we will explicitly calculate their distributions below.
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In the above equation, we have also neglected the interactions between the surface spins, which

may be justified for two reasons: first, local disorder fields experienced by the surface spins that cause

their resonance frequencies to vary (see Section B5.2, as well as134), and this will suppress spin-

exchange processes; second, the Ising interaction component will not change the Iz component

of each spin, and thus it will not affect the NV center spin signal. Note that we have also assumed a

quasi-static bath for now and neglect the finite T1 relaxation time of the spins. Spin-exchange pro-

cesses between bath spins could be approximately treated in a similar fashion as a finite T1 time. For

completeness, we present some results from simulations that include interactions in section B7.3.

We now calculate the DEER signal expected for an NV center in the case of static surface spins

and of surface spins undergoing configurational averaging.

B6.2 Derivation of DEER coupling for dense static spins

The combined NV center-surface spin Hamiltonian is given by Eq. (B.14). In the rotating frame329,

this simplifies to

H = γeS
zBDEER

z (B.15)

where γe is the electron gyromagnetic ratio and BDEER
z is the total z component of the magnetic field

due to the surface spins at the location of the NV center. We now calculate the signal measured by

an NV center during a DEER spin echo pulse sequence, in the case that other decoherence mecha-

nisms affecting the NV center are negligible.

After spin initialization, the NV center spin starts out in the spin state |0⟩ (ms = 0), and the sur-

face spins have an initial state vector |I⟩ = |I1, I2...In⟩, where Izi |Ii⟩ = ±ℏ/2 |Ii⟩. The initial

spin states are random for each repetition of the experiment. Then we apply a π/2 pulse to the NV
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center to put the system in the superposition state

|ψNV(t = 0)⟩ = 1√
2
(|0⟩+ |1⟩)⊗ |I⟩ (B.16)

The NV center spin then evolves for a time τ/2 under the influence of the magnetic field pro-

duced by the surface spins. This field is given by the summation of all dipole fields from the n spins:

BDEER
z (t) =

μ0
4π
∑
i

3uiz(m⃗i · u⃗i)−mi
z

|ri|3
(B.17)

where u⃗ is a unit vector from the NV center to spin i, ri is the distance to the ith spin, andmi =

− γeℏ
2 σ⃗i, and σi is the Pauli matrix for spin i.

After a time τ/2, the NV center spin will be in a state

|ψNV(t =
τ
2
)⟩ = 1√

2
(|0⟩ ⊗ |I⟩) + 1√

2

(
|1⟩ ⊗ e−i

∑
i φ

i
1 |I⟩
)

(B.18)

where

φi
1 = −γ2e ℏ

μ0
8πℏ

1
|ri|3

(3uizuiz − 1)Ii
τ
2

(B.19)

and Ii is either +1 or -1 for each spin, but it is initialized randomly for each experiment.

Next we apply a resonant π pulse to the NV center and surface spins simultaneously, which has

the effect of swapping |0⟩ ↔ |1⟩ and also swapping |Ii⟩ → |−Ii⟩. The state is now

|ψNV(t =
τ
2
)⟩ = 1√

2
(|1⟩ ⊗ |−I⟩) + 1√

2

(
|0⟩ ⊗ e−i

∑
i φ

i
1 |−I⟩

)
(B.20)
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After another free evolution period of τ/2, we have

|ψNV(t = τ)⟩ = 1√
2

(
|1⟩ ⊗ e−i

∑
i φ

i
2 |−I⟩

)
+

1√
2

(
|0⟩ ⊗ e−i

∑
i φ

i
1 |−I⟩

)
(B.21)

where

φi
2 = +γ2e ℏ

μ0
8πℏ

1
|ri|3

(3uizuiz − 1)Ii
τ
2
= −φi

1 (B.22)

The final π/2 pulse on the NV center leads to

|ψNV(t = τ)⟩ = 1
2
(|1⟩ − |0⟩)⊗ e−i

∑
i φ

i
2 |−I⟩+ 1

2
(|0⟩+ |1⟩)⊗ e−i

∑
i φ

i
1 |−I⟩ (B.23)

Measuring in the |0⟩ basis then gives

∣∣⟨0 | ψNV⟩
∣∣2 = ∣∣∣−1/2e−i

∑
i φ

i
2 + 1/2e−i

∑
i φ

i
1

∣∣∣2 (B.24)

=1/2

(
1+ cos

∑
i

Δφi

)
(B.25)

where

Δφi = γ2e ℏ
μ0
8πℏ

1
|ri|3

(3uizuiz − 1)Iiτ (B.26)

If there is only one nearby dark spin coupled to the NV center, we will see full contrast oscilla-

tions at the coupling frequency of the surface spin.

The more typical situation is one in which the NV center senses many dark spins. At each ex-

perimental repetition, the NV center senses a different total magnetic field depending on the ran-

dom spin states of the surface spins. The total signal is the average of this Bernoulli random process

for many trials. For a large number of trials, this can be approximated by a Gaussian process, e.g.
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⟨cos φ⟩ = e−⟨φ2⟩/2. This will only be true if the NV center is coupled to sufficiently many spins

with comparable coupling strengths, and in the limit of a dilute spin bath the Gaussian approxima-

tion will fail because of strong trial-to-trial fluctuations in the strength of dipolar coupling between

the NV center and the dark spins, which lead to a distinctly non-Gaussian distribution of acquired

phases194,89.

Computing the average of squares we find

⟨Δφ2⟩ =
(
τγ2e μ0ℏ
8π

)2∑
i

1
|ri|6

(3uizuiz − 1)2 (B.27)

If the surface spins are dense enough that the average spin-spin spacing is much smaller than the

NV center depth, dNV, the sum can be approximated as an integral over a continuous density of

surface spins, σ. We can write r =
√
a2 + d2NV and uz = 1

r(dNV cos θ+ a sin θ) cos α and calculate

∑
i

1
|ri|6

(3uizuiz − 1)2 ≈
∫ 2π

0

∫ ∞

0

dadαa
(d2NV + a2)3

(
3

a2 + d2NV
(dNV cos θ+ a sin θ)2 cos2 α − 1)2

(B.28)

=
3π

8d4NV
(B.29)

for θ = 54.7◦, the angle of NV centers in (100) diamond with respect to the surface. Converting

the population to the coherence, we finally obtain

⟨S(τ)⟩ = exp
(
−
( μ0
4π

)2 3πγ4eℏ2σ
64d4NV

τ2
)

(B.30)
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B6.3 Calculation of NV coherence decay for configurationally averaged

surface spins

Based on experimental observations of a small stretched exponent and the absence of strongly cou-

pled spins, we calculate the case where surface spins can change positions between measurements,

effectively allowing a configurational averaging when evaluating the coherence decay.

Since configurational averaging can result from random spin hopping, we can make use of the

methods in Ref.103,2 to calculate the coherence decay. The intuition of the calculation is that, since

all interactions take the Ising form, we can simply add up the phases. It turns out that the resulting

expression, after being written in an exponential form, can be factorized into a product of cosines

corresponding to the individual phase accumulations, which can then be integrated over different

spatial configurations. We will not reproduce the full details here, but simply note that the same

argument should also apply to a spin located at some distance external to the spin bath, and one

simply needs to replace the interaction strength by the corresponding one for the external spin.

Thus, we need to calculate the interaction strength between the NV center located at (0, 0,−dNV)

and a spin located at position (r cos α, r sin α, 0). The quantization axis is assumed to be pointing in

n̂ = (sin θ, 0, cos θ), where θ = 54.7◦, such that cos2 θ = 1/3. Taking the inner product, we have

that the interaction strength is

μ0
4π

γ2e ℏt
2(r2 + d2NV)

3/2

(
3(r cos α sin θ+ dNV cos θ)2

r2 + d2NV
− 1
)

=
μ0
4π

γ2e ℏt(2r
2 cos2 α − r2 − 2

√
2rdNV cos α)

2(r2 + d2NV)
5/2

(B.31)

Transcribing the expressions found in Ref.103 with these interactions, we find that the coherence
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decay should satisfy

⟨S(t)⟩c = exp

{
σ
∫ 2π

0
dα
∫ ∞

0
rdr× [cos

μ0γ
2
e ℏτ(2r

2 cos2 α − r2 − 2
√
2rdNV cos α)

8π(r2 + d2NV)
5/2 − 1]

}

= exp
{
σd2
∫ 2π

0
dα
∫ ∞

0
xdx× [cos

μ0γ
2
e ℏτ

8πd3NV

(2x2 cos2 α − x2 − 2
√
2x cos α)

(x2 + 1)5/2
− 1]

}
,

(B.32)

where we have written x = r/dNV.

We would like to note that here μ0γ
2
e ℏτ/8πd

3
NV always appears together in the integral, which

means that the shape of the curve should be the same regardless of the depth dNV. Changing d only

leads to a rescaling of the time at which changes in shape happen. However, note that since there is a

d2NV in front, the timescale involved in the stretched exponential decay can change.

While the above expression does not appear to be easily integrated, we can take appropriate limits

to understand its behavior. First, let us consider the limit where τ is small, such that μ0γ
2
e ℏτ ≪

8πd3NV. In this case, intuitively, the spins far away will not have the time to interact yet, so we are

dominated by contributions from small r. In this case, the argument of the cosine in Eq. (B.32) is

small, such that we can perform a Taylor expansion to obtain

⟨S(t)⟩c = exp

{
σd2NV

∫ 2π

0
dα
∫ ∞

0
xdx× [− 1

2

(
μ0γ

2
e ℏτ

8πd3NV

(2x2 cos2 α − x2 − 2
√
2x cos α)

(x2 + 1)5/2

)2

]

}

= exp

[
−3πσd2NV

16

(
μ0γ

2
e ℏτ

8πd3NV

)2]
. (B.33)

Thus, at short times, we recover the Gaussian decay in Eq. B.30.

Next, let us consider the limit where τ is large, such that μ0γ
2
e ℏτ ≫ 8πd3NV. Intuitively, the time

is long enough such that the external spin sees the influence of all spins far away, and the situation

will be similar to a 2D spin bath. In this case, we will have contributions from a large range of values
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of x. Due to the x factor outside the parenthesis however, coming from the volume element in the

Jacobian, the main contribution to the integral will be coming from values of x that are large, and

thus we may approximate the fraction as

(2x2 cos2 α − x2 − 2
√
2x cos α)

(x2 + 1)5/2
≈ (2x2 cos2 α − x2)

x5
=

2 cos2 α − 1
x3

. (B.34)

Explicitly performing the integral in this limit gives

⟨S(t)⟩c = exp

(
−
9
√
πΓ( 116 )σ
5

(
μ0γ

2
e ℏτ

8π

)2/3)
, (B.35)

which reproduces the τ2/3 scaling in this limit. Note also that in this limit, dNV drops out of the

problem. The intuition is again that the spin sees everything out to infinity, and the only spatial

scale left in the problem is an average distance between the surface spins.

B6.4 Mean nearest neighbor separation

In the main text, an average spin-spin separation, ℓSS, is calculated from a fitted density of surface

spins, σ. From dimensional analysis, these quantities are related by

ℓSS ∝
1√
σ

(B.36)

, however the constant of proportionality is ambiguous. In the main text, we specifically are refer-

ring to the mean value of the distribution of nearest neighbor distances for a randomly distributed

layer of spins with density σ. In this case the constant of proportionality is 1/2, and for complete-

ness we derive this result below.

We can obtain this by considering the probability of finding a neighboring spin a distance r away.
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The distribution function, w(r)dr = P(no neighbor < r)×P(neighbor between r and r+ dr):

w(r)dr =
(
1−

∫ r

0
w(r′)dr′

)
× (2πrdrσ) (B.37)

Taking the derivative gives

dw(r)
dr

= 2πσ
(
1−

∫ r

0
w(r′)dr′

)
− w(r)× (2πrσ) (B.38)

Substituting into the first equation we can eliminate the integral

dw(r)
dr

=
w(r)
r

− w(r)× (2πrσ) (B.39)

This differential equation has the solution

w(r) = Kr exp
{
−πr2σ

}
(B.40)

WhereK is an integration constant, which from normalization must beK = 2πσ. So the nearest

neighbor probability distribution function is

w(r) = 2πσr exp
{
−πr2σ

}
(B.41)

We then calculate the first moment of Eq. (B.41):

⟨ℓSS⟩ =
∫ ∞

0
rw(r)dr (B.42)

=2πσ
1

4πσ3/2
(B.43)

=
1

2
√
σ

(B.44)
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Eq. (B.44) is the expression used in the calculations of the Main Text.

B7 Effects of finite surface spin T1 time

Here we calculate the effects of finite surface spin T1 time on the DEER exponent n in order to

investigate whether the observed coherence decay behavior can be accounted for by surface spin

relaxation.

In the presence of Gaussian-distributed noise amplitudes (as expected from a continuous density

of surface spins), the quasistatic limit T1 ≫ T2,DEER gives a DEER decay exponent n = 2, and the

Markovian limit T1 ≪ T2,DEER gives a DEER decay exponent n = 1. Quantitatively, the case of

finite-T1 time is calculated in233 and is given by

⟨S(τ)⟩ = exp
[
− (ΓDEERτ)2 f(τ,T1)

]
, (B.45)

where

f(τ,T1) =
2T2

1
τ2

[
τ
T1

− 1+ e−τ/T1

]
, (B.46)

is a dimensionless quantity that describes the effects of finite surface spin T1 relaxation time. Note

that in the limit of τ ≪ T1 one finds f(τ,T1) = 1.

In Fig. B.10 we fit Eq. B.45 to exp(−(τ/T2,DEER)
n). As expected, for shallowNV centers T2,DEER ≪

T1 and so we recover the quasistatic limit n = 2, whereas for deeper NV centers T2,DEER ≫ T1 and

we recover the Markovian limit n = 1. The trend of n vs depth in Fig. B.10(b) is opposite from the

trend observed in Fig. 2c of the Main Text, indicating that spin relaxation cannot account for our

data.
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B7.1 Exponents n under the assumption of a noise spectral density

Here we show that the exponents n fromDEER exponential decays of the form C(τ) = exp[−(τ/T2)
n]

will have n ≥ 1 if the noise spectrum is flat (n = 1) or monotonically decreasing as a function of

frequency (n > 1), assuming the noise spectral density formulation holds. The assumption of a

monotonically decreasing noise spectrum is physically reasonable and consistent with experimen-

tally observed noise spectra; accordingly, a likely explanation for the observed DEER exponents

n < 1 is that the noise spectral density formulation does not hold, in particular because the noise

amplitudes are not Gaussian-distributed, as is found in the case of discrete hopping spins.

We now show that n ≥ 1 for a monotonically decreasing noise spectral density. We show

this to be true for a general N-pulse qubit filter function FN(ωT)
ω2 , defined to be continuous and

non-negative across all frequencies, including Ramsey / DEERmeasurements with filter function
4 sin2(ωT/2)

ω2 . Note that during a DEER sequence, if the surface spins are perfectly flipped during the

NV center π pulse, then the NV center filter function to the surface spins will be identical to that

of Ramsey. The FID can then be described by Eq. (B.10). The noise spectrum S(ω) ≥ 0, and for

physically relevant noise sources is monotonically decreasing, i.e. dS(ω)
dω ≤ 0 ∀ω, and with S(ω) and

dS(ω)
dω defined over ω ∈ [0,∞). We rewrite Eq. (B.11) as

χ(T) =
1
π
T
[∫ ∞

0
S
( x
T

) FN(x)
x2

dx
]
, (B.47)

where x ≡ ωT is a dimensionless integration variable. In order to probe the exponent n associated

with χ(T) = (T/T2)
n, we apply (T d

dT − 1) to χ(T) in Eq. (B.47); using the product rule we find

(
T

d
dT

− 1
)
χ(T) =

1
π
T2
[∫ ∞

0

dS(x/T)
dT

FN(x)
x2

dx
]
. (B.48)
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Using ω(T) = x/T, we can evaluate

dS(ω(T))
dT

=
dS(ω)
dω

dω(T)
dT

=
dS(ω)
dω

(
−x
T2

)
, (B.49)

Eq. B.48 simplifies to

T
dχ(T)
dT

− χ(T) =
1
π

∫ ∞

0

(
−dS(ω)

dω

)∣∣∣∣
ω=x/T

FN(x)
x

dx (B.50)

We can rewrite the left-hand-side of Eq. B.50 by using dT/T = d lnT, and since, by assumption,

χ(T) is positive and differentiable at times T > 0, we write

T
dχ(T)
dT

− χ(T) = χ(T)
(

1
χ(T)

dχ(T)
d lnT

− 1
)

= χ(T)
(
d ln χ(T)
d lnT

− 1
)

(B.51)

So, Eq. B.50 can be written as

d ln χ(T)
d lnT

= 1+
1

χ(T)
1
π

∫ ∞

0

(
−dS(ω)

dω

)∣∣∣∣
ω=x/T

FN(x)
x

dx (B.52)

As defined, the right-hand-side is necessarily≥ 1 for all times T because χ(T) > 0 ∀T, FN(x) ≥

0 ∀x and dS(ω)
dω ≤ 0 ∀ω. Accordingly,

d ln χ(T)
d lnT

≥ 1 (B.53)

for all free precession times T > 0. And, if in some region of times T the function χ(T) has a power-

law form (T/T2)
n, then

n ≥ 1 (B.54)

Under these mathematical arguments, we cannot observe n < 1 for a monotonically decreasing
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noise spectral density, because the integral is shown to be≥ 0 for all times T. A monotonically

increasing noise spectral density would give a negative integral in Eq. B.52 and therefore n < 1, but

this is physically unreasonable and inconsistent with observed noise spectra.

Further, note Eq. B.53 holds for a general χ(T), and implies that the slope on a plot of ln χ(T)

versus ln(T)will be≥ 1 for a monotonically decreasing noise spectral density. In the Main Text we

plot ln χ(T) versus ln(T) and find slopes less than 1, which implies that the noise spectral density

formulation does not hold, in particular because the noise amplitudes are not Gaussian-distributed.

The configurational averaging of surface spins results in a non-Gaussian distribution of noise am-

plitudes (i.e., for some shots there are many surface spins nearby and for some shots there are no

surface spins nearby), which violates the requirements for the noise spectral density formulation and

explains the exponents n < 1 that we observe.
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Figure B.10: Depth scaling in the presence of finite surface spinT1 ঞme. a, Calculated decay ঞmescale T2,DEER with
decay profile calculated using Eq. B.45 and fit to exp(−(τ/T2,DEER)

n), assuming a finite surface spin T1 ঞme of 30 μs
(black dashed line) and a density 0.005/nm2. b, Fi�ed exponent n. Once T2,DEER becomes longer than the surface
spin T1 relaxaঞon ঞme, n decreases from the infinite-T1 limit of n = 2 toward the Markovian limit of n = 1. The
calculated increase of n for shallower NV centers is opposite of the observed trend vs depth in Fig. 2c of the Main Text,
and suggests that the depth trend in Fig. 2c is not explained by the effects of finite relaxaঞon ঞme.
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B7.2 Note about filter functions

In the above derivation, it is assumed that the filter function used during a measurement is that of

the Ramsey free induction decay (FID) due to the surface spins alone. Experimentally this is not

what is measured due to non surface spin contributions to the FID. In the Main Text, we attempt

to remedy this by dividing by a spin echo signal. However, depending on the form of the noise spec-

trum, this filter function may be different from what is desired.

To see this, we write the noise spectrum experienced by the NV center as a sum of two terms:

S(ω) = S(ω)SS + S(ω)EE (B.55)

where S(ω)SS is the noise spectrum of the surface spins and S(ω)EE is the noise spectrum due to all

other noise sources. The spin echo measurement probes the entire noise spectrum S(ω)with the

spin echo filter function. In the spectral noise formalism the signal is given by

C(τ) = exp
−1
π

∫ ∞

0
S(ω)FSE(ωτ)

dω
ω2

(B.56)

where FSE(ωτ) is the spin echo filter function, given by

FSE(ωτ) = 8 sin4
ωτ
4

. (B.57)

The DEERmeasurement, in contrast, probes S(ω)SS with the spin echo filter function, but

S(ω)EE is probed with the Ramsey filter function, FR(ω), given by

FR(ωτ) = 2 sin2
ωτ
2

. (B.58)
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The DEERmeasurement signal is then given by

D(τ) = exp
−1
π

∫ ∞

0

(
S(ω)SSFR(ωτ) + S(ω)EESFSE(ωτ)

) dω
ω2

. (B.59)

When we divide these two signals, what we actually measure is not the FID of the surface spins

alone, but rather the quantity

S(τ) = exp
−1
π

∫ ∞

0
S(ω)SS

(
FR(ωτ)− FSE(ωτ)

) dω
ω2

. (B.60)

If the surface spins have a long relaxation time (TDEER
1 > TNV

2 ), the second term is negligible due

to the low weight of the filter function near ω = 0. For fast relaxation times, the stretching factor

of the quantity S(τ) does not go to 2/3, but rather to 0, and this occurs for τ > TDEER
1 . This can be

intuitively understood by the following argument: once the free precession interval exceeds TDEER
1 ,

there is no difference between the measurement with and without a π pulse on the surface spins and

so the two measurements become nominally identical. Our measurements of surface spin relaxation

times (see Section B5.4) indicate that we are not in this regime, but for systems with much shorter

relaxation times this additional transition should be observable.

B7.3 Effects of interactions

Spin flips among surface spins can arise from environmental interactions and interactions between

the surface spins (e.g. dipolar flip-flops). In order to determine whether flip-flops among static sur-

face spins could reproduce the observed experimental results, we performedMonte Carlo simula-

tions for∼ 100 random fixed spin configurations. Interactions between the spins were assumed

to be incoherent due to the large mismatch between the measured disorder of surface spin systems

(1/(2πT∗
2) ≈ 35MHz, see Section B5.2) and the average nearest neighbor dipolar couplings at the

inferred spin densities (≈ 100 kHz). In this regime, the probability of a spin exchange between spin
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i and j is given by142

pi,j =
ω2i,j
γ
δt (B.61)

where ωi,j is the dipolar coupling between spins i and j and γ is the disorder. δt is the time step of the

simulation, chosen such that all pi,j < 1. Additionally, spins are allowed to relax without spin ex-

change through spin-lattice relaxation at a rate 1/(2T1). For a simulation, spins were given random

coordinates, the all-to-all couplings were calculated, and the spins randomly initialized. At each time

step, spins were allowed to flip or flip-flop based on draws from a Bernoulli distribution, and the

phases for the entire time evolution were summed. Some results for simulation parameters dNV = 5

nm, σ2D = .005 nm−2, T1 = 50 μs, and γ = 100 kHz are shown in Fig. B.11. For these param-

eters,∼ 20% of configurations lead to the observation of coherent oscillations in the DEER signal

(whenever the nearest spin coupling is greater than the incoherent decay rate). No simulations with

experimentally relevant parameters have resulted in stretching factor n < 1.
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Figure B.11: Simulaঞons with incoherent interacঞons. Example DEER curves for simulaঞons allowing both flip-flops and
spin laমce relaxaঞon between surface spins. Each color represents a different randomly sampled surface spin configu-
raঞon. Fiমng these curves with a stretched exponenঞal produces values of 1 < n < 2. Some curves addiঞonally show
coherent oscillaঞons if the coupling rate to the nearest spin exceeds the rate of incoherent decay.

B8 Exponent transition for additional NV centers

In Fig. B.12, we present additional finely sampled datasets fromNV centers of various depths as in

Fig. 3a. Again, we plot log S(τ)−1 on a log-log scale so that the exponent, n, is given by the slope of

the line. In addition to the DEER Echo type measurements presented in the Main Text, for some

NV centers we performed a dynamical decoupling sequence (XY-4) on the NV center while apply-

ing multiple π pulses to the surface spins, which in principle permits a longer interrogation of the

surface spin FID before the NV center decoheres. The interpretation of this type of measurement

is complicated by the short dephasing time of the surface spins and the longer total rotation time
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required for multiple π pulses. The close agreement with n = 2/3 at long times is striking neverthe-

less.
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1 9 3.6 +0.3
0.3 4.7+0.3

0.3 0.005+0.0009
0.0006 - -

2   3 3.6 +0.1
0.1 5.1+0.5

0.8 0.001+0.0002
0.0001 4.3+0.6

1.4 0.001+0.0002
0.0001

3   3 4.0 +0.2
0.2 5.8+11.7

0.8 0.000+0.0083
0.0001 - -

4   3 4.2 +0.2
0.2 4.9+0.4

0.3 0.002+0.0003
0.0002 5.5+0.5

0.6 0.002+0.0002
0.0002

5   3 4.4 +0.2
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0.6 7.9+0.6
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Figure B.12: Addiঞonal NV center measurements a, log S(τ)−1 for nine addiঞonal NV centers. Inset: pulse sequence
used to measure NV centers in (a). Blue lines are fits to the hopping model in the Main Text, and do�ed and dashed
lines show slopes of 2 and 2/3, respecঞvely. Y axis offset is arbitrary. b, DEER XY-4 data for four addiঞonal NV centers,
plo�ed as in (a). Inset: DEER XY-4 pulse sequence. c, Surface spin densiঞes and depths extracted from NV centers
in (a) and (b). DepthNMR is the NV center depth extracted from fiমng the proton NMR signal, while DepthDEER and
DepthDEERXY4 are the depths extracted from the hopping model in the Main Text. Error bars are one standard error.
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B9 Additional model analysis

B9.1 Analysis of two-exponent fits

Figure B.13: Fits to a bi-exponenঞal for four NV centers a, Data for each of the four NV centers. The orange lines are
best bi-exponenঞal fits based on MCMC analysis. b, The posterior distribuঞon funcঞon (PDF) of n vs coupling, shown
for each NV. c, The exponent stretching factors are found by fiমng the PDF of n to two Gaussians.
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For the shallowNV centers investigated in this work, a single exponential with n = 2 fixed leads to a

poor fit while permitting n to vary leads to better fits with n < 2, in general. Additionally, we claim

that for configurationally averaged surface spins, the short and long time behavior of the FID should

have different stretching factors. In particular, it should be possible to observe n = 2 for short times

and n = 2/3 for long times in NV centers that are closer to the surface than the average surface spin

separation. Here we investigate the veracity and robustness of this claim by fitting the DEER signal

of four NV centers from . These are the three NV centers depicted in Fig. 3 of the Main Text, plus

one more that is located at a similar depth to the shallowest. We fit these data to a function of the

form

f(τ) = a exp−(Γ1τ)n1 + (1− a) exp−(Γ2τ)n2 , (B.62)

where τ is the free precession time and a, Γ1, Γ2, n1, n2 are the fit parameters. Here we take a fully

Bayesian approach and use Markov ChainMonte Carlo (MCMC) to sample the posterior distri-

bution of these parameters, using a Gaussian likelihood with μ = f(τ) and σ(τ) from the actual

variance of the data. Priors for the fit parameters are uniform distributions. The resulting poste-

rior distributions of n1 and n2 are shown in Fig B.13. We find that the early time exponent, n2, has

a mean value close to two while the late time exponent n1 is lower. For the deepest NV center, the

two distributions are nearly indistinguishable, indicating that the biexponential has collapsed into

a single exponential, which is expected for an NV center that is deeper than the average spin-spin

separation.

Our data processing procedure, as described in Section B3, necessitates choosing a cutoff value of

C(τ) in time after which data is discarded. This is to prevent the signal to noise ratio of the FID data

from becoming too large, which is an unavoidable consequence of dividing the DEER echo by the

spin echo coherence. We show in Fig. B.14 that reasonable choices of the cutoff value do not affect

303



the results of the fit. That is, for these datasets, there is enough coherence left at the cutoff point that

the fit parameters are well constrained.

Figure B.14: Stability of stretching factors. Mean and standard error of the two stretching factors (high n and low n)
of equaঞon (B.62) as a funcঞon of the cutoff value of the coherence for the four NV centers in Fig. B.13. For two NV
centers, C(τ) did not dip below 0.1 during the measurement period and for one NV center, C(τ) did not dip below 0.2
during the measurement period. However, extracted exponents remained stable for all NV centers regardless of the
exact C(τ) cutoff value.
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B9.2 Model comparison

While it is instructive to extract bi-exponential stretching factors observe short and long time behav-

ior, Eq. (B.62) is not the form that the free induction decay is expected to take in either the static

spin or configurational averaging picture. To assess the utility of the configurational averaging

model, we compare the fit of the Monte Carlo simulated spin hopping model to the single expo-

nential model fit for the four NV centers in Figure B.13 (three of which are also depicted in Fig. 3

of the Main Text) using several standard Bayesian model comparisons370,130. For each of these NV

centers, we report the Widely Applicable Information Criteria (WAIC) and associated error, σWAIC,

the Leave-One-Out (LOO) cross validation statistic and associated error, σLOO, and the total model

log-likelihood and associated error, σLog−likelihood, for the two different models. The results are re-

ported in Table B.2, from which it is apparent that the configurational averaging model is preferred

over the single exponential predicted from a static bath in all cases, and that this difference is signif-

icant for two NV centers. The reason for the low significance of NV1 is likely the lower signal to

noise of this measurement, and for NV4 the two models are expected to perform similarly due to

the depth of this NV center.

For the single exponential fit, the stretching factor n is constrained to be n ≥ 1 following the

discussion of noise sources in Section B7.1. For the configurational averagingMonte Carlo model,

both the depth and the surface spin density are free parameters. In order to remove any ambigu-

ity regarding data cutoffs, the coherence and the DEER signal are fit simultaneously with separate

Gaussian likelihoods. This is possible for these NV centers because the host diamond is isotopically

purified, and the absence of 13C oscillations greatly simplifies the fitting. The coherence is therefore

assumed to take the form of a stretched single exponential.
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NV Center Model WAIC σWAIC LOO σLOO Log-likelihood σLog−likelihood

NV1

(3.6 nm)

Hopping 196 12 196 11 1243 13

Static 192 12 192 11 1235 14

NV2

(5.3 nm)

Hopping 253 9 253 9 1429 15

Static 226 2 226 12 1401 17

NV3

(6.5 nm)

Hopping 277 8 277 9 1543 15

Static 244 11 244 12 1497 19

NV4

(9.3 nm)

Hopping 293 20 293 20 1664 18

Static 288 22 288 22 1501 72

Table B.2: Model comparison between staঞc spins (single exponent) and configuraঞonal averaging models for four
highly sampled NV center datasets.

B10 Fraction of spins that are hopping

Across the nine samples listed in Table B.1 and an additional five samples with similar implantation

parameters and surface preparations, we measured DEER signals on 191 unique NV centers and ob-

served only three spins that exhibited obvious coherent oscillations, as defined by a DEER contrast

(DEER echo divided by coherence) that dipped below -0.1. This ratio allows us to place a bound

on the number of spins that could still be stationary while the remaining spins hop. If we assume

typical extracted densities of σ = 0.005/nm2, then given that the typical NV center depths in our

samples are on average less than 10 nm, we expect that less than 20% of surface spins are stationary

(see Fig. B.15).
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a b

Figure B.15: Staঞonary Surface spin fracঞon. a, Simulaঞon of the fracঞon of NV centers that exhibit strong coupling
in DEER as a funcঞon of depth, if 20% of spins on the surface are placed randomly relaঞve to the NV center and then
do not hop. b, Simulaঞon of the fracঞon of NV centers that exhibit strong coupling in their DEER signal as a funcঞon
of the fracঞon of spins that are staঞonary on the surface, given a density of σ = 0.005/nm2, and depths drawn from
the distribuঞon of depths measured across all samples. Orange dashed line corresponds to the observed fracঞon of 3
strongly coupled DEER signals out of 191 NV centers.
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C
Supporting material for Chapter 4

C1 Device fabrication

We here outline the fabrication processes used to make devices on diamond and Si/SiO2 substrates.
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C1.1 Devices on diamond substrate

Figure C.1: Device fabricaঞon on diamond substrate. (A) Device schemaঞc: Monolayer graphene (grey chain) was
graphite contacted and encapsulated with hexagonal boron nitride (hBN). Few-layer graphene (FLG) was used as
topgate. (B-H) Micrographs of device fabricaঞon, with 40 μm scalebar in (B)-(G) and 500 μm in (H). (B) Exfoliated
graphene. White dashed line indicates monolayer region. (C) Complete stack on diamond substrate with shallow im-
planted (40− 60 nm deep) NV centers. (D) Iniঞal contacts and wire for delivering reference noise (le[-most electrode).
(E) Device a[er etch to define geometry. (F) Edge contacts constructed through etching and subsequent thermal evap-
oraঞon. (G) Device with etch mask for disconnecঞng topgate from edge contacts. The le[ device is the source of data
for Figure 2D-E in the main text (Device C2). Note that ripples visible in the image are enঞrely contained in the top gate
graphene and are not expected to affect the transport properঞes of the channel graphene, due to the thick (∼ 90 nm)
hBN dielectric. (H) Enঞre (2× 2 mm2) single crystal diamond, with wire bonded device.

First, we exfoliated flakes of hexagonal boron nitride (hBN) and graphene onto a Si/SiO2 sub-

strate (Fig. C.1B), and used optical microscopy as well as atomic force microscopy (AFM) to pick

clean flakes of the desired thicknesses. We then used the hot polycarbonate (PC) assembly tech-

nique285 (Tengage ∼ 100 ◦C) to assemble the flakes into stacks (Fig. C.1A). These consisted of

fully hBN-encapsulated single layer graphene flakes, with two graphite contacts, and a few-layer

graphene topgate. The top graphene was 3-5 layers thick to ensure uniform doping while still al-

lowing us to optically address the NV centers through the stack. The top hBN flake was relatively

thick (∼ 90 nm) to minimize the doping effect of the source-drain voltage, while the bottom layer

was thinner (≤ 20 nm) to minimize the graphene-NV distance. The graphite contacts were used
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to ensure that the contact interface was under the topgate electrode. Upon assembling the stack,

we transferred it onto a Si/SiO2 substrate (Ttransfer ∼ 180 ◦C) and vacuum annealed at 350 ◦C for

2 minutes. Next, the stack was picked up again and transferred onto the diamond substrate (Fig.

C.1C). The vacuum annealing was not done on the diamond substrate, since we consistently ob-

served that this caused a strong background fluorescence signal.

We then used e-beam lithography (JEOL JSM-7000F) and thermal evaporation (10 nm Cr +

100 nm Au) to construct bonding pads and contacts (Fig. C.1D). During lithography steps,

Aquasave was deposited on top of the PMMA layer to prevent charging effects. We also fabricated a

thick wire surrounding the stack for delivering reference microwave noise to the NV centers. Next,

we defined the geometry of the device (Fig. C.1E) using a reactive ion etch (CHF3, Ar, O2), care-

fully choosing the cleanest region of the stack based on AFM images. Using a new PMMA etch

mask, we gently O2-etched the two edges of the device that were to be contacted, in order to make

sure the graphite contacts were well exposed. We then evaporated 2 nmCr and 120 nmAu to create

edge contacts (Fig. C.1F). This procedure is further described in Ref.376. Finally, another gentle O2

etch was used to create two∼ 200 nm cuts in the topgate graphene (Fig. C.1G) in order to discon-

nect it from the source-drain contacts. The complete, wire bonded device on diamond is shown in

Fig. C.1H.
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C1.2 Devices on Si/SiO2ubstrate

Figure C.2: Device fabricaঞon on Si/SiO2 substrate. (A) Device schemaঞc: Monolayer graphene (grey chain) was en-
capsulated with hexagonal boron nitride (hBN). Silicon substrate was used as a global backgate. (B)-(F) Micrographs of
device fabricaঞon, with 20 μm scalebar. (B) Exfoliated graphene. (C) Complete stack on substrate. (D) Iniঞal contacts.
(E) Edge contacts constructed through etching and subsequent thermal evaporaঞon. (F) Device a[er geometry-defining
etch. The le[-most device is the source of data for 4.8C-E, 3C-D and 4A in the main text (Device A1).

In fabricating devices on Si/SiO2-substrates, we used the same exfoliation and stacking technique as

outlined in the previous section. However, these samples were gated using a global backgate through

the 1 μm thick SiO2 (Fig. C.2A), and therefore did not need a topgate and graphite contacts. Thus,

the stacks simply consisted of an hBN-encapsulated graphene channel. The remaining fabrication

process (Fig. C.2B-F) was identical to the procedure on diamond substrate, except without the ref-

erence noise wire and the final topgate etch step.
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Table C.1 (following page): (following page) Device overview. Here, we give a brief overview of the numerous samples
measured. The key observaঞon is that the anomalous noise signal is found in all the 12 clean (fully encapsulated) de-
vices with lengths≥ 2μm. The disordered (parঞally or not encapsulated) devices, on the other hand, never exhibit
this signal. The devices that are extensively discussed in the main text appear in bold. *Unclear: Higher noise tempera-
ture than expected from thermal model, but the other signatures are missing: The spectrum is white, and the noise depends
sub-linearly on power. We propose that this is due to shot noise, commonly observed in short devices.
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Table C.1: (conঞnued)

Device name hBN-encapsulation Substrate L×W(μm2) Abnormal noise

A1 Fully SiO2 6×5.4 Yes

A2 Fully SiO2 9.5×11 Yes

A3 Fully SiO2 2.5×11 Yes

A4 Fully SiO2 2.0×3.3 Yes

A5 Fully SiO2 4.7×2.3 Yes

A6 Fully SiO2 7.3×5.3 Yes

A7 Fully SiO2 7.3×5.3 Yes

A8 Fully SiO2 45×15 Yes

A9 Fully SiO2 1.3×5.0 Unclear*

A10 Fully SiO2 1.0×5.0 Unclear*

B1 BottomOnly SiO2 7×18 No

B2 None SiO2 10×15 No

B3 None SiO2 12×19 No

B4 Top Only SiO2 10×15 No

B5 Top Only SiO2 12×19 No

C1 Fully Diamond 6×22 Yes

C2 Fully Diamond 17×20 Yes

C3 Fully Diamond 20×23 Yes

C4 Fully Diamond 6×8.4 Yes
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C2 AC conductivity and noise measurements

C2.1 Electronic high frequency measurement setup

High-frequency noise and conductivity measurements were performed in a Janis ST-400 cryostat

equipped with coax lines. To improve high-frequency signal transmission, we used a PCB with

co-planar waveguides that were connected to the device with short wire bonds. The DC bias was

applied through an external bias tee (Minicircuits ZBT-4R2GW+) that directed AC signals to either

an amplifier (Fairview SLNA-030-34-14-SMA) and spectrum analyzer (Keysight N9322C) for noise

measurements, or to a network analyzer (Keysight N5222A) for AC conductivity measurements.

Figure C.3: Calculated mobility of clean device. Mobility vs. typical range of contact resisঞviঞes.

C2.2 AC conductivity calibration

For the sake of clarifying terminology, we would first like to note that the (intensive) conductivity

spectrum σ(ω) = L/W·G′(ω)was found by first determining the (extensive) differential con-

ductanceG′(ω) and then multiplying by the aspect ratio L/W. Moreover, we always refer to the
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differential conductanceG′(ω) = dI(ω)/dV(ω), not the chord conductanceG = I/V.

ISD

Cryostat

Device

Current source

Amplifier Spectrum 
analyzer

Network 
analyzer

AC +

DC

AC
DC

Bias Tee

Figure C.4: Measurement circuit. Circuit diagram for the measurement of noise (red box) and AC differenঞal conducঞv-
ity (yellow box).

In order to determine the AC conductance spectrum, we used a bias tee to measure the reflec-

tion coefficient r = |r|eiφ with a network analyzer, while simultaneously DC-biasing the sample.

The reflection coefficient depends on not only the impedance matching to the sample, but also the

external cabling leading up to it:

|r|eiφ = rext(ω) + t2ext(ω)·
50Ω − Z(ω,G′)

50Ω + Z(ω,G′)
(C.1)

where rext(ω) is the reflection from external components between the network analyzer and the

sample (e.g. connectors, cables), and text(ω) is the transmission through these. We note that rext and

text are completely independent of the sample conductance, and one would observe r = rext − t2ext

if the cable was open instead of connected to the sample. Z(ω,G′) is the complex impedance of the

sample, which depends on its differential conductance, but also on parasitic reactance. The latter

comes predominantly from two sources:

1) Capacitance from the∼ 75 x 75μm2 source bonding pad on 1μm SiO2 dielectric (C ∼ 0.2pF)

2) Inductance from∼ 10mmwirebond (L ∼ 10nH)
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Figure C.5: Circuit diagram of wire bonded device, showing main sources of parasiঞc reactance.

We thus use the circuit model shown in Fig. C.5, which gives the impedance:

Z(ω,G′) = iωL+
1

G′(ω) + iωC
(C.2)

In what follows, we assume that the parasitic L and C do not change with the graphene doping

or the current flowing through the sample. A key observation then is that the reflection coefficient

r(ω,G′) depends on only one graphene property, namely the differential conductanceG′(ω). The

latter depends on both the graphene current density (j) and doping (n), but if two pairs of param-

eters (jA, nA) and (jB, nB) give the sameG′
A(ω) = G′

B(ω) at a given ω, then their reflection coeffi-

cients must also be the same at that ω.

An important result in the main text is that the AC differential conductivity of clean graphene

devices becomes frequency-dependent in the GHz-range when a strong DC bias is applied. This

can be seen clearly in the raw reflection measurements shown in Fig. C.6. We have here chosen

to compare a biased measurement (jA = 0.56 mA/μm, nA = 2 × 1012 cm−2) to an unbi-

ased one (jB = 0.0 mA/μm, nB = 0.24 × 1012 cm−2), that have the same DC conductance

G′
A(0) = G′

B(0) = 3.1 mS. As expected, we therefore also find that these two pairs have the same

DC reflection rA(0) = rB(0). However, at higher frequencies, one finds rA(ω > 0) ̸= rB(ω > 0),

which indicates thatG′
A(ω > 0) ≠ G′

B(ω > 0). Since it is theoretically expected and previously

experimentally established that the unbiasedG′
B(ω) is frequency-independent at the low frequencies
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considered here157,16, we conclude that the the biasedG′
A(ω) develops a frequency dependence.

Figure C.6: (A) Reflecঞon spectrum in the biased (blue) and unbiased (orange) case. (B) Relaঞve difference in reflecঞon.
The gate is used to keep the DC conductance equal (3.1 mS) in the two cases, and as expected, the DC reflecঞon is
approximately equal. At higher frequencies, however, the reflecঞon coefficients differ significantly, indicaঞng that the
conductance varies with frequency.

In order to determineG′(ω) at non-zero bias, one must determine C, L, rext(ω) and text(ω). This

was done by measuring |r|eiφ at zero bias, while sweepingG′ using the electrostatic gate. We note

that since no DC bias was applied during this calibration step, it was assumed that the graphene con-

ductanceG′ was frequency-independent through the entire frequency range used here (< 3 GHz).

In other words, we could simply measure the DC conductanceG′(0), and useG′(ω) = G′(0).

We stress that this only applies to the conductance of the graphene itself, not the total impedance,

which also contains the frequency-dependent reactance due to parasitic capacitance and inductance.

Using eqn. C.1, we fit both the real and imaginary parts of r(ω,G′) (examples in Fig. C.7A-B),

and find C = 0.24 (0.22) pF and L = 11 (16) nH for device A2 (A1) (Fig. C.7C), in excellent

agreement with the expected parasitic reactance components.

The extracted parameters were used to determine the frequency-dependent conductance

G′(ω; j, n) in the biased case, using the measured r(ω; j, n). Finally, we filtered out a small spurious

periodic signal whose period was found to vary with cable length l according to l/c. The resulting
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spectra are plotted in Figure 3B and 3D in the main text.

Figure C.7: (A-B) Real (blue) and imaginary (orange) parts of the reflecঞon coefficient at ω = 2π· 0.2 GHz (A) and
2π· 1.2 GHz (B), as a funcঞon of the conductance (swept through electrostaঞc gaঞng at zero bias). Using L = 11
nH and C = 0.24 pF, we extract rext(0.2 GHz) = −0.011 + 0.085i, t2ext(0.2 GHz) = 0.66 + 0.29i,
rext(1.2 GHz) = 0.041− 0.048i, and t2ext(1.2 GHz) = −0.43− 0.17i. (C) Total fit error (summed over all ω) as a
funcঞon of parasiঞc capacitance and inductance. The error is minimized at L ∼ 11 nH and C ∼ 0.24 pF.

C2.3 Noise measurement and calibration

In the main text, we report global noise in terms of noise power spectral density in units of Kelvin.

This quantifies the noise power dissipated in the device per unit bandwidth, and corresponds to the

equivalent electron temperature necessary to generate the same noise signal from thermal (Johnson-

Nyquist) noise alone. For example, 300 K corresponds to -174 dBm/Hz of noise power per unit

bandwidth. We emphasize that the anomalous noise signal we measure in clean devices is not due to

Johnson-Nyquist noise (see discussion in section C5.2).
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Figure C.8: Noise calibraঞon. In A-C, blue and orange dots represent data at f = 0.2 GHz and f = 1.2 GHz, respec-
ঞvely. (A) Measured noise Srec vs. differenঞal conductanceG′, at base temperature TC = 10 K (bright dots) and an
elevated temperature TH = 50 K (dark dots). The noise is minimized when Z(G′) is closest to matching 50Ω, be-
cause at such low temperatures, the noise is dominated by background noise reflected off the sample. As expected, the
matching value ofG′ is above 12 mS (below∼ 80 Ω) at low frequencies, but shi[s to∼ 6 mS (∼ 150 Ω) at f =1.2
GHz, due to the emerging parasiঞc reactance. (B) Background noise S0 calculated according to eqn. C.6. (C) Total gain
A calculated according to eqn. C.5. Sub-unity transmission and losses in the cables bring A below the 68 dB amplifier
gain. (D-F) Same as (A)-(C), except as a funcঞon of frequency, f = ω/2π. Purple and yellow curves show measure-
ments at fixedG′ = 3 mS. Green curve in (F) accounts for the frequency-dependence ofG′(ω; j, n) for the parঞcular
driven case, j = 0.56 mA/μm, n = 2× 1012 cm−2. This is achieved using the technique outlined in the text.

Tomeasure the noise from our graphene sample, we amplified the current fluctuations with two

low-noise 34 dB amplifiers in series (Fairview SLNA-030-34-14-SMA) and recorded the spectrum

with a spectrum analyzer. The recorded noise Srec(ω) is a transformed version of the device noise
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Sdev(ω), due to both background noise S0(ω,G′) and the gain function A(ω,G′) of the total setup:

Srec(ω; j, n) = S0(ω,G′(ω; j, n)) + A(ω,G′(ω; j, n))· Sact(ω; j, n) (C.3)

Both S0 and A depend on the sample conductance spectrumG′(ω; j, n), which depends on the

current and charge densities, j and n. The background S0 has a weakG′-dependence because part

of the external background noise is reflected off the sample before reaching the spectrum analyzer.

Indeed, we observe a higher background signal when the conductanceG′ is further away from the

impedance-matched value. The gain A depends onG′ more strongly, because the impedance match-

ing determines the transmission of the signal from the sample to the 50 Ω cable. In addition, A also

depends on external factors, such as amplifier gain and cable attenuation (represented by Aext(ω)

below):

A(ω,G′) = Aext(ω)·

(
1−

∣∣∣∣50Ω − Z(ω,G′)

50Ω + Z(ω,G′)

∣∣∣∣2
)

(C.4)

Here, Z is the (complex) impedance of the sample, which depends on the differential conduc-

tanceG′ of the sample, as well as parasitic reactive components.

In order to characterize S0(ω,G′) and A(ω,G′), we need two known (preferably white) noise

signals from the sample. Thus, we used a heating stage to record the Johnson noise kBT from the

graphene at an elevated temperature TH and at the base temperature TC, while sweeping the gate

through a wide range ofG′ (Fig. C.8A and C.8D). To minimize heating effects on S0(ω) (by heating

up other noisy components), or on A(ω,G′) (through temperature-induced changes in parasitic

reactive components), we used a local heater that only heats the silicon substrate supporting the

graphene device, keeping the rest of the cryostat cold. We could then find S0(ω,G′) and A(ω,G′)
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from:

A(ω,G′) =
SHrec(ω,G′)− SCrec(ω,G′)

kB(TH − TC)
(C.5)

S0(ω,G′) =
SCrec(ω,G′)TH − SHrec(ω,G′)TC

TH − TC
(C.6)

where SH(C)
rec (ω,G′) is the noise recorded at TH(C). We remind that no bias was applied during

these calibration measurements, so the conductance spectrum was flat and could be easily deter-

mined fromDCmeasurements. The procedure to find S0(ω,G′) and A(ω,G′) is shown as a func-

tion ofG′ in Fig. C.8B-C, and as a function of ω in Fig. C.8E-F.

Figure C.9: Linear relaঞonship between gain and reflecঞon. Gain A(ω,G′) plo�ed against the reflecঞon, |r(ω,G′)|2
at ω = 2π· 0.2 GHz (blue) and ω = 2π· 1.2 GHz (orange). The different points are obtained by sweeping the charge
density n (and thus alsoG′) at zero bias. As expected, the two quanঞঞes are linearly related. The gain in the biased
case A(ω,G′(ω; j, n)) can now be found by measuring the reflecঞon |r(ω,G′(ω; j, n))|2 while applying current, and
inserঞng it into the fit.

As shown in Fig. C.8F, we finally corrected for the effect of the frequency-dependentG′ on the

gain (the effect on S0 is much smaller∼ 0.1%). This was done by also measuring the reflection coef-

ficient (plotted against initial gain calibration in Fig. C.9), and utilizing the near-linear relationship
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between reflection and transmission:

A(ω,G′) ∼ Aext

(
1− |r(ω,G′)|2

|text(ω)|4

)
(C.7)

where r is the measured reflection coefficient with the network analyzer, and text is the transmission

through external cabling (section C2.2). Reflections from external components were here ignored,

since reflections predominantly come from the sample. A key point is that while the gain A(ω,G′)

must be measured at j = 0, the reflection |r(ω,G′)|2 can be measured while applying a non-zero

current. Thus, we can measure |r(ω,G′(ω; j, n))|2 and translate it to A(ω,G′(ω; j, n)), using the

fits of A(ω,G′) vs. |r(ω,G′)|2 at each ω (Fig. C.9). The corrected gain profile A(ω,G′(ω; j, n)) at a

particular (non-zero) current density j = 0.56 mA/μm and n = 2 × 1012 cm−2 is shown in Fig.

C.8F (green curve).

After these calibration steps, we finally applied a current j through the device and measured the

noise Srec(ω; j, n). We could then use the determined S0(ω,G′) and A(ω,G′(ω; j, n)) to determine

the device noise, Sdev(ω; j, n) from eqn. C.3. Telecom signals at f = 800 MHz were removed, as well

as regions where the linear relationship in eqn. C.7 broke down due to strong external reflections.

C3 Local noise measurements with diamondNVmagnetometry

C3.1 NVmeasurement setup

For local noise measurements, the graphene devices were fabricated on single crystal E-grade dia-

monds with a (100)major face (Element Six). Prior to device fabrication, the substrates were plasma

etched, implanted, and annealed as in Reference308, but without the oxygen annealing step. This

process resulted in a very smooth surface (<200 pmRMS roughness). 15N ions were implanted at 20

keV, which corresponds to an approximate depth of 40-60 nm (calculated by Stopping and Range
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of Ions in Matter simulation).

Figure C.10: NV measurement setup. The three laser beams used for spin-to-charge readout are combined before
the galvonometric mirrors located at one focal point of a 4f system. Lasers are switched by acousto-opঞc modulators,
except for the 637 nm high-powered ionizaঞon laser, which is a directly driven diode laser. The objecঞve and sample
are located inside a Janis ST-500 cryostat, which is used to keep the sample at∼70K by a combinaঞon of flowing liquid
helium and a resisঞve heater in a PID loop.

NV center measurements were performed in a Janis ST-500 flow cryostat. Cryogenic temper-

atures allowed for resonant excitation of the NV center at low powers to reduce background. A

scanning mirror-based confocal microscope was used to address, track and read out the NV centers

during measurements. The full initialization and readout sequence required lasers of wavelengths

532 nm, 594 nm, and 637 nm that were separately switched with acousto-optic modulators. One

of the 637 nm lasers (NewFocus Velocity TLB6704) was an external cavity diode laser that was

tuned to each NV zero phonon line. The other red laser was a high-powered diode laser that was

used to apply short >70 mW pulses to ionize NV centers. Photons emitted in the phonon side-band

were collected with a fiber-coupled SPCM (Excelitas Technologies). Timings were orchestrated by

a SpinCore PulseBlaster ESRPro with 2.5 ns timing resolution. The cryostat was equipped with

coax lines, both for driving microwave pulses to manipulate the NV center, and to perform high-

frequency measurements of the graphene device as described in the previous sections. Microwave

signals for NV center manipulations were generated on an SRS SG384 signal generator and am-
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plified with a Minicircuits ZHL-16W-43+ amplifier. For microwave noise references, phase noise

was introduced by applying 200MHz bandwidth white noise to the IQmodulation input on the

SRS. Non-zero magnetic field measurements were achieved by positioning large rare earth magnets

outside the cryostat, approximately aligned with one of the NV axes.

C3.2 Spin-to-charge readout
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Figure C.11: Spin-to-charge readout. (A) Pulse sequence for measuring relaxaঞon rate of NV centers. A 532 nm pulse
preferenঞally prepares the NV center in the NV− charge state andms = 0 spin state. The NV center spin is allowed
to relax for a ঞme τ before a strong yellow pulse shelves thems =±1 populaঞon in the singlet state. An intense pulse
of 637 nm light ionizes any populaঞon in the triplet state, while the singlet is protected. The resulঞng charge state is
read out by resonant excitaঞon of the NV− zero phonon line, and from this, the spin state before the yellow pulse is
inferred. (B) Photon distribuঞon from NV is fit as a 70%-30% mix of two Poisson distribuঞons with different parameters,
λ, corresponding to counts from NV− and NV0. (C) Post-selected photon distribuঞons. The photon distribuঞons for the
two charge states are disঞnguishable, permiমng single-shot charge state readout.
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Due to the often slowNV decay rates, we read out our NV center spins using a modified spin-to-

charge mapping (Fig. C.11A) to reduce our readout noise to only 6.3 times the projection noise

limit321. The NV centers were first initialized into thems = 0 spin state by shining a 1 mW pulse of

532 nm light for 25 μs143. This also preferentially prepared the NV center in the NV− charge state

with∼70% fidelity14, as shown in Fig. C.11B. To improve this further, we performed post-selection

based on an initial charge state readout, using a low-power pulse from an external cavity diode laser

tuned to the NV− zero phonon line near 637 nm. Extremely low power (∼nW) was used to avoid

ionizing the NV center while determining its initial charge state. The NV was then allowed to re-

lax for a variable amount of time (τ) in the dark, before the spin state was mapped onto a charge

state. Spin-to-charge conversion was achieved by applying a strong (5 mW) pulse of 589 nm light

for 40 ns to preferentially shelve anyms =± 1 population in the metastable singlet state, and then

using a 20 ns pulse of∼70 mW 637 nm light to efficiently ionize any population in the triplet state.

The protected population in the singlet then relaxed back to the triplet manifold by an intersystem

crossing so that only thems =±1 population remained in the NV− charge state. The final charge

state was then read out using the resonant laser, and the number of collected photons was used to

assign a charge state. With an optimal threshold for photon counts, the single-shot charge state read-

out fidelity was 80%-99% depending on the NV center (Fig. C.11C), and the technique was limited

primarily by spin-to-charge mapping efficiency.

C4 Basic device transport characterization

C4.1 Device mobility calculation

In the main text, we report a mobility of 20-40 m2/Vs for device A1 (depicted in inset of 4.8A). This

device measures L × W = 6 × 5.4 μm2 and we calculate the mobility at n = 2 × 1012 cm−2

as μ = L
Wne

1
R−Rc

, whereR is the 2-probe device resistance (4.8C in the main text), andRc is the
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contact resistance. Since we do not measure the contact resistance directly, we plot the mobility as

a function of the contact resistivity (Fig. C.3) over a range of typical values for Cr+Au edge con-

tacts376.

C5 Additional noise and conductivity measurements

C5.1 Noise power vs. drift velocity

In 4.8E in the main text, we show the noise power as a function of bias power P for a limited range

of P, to facilitate comparison between clean and disordered devices and highlight their contrasting

behavior. Here, we show the dependence of global noise on electronic drift velocity for the full

range of bias drives (Fig. C.12A). As expected, no anomalous noise is observed below vD = vs

(Fig. C.12B). We note that no sharp transition is expected at vD = vs, since at this point, only one

phonon mode satisfies the Cerenkov criterion, and with a negligible amplification rate. Thus, one

should instead observe a smooth transition into the excess noise regime, as the number of amplified

modes and the amplification rate increase.
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Figure C.12: Noise versus dri[ velocity (A) Measured noise power spectral density (averaged over 0.1-0.3 GHz) as a
funcঞon of electronic dri[ velocity in clean device A1, at bath temperatures 10 K and 80 K (blue and red, respecঞvely).
We observe equivalent noise temperatures in excess of 15,000 K. (B) Zoomed-in version of (A) to highlight smooth
transiঞon into the excess noise regime. Lines are guides to the eye.

C5.2 Disordered device noise

Tomodel the thermal noise observed in a disordered device, we need to consider the balance be-

tween Joule heating P and phonon cooling. The rate of the latter is typically given by Σ(Tδ
e − Tδ

ph),

where Σ is a cooling constant and Te and Tph are the electron and phonon temperatures, respec-

tively33. Solving for the electronic temperature, one finds:

Te =
(
Tδ
bath + P/Σ

)1/δ
(C.8)

where we have assumed that the phonon temperature remains close to the base temperature Tbath, as

normally observed.

In samples with high impurity density, phonon cooling is usually dominated by “supercollision”

scattering, in which electrons scatter with phonons with the assistance of defects331. In that case,

one finds δ = 3 and Σ = 9.62 g2DoS2(EF)k3B
ℏkFℓ , where g = D/

√
2ρv2s is the electron-phonon coupling
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and ℓ is the mean-free path. Fitting our data with expression C.8, we reach good agreement (Fig.

C.13) and find δ = 3.04. We also extract the deformation potential from the fitted value of Σ, and

findD = 39 eV (EF = 165 meV). This is consistent with a previous study on disorder-assisted

cooling in graphene (D = 70 eV)33 and the typically reported range of∼ 10 − 30 eV85. (We note

that we use the more accepted value ofD = 20 eV for all other fits pertaining to Cerenkov emission

in clean devices.) This confirms that the dominant noise in our driven disordered devices is thermal

Johnson-Nyquist noise.

Figure C.13: Johnson noise in a disordered device. Measured noise temperature (blue circles) as a funcঞon of input
power for disordered device B1. The data agrees well with a fit based on disorder-assisted phonon cooling (black curve),
and confirms that the dominant noise source is thermal Johnson-Nyquist noise.

C5.3 Length dependence in global noise measurements

Local (NV) noise measurements indicate that the noise grows across the device in the direction of

carrier flow. By measuring devices of different lengths, we find a similar trend in the global noise. At

a constant electronic drift velocity (vD = 3.3vs) and charge density (n = 2 × 1012 cm−2), the noise

initially grows superlinearly with device length (Fig. C.14A, inset). Our longest device does not

appear to follow the initial length dependence, hinting at the role of saturation effects that prevent

unbounded exponential growth of the phonon population (Fig. C.14A).
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We here also show the charge density dependence (4.11C in the main text) before normalization

(Fig. C.14B). In addition to the data shown in the main text, we have also included measurements

of our longest (L = 45μm) device (purple squares), which broke down before we could reach the

current density used for the main text figure. As expected from our theory (main text and section

C7.6), this longer device shows a cross-over at an even lower charge density than the other devices.

As in the main text, we show the density dependence in terms of current noise δ2I, which is similar

to noise power, but divided by the differential resistance. This was done in the main text to allow for

comparison with the model, but we note that the non-monotonic dependence is also observed when

plotted in terms of noise power.

Figure C.14: Dependence of noise on device length. (A) Measured noise power spectral density from devices of different
lengths, at vD = 3.3vs and n = 2 × 1012 cm−2. The noise power iniঞally increases superlinearly with device length
(inset), but appears to saturate in longer devices. (B) Current noise versus carrier density at constant current density
j = 0.6 mA/μm (circles) and j = 0.2 mA/μm (squares). As shown in the main text, the cross-over density decreases
with device length.
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C5.4 Global noise independent of carrier flow direction

In the main text, we demonstrate that the local noise measured far from the middle of the device

exhibits strong asymmetry with respect to carrier flow direction (main text, 4.9C). Here, we show

that no such asymmetry is observed in I-V transport or global noise measurements (Fig. C.15A and

B, respectively).

Figure C.15: Global electronic transport and noise under current inversion. (A) Absolute value of current density versus
absolute applied field at n = 2× 1012 cm−2 and T = 10 K, for posiঞve (orange) and negaঞve (blue) fields. The I− V
curve is observed to be highly symmetric. (B) Global noise power spectral density as a funcঞon of (absolute) current
density. Changing the sign of the current has almost no effect on the measured noise power. Lines are guides to the
eye.

C5.5 Independence of conductivity time scales on charge density and

temperature

As shown in the main text, the time scale extracted from conductivity measurements is independent

of drift velocity. We here show that the time scale does not depend on charge density (Fig. C.16A-B)

and sample temperature (Fig. C.16C) either. Fig. C.16A shows normalized AC conductivity spectra

measured at charge densities ranging from n = 1.3 to 2.2× 1012cm−2, with the extracted time scales

displayed in Fig. C.16B. Evidently, no dependence on charge density is observed. We also compare
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the conductivity spectra obtained at 10 K and room temperature (Fig. C.16C), and again observe

no clear change in the time scale. The independence on these parameters is consistent with our

model, since the time scale is expected to be determined by the phonon traversal time tT = L/vs.

We emphasize that this is only the case for the time scale; the magnitude of both the conductivity

and noise features depend strongly on drift velocity, charge density and bath temperature.

Figure C.16: Global conducঞvity for different charge densiঞes and temperatures. (A) The normalized real part of the
conducঞvity spectrum for vD = 0.125vF at different doping levels. The curves are normalized to have the same
verঞcal spread, and are offset to avoid overlap. The general shape of the conducঞvity spectrum, as well as the extracted
ঞme scales (B) are unchanged by varying the charge density. (C) The normalized real part of the conducঞvity spectrum
measured at bath temperatures of 300 K (blue) and 10 K (red), at vD = 0.125vF and n = 2.2× 1012 cm−2. We again
observe no clear frequency shi[s, but the effect is much (∼ 4 ঞmes) weaker at room temperature than at 10 K.
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C6 Additional NV center measurements

C6.1 NV relaxation rate near a conductor

Near a conductor, the spin relaxation rate of the NV center is enhanced due to magnetic field fluc-

tuations resonant with thems = 0 toms = ±1 transitions (2.87 GHz), caused by current fluctua-

tions in the conductor197,148,5. More formally, if we consider a 2d conductor in the xy-plane and an

NV center located at−dNVẑ, Fermi’s Golden Rule can be used to calculate the decay rate:

Γ00→1 =
1
ℏ2
∑
a,b

⟨0| μa |1⟩ ⟨1| μb |0⟩ S
a,b
B (ω,−dNVẑ) , (C.9)

where μa,b are the magnetic dipole transition elements and

Sa,bB (ω, r) =
∫∞
−∞ dte−iωt⟨Ba(r, t)Bb(r, 0)⟩ is the magnetic noise spectrum tensor148, which

scales with the current fluctuations due to the Biot-Savart Law5.

C6.2 Local noise spectroscopy
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Figure C.17: Noise measured at different applied magneঞc fields. Relaxaঞon rates of an NV center at B = 0 (red) and
B = 363 Gauss (blue), for posiঞve and negaঞve bias (|j| = 0.2 mA/μm) at n = 0.92× 1012cm−2.
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Spectroscopy of the local noise can be performed by varying the spin flip transition frequency of

the NV center. We tuned the level-splitting of the two transitions to ω = 2.87 ± 1.01 GHz by

applying an external magnetic field of 363 Gauss, and found no significant change in the relaxation

rate of NV centers (Fig. C.17). We note that when measuring the decay into both thems =+1

andms =-1 states, cancellation effects can occur since the two transition frequencies are changed

by equal and opposite amounts. In the worst case, Γ(ω) decreases linearly, and the relaxation rates

of the two transitions change from Γ0 to Γ0 ± δΓ. It can then be shown that the measured relax-

ation rate Γmeas out of the initialms = 0 state should increase, with a relative change given by

δΓmeas/Γmeas = δΓ2/(6Γ20). Considering the< 10% change observed here, we conclude that the

local noise varies by<
√
6· 10% ∼ 80% over 1 GHz. The difference from the much sharper fre-

quency dependence observed in globally measured spectra is expected: the global measurements are

sensitive to phonon-mediated electronic correlations across the entire device, and should thus show

a roll-off corresponding to the (inverse) sample traversal time (vs/L ∼ GHz). The NV, on the other

hand, is primarily sensitive to correlations that occur within its∼ 50×50 nm2 sampling area. Thus,

the NV centers are expected to observe a significantly higher frequency cut-off (vs/dNV > 100GHz)

and very weak spectral dependence around 2.87 GHz.
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C6.3 Lattice temperature

−0.050 −0.025 0.000 0.025 0.050
δλ (nm)

0.005

0.010

0.015

0.020

N
or

m
al

iz
ed

 c
ou

nt
s T=70K; V =0.8VSD

T=70K; V =0VSD
T=80K; V =0VSD

Figure C.18: Laমce heaঞng during NV measurements. Scans of the opঞcal line of an NV center located below device
C2. The NV center zero phonon line is broadened by approximately the same amount when a high bias is applied (blue)
as when the bath temperature is increased by 10 K at zero bias (green), suggesঞng that the increase in temperature near
the NV during device operaঞon is approximately 10 K. δλ is approximate and is inferred from cavity piezo voltage and
laser manufacturer’s specificaঞons (New Focus Velocity 6300). Center wavelength corresponds to∼ 637.4 nm.

When large source-drain voltages are applied to the device, a significant amount of power is dissi-

pated (∼5 mW). Since the relaxation rate of an NV center is temperature-dependent, it is important

to consider the temperature change of the diamond lattice from this power dissipation. This can

be done by measuring the linewidth of the NV zero-phonon line, which is very sensitive to tem-

perature and scales with T5 111. We measure the fluorescence of an NV center as a function of ex-

citation wavelength and find a slight change in linewidth for the highest applied biases (Fig. C.18).

By heating the cryostat from 70 to 80 K, we achieve a similar level of broadening at zero bias. This

shows that the bias-induced increase in the diamond temperature near the NV is very small (∼ 10

K), consistent with the high thermal conductivity of diamond. Since the spin relaxation rate is pro-

portional to T in the regime considered here262, and the intrinsic spin relaxation rate was measured

to be very low (<0.2 Hz), this slight temperature increase should have a negligible effect compared

to the high levels of noise from the graphene. Moreover, the clear gate dependence observed at con-
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stant power (section C6.4) further shows that the increased spin relaxation rate is due to noise from

the graphene. Nevertheless, to keep the diamond temperature as constant as possible, we lowered

the cryostat base temperature by 10 K while measuring at the highest biases.

C6.4 Local doping dependence

By focusing on a single NV center and measuring its relaxation rate while sweeping the topgate volt-

age, we map out the charge density dependence of the Cerenkov noise on the nanoscale (Fig. C.19).

As with the current dependence, the anomalous noise is only observed when the charge carrier sign

is such that the NV center is downstream with respect to the carrier flow. These measurements

were done at constant power, so the drift velocity increases with doping level, leading to an abrupt

increase in noise once the Cerenkov condition is satisfied.
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Figure C.19: Doping dependence of local magneঞc noise. Locally probed magneঞc noise as a funcঞon of graphene
charge density. Light and dark blue points represent posiঞve and negaঞve source-drain current, respecঞvely. The bias
power was kept constant at 1.4± 0.1 mW.
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C6.5 NV center orientation
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Figure C.20: NV center orientaঞon. (A) NV center orientaঞon with respect to diamond surface. (B) Projecঞon of the
four possible NV axes onto the device plane. Our device is closely aligned along two of the projecঞons, giving rise to
two disঞncঞve groupings of NV centers: those with xy-projecঞons that are perpendicular to current flow (group I, blue)
and those with xy-projecঞons parallel to current flow (group II, red). (C) DC field measurements. Group I NVs measure a
significant current-induced magneঞc field, while group II NVs do not. (D) Relaxaঞon rates of NVs in group I (blue) and II
(red). The noise sensed by nearby NVs from different orientaঞon groups is similar, despite measuring very different DC
magneঞc fields. |j| = 0.2 mA/μm, n = 0.92× 1012 cm−2.

Our diamond samples were all cut such that the devices are fabricated on the (100) surface. The

diamond crystal structure entails that each NV axis (the vector connecting nitrogen and vacancy

sites) points in one out of four directions. The four possible NV axes all make the same angle∼

54.7◦ with the surface normal vector (Fig. C.20A), but have four different projections onto the xy-

plane (Fig. C.20B). We align our devices to be parallel with the xy-projection of two axes (red, group

II), and perpendicular to the other two (blue, group I) (Fig. C.20B). The NV centers can be used

to sense DC currents by measuring the Zeeman splitting of thems = ±1 states, 2γeB||(I), where
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B|| is the projected field onto the NV-axis240. Thus, aligning our devices in this way enables us to

determine the NV groupings by measuring the DC current response. When flowing a source-drain

current through the device, the magnetic field projection onto group I is large, but nearly zero for

group II, as shown in Fig. C.20C.We also note that the consistency of the field measured by group

I NVs suggests that the current is very uniform. In section C6.6, we comment on a fewNVs that

showed discrepancy.

Spin relaxation, on the other hand, is determined by the perpendicular component of the noise

on the NV axis, which should in principle allow for observing effects of anisotropic noise. However,

we do not observe a significant difference in relaxation rates under driven graphene for nearby NVs

in different orientation groups (Fig. C.20D), suggesting that the induced noise is relatively isotropic.

C6.6 DCmeasurements of local current distribution
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Figure C.21: DC and AC current measurements. (A) DC current response of two NVs located a similar distance from
the source electrode. While one of the NVs shows the expected linear local field dependence on global current (green),
the other shows non-linear behavior at high drives (blue). (B) Local noise measurements for same NVs as in (A). Noise
measurements taken at |j| = 0.2 mA/μm, n = 0.92× 1012 cm−2.

Our devices are not implanted at a high density, which precludes vector reconstruction of the DC

current distribution at all points, but the NV density is high enough to measure general trends.
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Overall, we observe that the DCmagnetic field shift of the NV centers is uniform and consistent

with the applied global current density (Fig. C.20C). However, we observe some small departures

at discrete locations that are likely due to local disorder. Current imaging in graphene samples has

shown that edges, folds, and defects can cause the current density to vary across the sample353. At

these locations in our samples, the field sensed by the NV is not linear in the applied current: at

some threshold current density, the slope of the current-field curve changes (Fig. C.21A, blue).

We emphasize that this non-linear behavior is not expected to be related to the anomalous noise

effects described in the main text, since it is only observed in a few discrete locations. This is further

supported in Fig. C.21B, where we show that two NVs at similar distances from the source electrode

both show the asymmetric noise behavior, despite their different DC current profiles. As expected,

the outlier NV that measures a lower local current than the global average also measures slightly

less noise. Along with variations in NV depth, such discrete discrepancies in local current may have

caused some of the departures from the overall trends observed in 4.9D-E in the main text.

C7 Theory

We here present the theoretical model used to describe the electron-phonon dynamics observed in

our experiment, inspired by Refs.280,334,198,398. In section C7.1, we motivate and introduce a modi-

fied Drude model that evolves the coupled electronic current and phonon population in both space

and time. Two important components of this model are the rates of (net) phonon emission and de-

cay, which we discuss in sections C7.2 and C7.3, respectively. In section C7.4, we use the model to

demonstrate the importance of the phonon traversal time on electronic response, and derive a new

expression for the AC conductivity spectrum during Cerenkov amplification. In section C7.5, we

explain the connection between global noise and phonon fluctuations, and then proceed to theoret-

ically predict the dependence of global noise on charge density (section C7.6). Finally, we consider
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the local current fluctuations, and show that these depend predominantly on the local phonon pop-

ulation (section C7.7).

C7.1 Coupled electron-phonon dynamics

The dynamics of our system could in principle be modeled by a complete Boltzmann treatment of

both electronic and phononic degrees of freedom. However, at the high electronic temperatures

reached in our experiments, rapid e-e collisions ensure that the electronic system reaches local equi-

librium at much shorter timescales (< 1ps) than those probed here. Therefore, a full Boltzmann

framework is not necessary, and we can instead represent the electronic system by the three vari-

ables governing its equilibrium distribution. These include the electronic temperature Te, charge

density n, and drift velocity vD. The electrostatic gate keeps the charge density spatially uniform,

and we shall assume that the effects of variations in electronic temperature are negligible as well. In-

deed, the temperature profile has been found to be relatively uniform in the high-bias regime108,135,

and temperature-induced changes in chemical potential are suppressed in the degenerate regime

(μ ≫ kBTe). Moreover, we show in section C7.2 that the net phonon emission rate is only weakly

dependent on electronic temperature. In order to connect our theory to measured quantities, we

will often refer to the current density j = nevD instead of the drift velocity. We do not make the

same equilibrium assumption about the phononic system, and will treat each phonon mode sepa-

rately.

Our model then takes the form of a modified Drude formula, which explicitly accounts for the

dependence of the electronic scattering rate Γe on the phonon population {nq}:

∂tj(r, t) = DE(r, t)− Γe({nq})· j(r, t) (C.10)

∂tnq = −
(
nq − nq,0

)
τq

+ γemq (j)
(
nq + 1

)
− γabsq (j)· nq − vsq̂·∇nq
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=

≡Γamp
q (j)︷ ︸︸ ︷(

γemq (j)− γabsq (j)− τ−1
q

)
· nq + nq,0τ−1

q + γemq (j)− vsq̂·∇nq (C.11)

whereD = 2e2vFkF/h is the Drude weight of graphene, E(r, t) is the electric field, τ−1
q is the (q-

dependent) phonon decay rate, vs is the speed of sound, and nq,0 is the phonon population at j = 0.

γemq and γabsq are the stimulated emission and absorption rates per phonon (calculated in section

C7.2). In the derivations shown here, the only assumptions made about the electronic scattering

rate Γe are 1) that it depends on the phonon population nq, and 2) that we can use an average elec-

tronic lifetime to write equations for the current. Both of these assumptions are well supported in

the literature168,180,340, and can simply be thought of as a phonon-dependent resistance. Although

not used explicitly here, the specific form of Γe({nq}) can be found in Refs.168,180,340.

In our experiment, we apply a DC voltage across the device (in addition to a weak AC excitation

in conductivity measurements), and we will define x̂ to point along the applied field. Since the elec-

tric field is uniform in the transverse (̂y) direction, the steady state current ⟨j⟩ = ⟨j⟩x̂ and phonon

occupation ⟨nq⟩ are too. (Here, and in what follows, we use ⟨⟩ to refer to temporal averages). More-

over, the high energy cost of local charge buildup entails that ⟨j⟩ is divergence-free and thus indepen-

dent of x as well. We emphasize therefore that ⟨j⟩ is an entirely global property of the sample.

The phonon occupation, on the other hand, will change along the sample due to the convective

term in eqn. C.11. We find the steady state spatial profile ⟨nq(x)⟩:

⟨nq(x)⟩ = nq,0e⟨Γ
amp
q ⟩x/vq +

1
⟨Γamp

q ⟩τq

(
nq,0 + τq⟨γemq ⟩

)(
e⟨Γ

amp
q ⟩x/vq − 1

)
(C.12)

where vq = vsq̂· x̂. Clearly, the phonon population increases exponentially through the sample for

wavevectors q that have Γamp
q > 0. This is the expression plotted in 4.9D in the main text. Since we

expect the measured local current noise to be due to local fluctuations in phonon emission (section
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C7.7), which is a Poissonian process, it should scale with the (local) mean emission rate. The latter

is proportional to nq, so the current noise profile should be representative of the spatial distribution

of phonons. Seeing as the most amplified modes dominate strongly in long samples like the one

shown in 4.9D (L = 17μm), we plot nq(x) for the most amplified mode. Including background

effects (thermal noise and intrinsic NV decay), we find that the current noise should be of the form

⟨δI2⟩(x) = A + BeΓ
amp
maxx/vs . In Fig. C.22, we show that integrating over all modes gives a similar

result, due to the dominance of the most amplified modes.

Figure C.22: Spaঞal dependence. Normalized local emission rate of most amplified mode (Δγqnq(x) ∝ nq(x), purple),
and integrated over phonon modes (yellow), for the parameters used in 4.9D in the main text (j = 0.18mA/μm,
n = 0.92 × 1012cm−2, Γamp

max = 10.9 GHz). Due to the dominance of the most amplified modes, the two curves are
very similar. The purple curve has a slightly sharper upturn due to the higher amplificaঞon rate.

Finally, we note that eqn. C.12 breaks down for q̂with large transverse components, due to the

finite width of our samples. The treatment of these modes is discussed further in the end of section

C7.4.
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C7.2 Phonon emission rate

In order to determine the net emission rate Δγq = γemq − γabsq of a phonon mode with wavevector q,

we sum over all electronic transitions accompanying the emission/absorption event:

Δγq = γemq − γabsq =

2πN
ℏ
∑
k,k′

|Ck,k′,q|2 (fk(1− fk′)− fk′(1− fk)) · δk−k′,q· δ(Ek − Ek′ − ℏvs|q|) (C.13)

where the first term represents an electron moving from k to k′ while emitting a phonon, and

the second represents an electron moving from k′ to kwhile absorbing a phonon. Here, vs is the

speed of sound,N = 4 is the number of valley/spin flavors, Ek = ℏvF|k| is the electron energy,

fk = (eβ(ℏ(vF|k|−k·vD)−μ) + 1)−1 is the drifting Fermi-Dirac distribution with drift velocity vD, and

|Ck,k′,q|2 is the deformation potential coupling matrix element180,168,340:

|Ck,k′,q|2 =
D2ℏq
2ρAvs

cos2(θk,k′/2) (C.14)

Here,D is the deformation potential, ρ is the (2D) mass density, A is the sample area, and θk,k′ is the

angle between k and k′.

At zero drift velocity, fk is simply a (decreasing) function of Ek, and one therefore finds that every

term in eqn. C.13 is negative. At higher vD, however, the Fermi surface becomes tilted (Fig. C.23A),

causing higher-energy states on one side of the Dirac cone to have higher occupation than lower-

energy states on the other side. In order to achieve positive terms in eqn. C.13, the Fermi surface

must become steeper than the phonon-assisted transitions (red arrow), which gives the Cerenkov

criterion, vD > vs. We here emphasize that this phenomenon is very different from the effects of
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high electronic temperatures. While the latter allows for the probabilistic occupation of higher-

energy states, the mean occupation is still a decreasing function of energy, causing Δγ to remain

negative.
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Figure C.23: Onset of Cerenkov emission. (A) Cartoon showing Cerenkov criterion for graphene. When vD>vs, the elec-
tronic populaঞon becomes inverted with respect to phonon-induced transiঞons. As a result, the phonon emission rate
(red arrow) becomes greater than the absorpঞon rate (yellow arrow). (B) Net emission rate Δγq vs. phonon wavevector
q at various electronic dri[ velociঞes vD = vDx̂, n = 2 × 1012cm−2 and zero electronic temperature. Once the
dri[ velocity exceeds the speed of sound (vs = 21km/s = 0.021vF), we find regions of phononic phase space where
Δγq > 0 (red), indicaঞng that sঞmulated emission dominates over absorpঞon. This effect is strongest for the phonon
modes moving along the current (q||x̂). The circle sector in which the amplificaঞon criterion is saঞsfied becomes wider
as the dri[ velocity increases, and eventually saturates as a semi-circle. (C) Line cut along qy = 0 for electronic temper-
atures Te = 0 K and 350 K at vD = 5vsx̂.

Fig. C.23B shows the numerically calculated net emission rate at various electronic drift veloci-

ties, using deformation potentialD = 20 eV. When the drift velocity exceeds the speed of sound,

stimulated emission dominates over absorption (Δγ > 0) for a cone in phonon phase space mov-

ing along with the carrier flow. We find that the highest net emission rate exceeds 5 GHz already at

vD = 2vs, and increases all the way up to 40 GHz at vD = 10vs. The net emission rates greatly

exceeds the rate of phonon decay (section C7.3), as such Γamp
q > 0 and phonon Cerenkov amplifica-

tion is predicted to occur.

At zero temperature, phonon amplification occurs for modes with wavevectors up to 2kF, cor-
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responding to electronic transitions across the entire Fermi surface. As expected, this upper bound

is found to be less sharp at higher temperatures (Fig. C.23C). However, the region near the peak

(which dominates after nonlinear amplification) is relatively insensitive to electronic temperature,

since absorption and stimulated emission change by a similar amount.

Finally, we note that a different coupling rate may result from considerations of a gauge potential

coupling235. However, we expect this to only modify the scale of the coupling rate, and to result

in even higher emission rates. In particular, it should not change the qualitative behavior of net

stimulated emission when vD > vs.

C7.3 Phonon decay rate

As explained in Refs.261,195,306, the acoustic phonon decay rate τ−1
q in graphene becomes very slow

at low temperatures, especially for the small phonon energies relevant in our experiment (∼ THz).

Indeed, this is one of the main reasons graphene has such an exceptional thermal conductivity18.

Here, we discuss the three types of decay pathways considered in Ref.261 for the relevant phonon

modes, in order to demonstrate that Cerenkov amplification can easily occur (Δγq > τ−1
q ) at the

drift velocities reached in our experiment. Since the decay rate is found to be very small compared

to Δγ, we emphasize that our fits depend only very weakly on the exact numerical value of the decay

rate.

First, we shall consider point-defect scattering, given by γPD = S0ω3/(v2s )·
∑

i pi(1 −

Mi/M)2 337, where S0 is the atomic cross-sectional area and M̄ is the average atomic mass. pi and

Mi are the percentage and atomic mass of defect type i. Considering the contribution from the 1%

natural abundance of 13C, one finds γPD ∼ 1.5MHz at ω = 5 THz, which is clearly much smaller

than Δγ. Due to the low impurity content in our exfoliated graphene samples, we do not expect

significantly larger contributions from other defect types.

We then proceed to consider anharmonic decay, where our mode of interest interacts with two
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other modes, with wavevectors q′ and q′′, and energies ω′ and ω′′. These processes can be divided

into two types, based on the hierarchy of the three phonon energies: I) ω′′ > ω, ω′, and II) ω >

ω′, ω′′. Following Ref.261, the rate of the two processes are given by:

γIq =
2π
ℏ
∑
b

∑
s′,s′′

∑
q′,q′′

|Cω,ω′,ω′′ |2
[
n(ω′)− n(ω′′)

]
δ(ω′′ − ω− ω)δq′′,q′+q′+b (C.15)

γIIq =
2π
ℏ
∑
b

∑
s′,s′′

∑
q′,q′′

|Cω,ω′,ω′′ |2
[
n(ω′) + n(ω′′) + 1

]
δ(ω− ω′ − ω′′)δq,q′+q′′+b (C.16)

where b is a lattice vector. Non-zero b correspond to Umklapp scattering, where total phonon mo-

mentum is not conserved. At the low temperatures and small q considered here, normal processes

(b = 0) are expected to dominate strongly, so we consider only these. While these do not reduce

thermal conductivity (since they conserve momentum), they are still expected to affect Cerenkov

amplification, since they can scatter phonon modes out of the amplified region of phononic phase

space. s′ and s′′ represent the branches that our mode interacts with; as shown in Ref.261, the small-q

LAmodes considered here are expected to predominantly interact with TA and LAmodes in our

hBN-encapsulated devices. n(ω) is the phonon distribution function. Since only a small part of the

total phonon phase space experiences Cerenkov amplification, we here assume that the amplified

modes mainly interact with non-amplified modes that remain close to thermal equilibrium. We

therefore set n(ω) to be the Bose-Einstein distribution n(ω) =
(
eβℏω − 1

)−1 at bath temperature

(β = (kBTbath)
−1). Finally, |Cω,ω′,ω′′ |2 is the coupling matrix element:

|Cω,ω′,ω′′ |2 =
2γ2Gωω

′ω′′ℏ
3ρv2sA

(C.17)

where γG is the Gruneisen parameter. γG is in principle mode-dependent, but we have here replaced
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it with an average value (γG = 2), as often done in the literature. As before, ρ is the (2D) mass den-

sity, and A is the device area, which we note is canceled out when turning the sum over wavevectors

into an integral.

We plot γIq + γIIq for a relevant range of phonon wavevectors in Figure C.24, and find that these

decay rates are faster than γPD, but still much slower than typical values of Δγ.

Figure C.24: Phonon decay rate. Phonon decay rate (calculated from eqns. C.15 and C.16) versus phonon wavevector q
and energy vsq.

The third decay pathway that we shall discuss is scattering off the rough device edges. Indeed,

we assume that the phonons decay when they have traversed the sample and reach the sample

edge. This is not only due to the absorption at the edge, but also because the reflected (backwards-

moving) modes are no longer in the amplified region of phonon phase space, and are thus quickly

absorbed by the electronic system. Phonon amplification is strongest for modes moving at small

angles with the source-drain axis, and the emission of these is expected to impact the current most

strongly due to the large momentum transfer in the direction of current. Nevertheless, in section

C7.4, we discuss the treatment of modes that move at large enough angles to hit the side edges be-

fore traversing the whole device.
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C7.4 AC conductivity

In order to find the AC conductivity, we consider the current response to a voltageV(t) = V0 +

δVeiωt.

Since we are now concerned with only the field-induced (not stochastic) fluctuations, we can

apply our argument about ⟨j⟩ and ⟨nq⟩ (section C7.1) to the fluctuations δj and δnq as well. In other

words, we have the simplifications δj(r, t) = δj(t)x̂ and δnq(r, t) = δnq(x, t), and can thus treat this

as a 1D problem.

Since nq (and thus the scattering rate Γe({nq})) can vary with x, the electric field E =(
E0(x) + δE(x)eiωt

)
x̂ can too. Analogously to a series of resistors, the applied potential difference is

divided unequally across the resistors if they do not have the same resistance. Fortunately, this does

not affect us for now, because we can only measure the global AC conductivity anyway:

σ =
δj

δV/L
=

δj
1
L
∫ L
0 δE(x)dx

=
1

1
L
∫ L
0 σ−1(x)dx

(C.18)

where L is the length of the device. This is nothing but the spatially averaged conductivity (in re-

ciprocal), and is completely equivalent to adding resistors in series. In order to make any sensible

comparison with experiment, we should therefore integrate equation C.10 over x:

∂tj =
DV(t)
L

−

Γe︷ ︸︸ ︷
1
L

∫ L

0
Γe
(
{nq(r, t)}

)
dx· j(t) (C.19)

Here, and in what follows, barred quantities are spatially averaged, while brackets ⟨⟩ are used for

temporal averages.
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The oscillating parts of nq and j then evolve according to:

iωδj(ω) =
DδV(ω)

L
− ⟨Γe⟩δj(ω)−

∑
q

(
∂Γe
∂nq

· δnq(x, ω)
)
⟨j⟩ (C.20)

iωδnq(x, ω) =

⟨Γamp
q ⟩︷ ︸︸ ︷(

⟨γemq ⟩ − ⟨γabsq ⟩ − ⟨τ−1
q ⟩
)
· δnq(x, ω)+

∂Γamp
q

∂j
· δj(ω)⟨nq(x)⟩+

Spont. emission︷ ︸︸ ︷
∂γemq
∂j

δj(ω) −vsq̂· x̂∂xδnq(x, ω)

(C.21)

Since both absorption and stimulated emission of phonons are linear processes, we shall assume that

Γe is linear in nq, and can therefore write:

(
∂Γe
∂nq

· δnq(x, ω)
)

=
∂Γe
∂nq

· δnq(x, ω) (C.22)

Moreover, we note that although we use Γamp
q , our treatment also applies to the non-amplifying case

(Γamp
q < 0). For now, we shall focus on phonon modes that move in parallel with the current (q||x̂).

We will discuss the inclusion of larger-angle modes in the end of this section.

We can immediately solve for δnq(x, ω) in terms of δj(ω):

δnq(x, ω) = v−1
s δj(ω)

∫ x

0

(
∂Γamp

q

∂j
· ⟨nq(x′)⟩+

∂γemq
∂j

)
e(⟨Γ

amp
q ⟩−iω)(x−x′)/vsdx′ =

[
C
iω
e⟨Γ

amp
q ⟩x/vs +

iωB− ⟨Γamp
q ⟩C

iω
(
⟨Γamp

q ⟩ − iω
) e(⟨Γamp

q ⟩−iω)x/vs +
C− B

⟨Γamp
q ⟩ − iω

]
δj(ω) (C.23)

where

B =
∂Γamp

q

∂j
· nq,0 +

∂γemq
∂j

(C.24)
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C =
∂Γamp

q

∂j
·

(
nq,0 +

nq,0
⟨Γamp

q ⟩τq
+

⟨γemq ⟩
⟨Γamp

q ⟩

)
(C.25)

Before we can plug this back into the equation for δj, we need to calculate the spatial average:

δnq(ω) =
1
L

∫ L

0
δnq(x, ω)dx =

χ̃(q,ω)︷ ︸︸ ︷[
C

iωtT⟨Γ
amp
q ⟩

(
e⟨Γ

amp
q ⟩tT − 1

)
+

iωB− ⟨Γamp
q ⟩C

iωtT
(
⟨Γamp

q ⟩ − iω
)2 (e(⟨Γamp

q ⟩−iω)tT − 1
)
+

C− B
⟨Γamp

q ⟩ − iω

]
δj(ω)

(C.26)

where tT = L/vs is the sample transit time. We have here introduced the phonon-current response

function χ̃(q, ω), defined through δnq(ω) = χ̃(q, ω)δj(ω). Inserting this expression back into our

expression for δj(ω), we find:

σ(ω) =
Lδj(ω)
δV(ω)

=
D

iω+ ⟨Γe⟩+
∑

q
∂Γe
∂nq χ̃(q, ω)⟨j⟩

(C.27)

As expected, we retrieve the original Drude result if the phonons do not respond to the current

(χ̃(q, ω) = 0), or the scattering rate does not depend on the phonon occupation ( ∂Γe∂nq = 0). We

note that so far, no mathematical approximations have been made.

Expression C.27 has a clear intuitive motivation. A fluctuation δj(ω)will not only decay due to

⟨Γe⟩, but also cause a change in phonon population δnq, which changes the scattering rate δΓe(ω):

δΓe(ω) =
∂⟨Γe⟩
∂j

δj(ω) =
∑
q

∂⟨Γe⟩
∂nq

∂nq
∂j

δj(ω) =
∑
q

∂⟨Γe⟩
nq

χ̃(q, ω)δj(ω) (C.28)

Let’s now consider the low-frequency regime (ω ≪ Γe ∼ THz), in the case where certain
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phonon modes are amplified strongly (eΓamptT ≫ 1). For these modes, the response function χ̃(q, ω)

simplifies to:

χ̃(q, ω) =
C

iωtT⟨Γ
amp
q ⟩

e⟨Γ
amp
q ⟩tT

(
1− e−iωtT

)
(C.29)

Since the strongly amplified modes will have the dominant impact on the AC conductivity, we can

apply the above simplifications to all the terms in the sum over q in eqn. C.27. We then find:

σCerenkov(ω) =
D

⟨Γe⟩+
∑

q
∂Γe
∂nq ⟨j⟩

C
iωtT⟨Γ

amp
q ⟩ e

⟨Γamp
q ⟩tT (1− e−iωtT)

=
σDrude(0)

1+ K
iωtT (1− e−iωtT)

(C.30)

where σDrude(0) = D/⟨Γe⟩ is the regular DCDrude conductivity. Since the contributions from

all the amplified phonon modes show the same ω-dependence, we could conveniently factor out the

sum over q and define a single dimensionless parameterK:

K ≡
∑
q

∂Γe
∂nq

⟨j⟩Ce⟨Γ
amp
q ⟩tT

⟨Γamp
q ⟩⟨Γe⟩

(C.31)

As mentioned above, expression C.30 was derived for phonon modes moving in the x-direction.

Other phonon modes moving at an angle θwith the x-axis have different traversal times tT(θ) =

L/(vs cos θ), and are thus expected to dampen the oscillations in σ(ω). Indeed, we find that expres-

sion C.30 - although capturing the qualitative features of our data - overestimates the amplitude

of the oscillations (top curve in Fig. C.25). To account for the spread in emission angles in 2D, we

include more phonon modes in the second term of the denominator in eqn. C.30.
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Figure C.25: Including angular spread of phonon emission. Blue: Measured AC differenঞal conducঞvity spectrum at
0.8V bias and n = 2 × 1012cm−12 (idenঞcal data shi[ed to show mulঞple fits). Black curves: Fits by averaging the
phonon emission angle up to varying θmax. We find best agreement at θmax = 60◦.

The contribution of phonon modes at different angles depends not only on the θ-dependent

K, but also on reflections from the side edges of our finite-sized devices. The latter depends on the

specularity of the graphene edges. As a first approximation, we average over θwith equal weights up

to a maximum angle θmax, and already find improving agreement with the data (Fig. C.25). We find

that θmax ∼ 60◦ accounts for the spread in tT well, and therefore use this value for fitting the data

in the main text. Since this angle is slightly larger than tan−1(L/W), it suggests that edge-reflection

plays a small, but not insignificant role. We note that the reported extracted traversal time is the

shortest tT(θ) in the average (min(tT(θ)) = tT(θ = 0)), so that tT = L/vs still holds.

In order to derive a more exact angular distribution, one could include the side edge reflection in

the model, as well as other θ-dependent effects, including: 1) For a given |q|, the amplification rate

Γe is maximized for θ = 0 and decreases monotonically with increasing angle. 2) Modes with larger
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θ take longer to traverse the sample, and are thus amplified for a longer time. 3) Phonons with large

θ are expected to impact the current less than those moving in parallel with the current, since the

large-angle modes remove less longitudinal momentum from the electronic population.

C7.5 Connection between global noise and phonon fluctuations

In order to relate the global noise to phonon fluctuations, we return to eqn. C.20, but now without

an oscillating field, since only a DC field is applied in noise measurements:

iωδj(ω) = −⟨Γe⟩δj(ω)−
∑
q

(
∂Γe
∂nq

· δnq(x, ω)
)
⟨j⟩ (C.32)

Note that we still operate with the spatially averaged phonon population δnq, since the global mea-

surements are only sensitive to the uniform component of current fluctuations (other components

do not contribute a net current).

Solving for the current fluctuations at low frequencies ω ≪ Γe ∼ THz and assuming that the

phonon modes are independent, we then find:

⟨δ2j(ω)⟩ = ⟨Γe⟩−2
∑
q

(
∂Γe
∂nq

)2
⟨δnq(ω)

2⟩⟨j⟩2, (C.33)

We here observe that the current fluctuations mimic the behavior of δnq at low frequencies, which

can be intuitively thought of as the current response to slow variations in the total device resistance.

The phonon fluctuations are here given by:

⟨δnq(ω)
2⟩ =

∫ L

0

∫ L

0
⟨δn(x1, ω)δn(x2, ω)⟩dx1dx2 (C.34)

Since an emitted phonon can keep stimulating emission of subsequent phonons as it moves
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through the sample, we expect ⟨δn(t)· δn(t+ τ)⟩ > 0 for τ up to the traversal time tT, causing roll-

offs in both ⟨δnq(ω)
2⟩ and ⟨δ2j(ω)⟩ at low frequencies (≲ 1/tT). We expect that the total phonon

fluctuations (integrated over space and modes) to scale with the total emission rate, due to the Pois-

sonian nature of phonon emission.

C7.6 Dependence of global noise on charge density

In order to understand the charge density dependence of phonon amplification, we need to

consider the q-distribution of phonon emission (Fig. C.26A). At low q, the net emission rate

Δγq = γemq − γabsq increases with q, both because the electron-phonon coupling constant is linear

in q, and because larger q permits more accompanying electronic transitions for phonon emission.

However, the emission rate starts decreasing again when q approaches the maximummomentum

transfer 2kF(1 + vD/vF) ∼ 2kF, corresponding to electronic transitions across the entire (shifted)

Fermi surface.
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Figure C.26: Non-monotonic charge density dependence of phonon amplificaঞon. (A) The net emission rate Δγq at
constant current density j = 0.6mA/μm, for various kF (k0 = 165meV/(vFℏ)). The corresponding charge densiঞes
are n = 2.1, 4.5 and 8.0 × 1012cm−2, including the effect of the non-zero vD on n. Δγq becomes zero near 2kF. (B)
The integrand of expression C.35, which is expected to be strongly related to the measured noise. The blue curve has
the biggest area and thus corresponds to the highest expected noise, for device length L = 2.5μm. (C) Same as (B), but
for L = 7μm. The longer device allows for more filtering, causing the noise to be maximized at a lower kF (red curve).

When the charge density n is increased through electrostatic gating (red to blue to green curve in

Fig. C.26A), this upper bound is shifted according to kF =
√
πn· (1 − (vD/vF)2)3/4. This causes

a blue-shift of the amplified phonon population, and increases the number of amplified modes. At

the same time, however, the amplitude of Δγq decreases, because the drift velocity vD = j/(ne)

decreases with n at constant current density. In other words, increasing n causes the emission spec-

trum to become wider, but smaller in magnitude. We shall see that the competition between these

two effects cause a non-monotonic dependence on charge density.

As argued in the main text, the measured noise is expected to be due to the stochastic emission

of phonons, and should scale with the total phonon emission rate due to the Poissonian nature. We
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thus integrate the phonon generation rate over both space and phonon modes:

∫ ∫ L

0
Δγqnq(x)dx· qdq (C.35)

where the spatial profile nq(x) is given in eqn. C.12. We here integrate along the x-axis in q-space

and account for the cone shaped emission pattern by weighting by q. This is the quantity plotted in

Figure 4C in the main text.

We plot the integrand of the q-integral in eqn. C.35 in Fig. C.26B for L = 2.5 μm, and ob-

serve that the area is maximized at an intermediate doping level (blue curve), as argued in the main

text. At this cross-over point, one achieves an optimal balance between the width and height of the

gain profile for this particular device length. We turn to a longer (7 μm) sample in Fig. C.26C, and

observe a more sharply peaked phonon spectrum. Intuitively, the longer device allows for more

nonlinear amplification, which acts as an active filter centered at the most amplified phonon mode.

This filtering effect skews the competition between the width and height of the gain profile. Since

the most amplified modes strongly dominate in the longer device, it is more favorable to have a few

modes with high amplification rate (red curve) than many weakly amplified modes (blue and green

curves). Thus, the integrated phonon emission is maximized at a lower doping level in longer de-

vices. Another consequence of this filtering effect is that the cross-over behavior is predicted to be

sharper in longer devices. As shown in 4.11C in the main text, we find that our model agrees very

well with the data, with regards to both the shifts and broadening of the cross-over peaks.

Since the cut-off at q = 2kF is less sharp at higher temperatures, it is expected that the non-

monotonic behavior will have some dependence on the electronic temperature. The latter is ex-

pected to be elevated above the lattice temperature due to Joule heating. Using no other fit pa-

rameters, we find best agreement with our data at an electronic temperature of 320 K. In order to

evaluate whether this value is reasonable, we compare with an upper bound corresponding to the
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case where cooling only occurs through electronic conduction to the contacts. Using the thermal

conductivity given byWiedemann-Franz law and relevant bias voltages of 0.2 − 0.3 V, we find

temperatures of 340-500 K. Since in reality phonons also contribute to cooling, we expect that the

electronic temperature should be somewhat lower than this. We thus consider the value used here

to be reasonable. We finally note that the electronic temperature is expected to show some variation

with charge density, which may explain the discrepancy between our model and the data at high

charge densities.

C7.7 Local noise

The NV center measures magnetic noise due to local current fluctuations, which are intuitively

expected to be determined by the local phonon fluctuations. However, if one considers the 1D case,

where the current has to be constant along the whole device, one quickly finds this not to be the

case. This comes from the fact that we can no longer integrate eqn. C.10 over the device length to

remove local fluctuations in the electric field. A change in the resistance in one part of the device

will thus affect the electric field in other parts of the device, due to the division of the bias potential

along the device. Here, we show that this non-local effect is negligible in two dimensions, and that

the local current fluctuations are indeed determined by the local phonon fluctuations.

We do this by dividing the sample into small squares of size corresponding to the NV sens-

ing area, and then think of the sample as a grid ofN × N resistors with resistanceR(x, y, t) ∝

Γe({nq(x, y, t)}). We here remind that Γe is the electronic scattering rate. The NV sampling di-

mension is approximately given by its depth dNV ∼ 50nm, so the number of resistorsN2 =

Asample/ANV ∼ 105 is very large. We now switch to discretized subscripts instead of x and y to

represent position, and consider an NV center located just below position (m, n) in the grid. The
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current moving right above the NV center is then given by:

jmn =
jtotRm

Rmn
∝ Rm

RmnRtot
(C.36)

Rtot =
∑
i
Ri =

∑
i

∑
j
R−1
ij

−1

(C.37)

where the first subscript is the position along the current (x), and the second is in the transverse

direction (y). When only one subscript i is used, it refers to the total cross-sectional resistance at

x = i (Ri = 1/
∑

j R
−1
ij ). We see that all resistors affect the total current jtot, but only resistors on

the same transverse plane as the NV affect the portion of jtot that goes through the NV sensing area.

The local current fluctuations probed by the NV are then given by the sum:

δjmn = ⟨jmn⟩
(
− δRtot

⟨Rtot⟩
+

δRm

⟨Rm⟩
− δRmn

⟨Rmn⟩

)
(C.38)

There are thus three candidates for which resistors we have to consider, corresponding to the three

terms above: 1) All of them, 2) The ones on the same transverse plane as the NV, or 3) Only the

resistor at the NV location,Rmn. In order to determine which effect is larger, we for now assume

that all resistors have the same rms fluctuations δRrms and mean resistanceR, so: ⟨Rtot⟩ = ⟨Rmn⟩ =
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N ⟨Rm⟩ = R. We then have:

1) δRtot
⟨Rtot⟩ =

1
R
∑

ij
∂Ri
∂Rij

δR = 1
R
∑

ij
R2
i

R2
ij
δR =

∑
ij

δRij
N2R →

(
δRtot
⟨Rtot⟩

)
rms

= 1
N

δRrms
⟨R⟩

2) δRm
⟨Rm⟩ =

N
R
∑

j
∂Rm
∂Rmj

δRmj =
1
Rm

∑
j
R2
m

R2
mj
δRmj =

∑
j
δRmj
NR →

(
δRm
⟨Rm⟩

)
rms

= 1√
N

δRrms
⟨R⟩

3) δRmn
⟨Rmn⟩ =

δRmn
R →

(
δRmn
⟨Rmn⟩

)
rms

= δRrms
⟨R⟩

(C.39)

Assuming the phonon fluctuations at each site are independent, we find that the rms values of the

three terms scale as 1/N, 1/
√
N and 1, respectively. It is the parallel connections that prevent δRtot

and δRm from simply scaling with the square root of the number of resistors involved. We thus only

have to consider the phonon fluctuations right above the NV center to determine the local current

fluctuations. We here stress that this is only the case for fluctuations; the mean local current depends

on the total phonon population (all resistors in the grid).

This justifies our argument that the spatial current noise profile (4.9D in the main text) is rep-

resentative of the local phonon fluctuations. Moreover, it is now clear that the NV center is only

sensitive to correlations within its sampling area. This means that the locally measured fluctua-

tions should have a frequency cut-off given by the inverse transit time of the NV sampling area

(vs/dNV ∼ THz), not the total device, consistent with our observations in section C6.2.

C8 Alternative mechanisms

We include here an accounting of other known processes that may occur in highly biased graphene

and comment on their inconsistency with our observations. By contrast, as shown in the main text,
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the electron-phonon Cerenkov instability agrees very well with all of our observations.

C8.1 Optical phonon scattering

When biased to very large drift velocities, electrons in graphene can relax by emitting optical

phonons, eventually leading to current saturation245,76,275. In particular, this behavior is often ob-

served in devices fabricated directly on SiO2, where the optical phonon energy is only∼50 meV.

The anomalous noise and conductivity features investigated in the main text are only observed in

fully hBN-encapsulated devices, where the relevant low-lying optical phonon mode is in the hBN

itself385. This mode has a higher energy of∼ 100 meV, which is only accessible at biases far beyond

the onset of the anomalous behavior. In particular, we observe that the AC conductivity spectrum

has developed clear low-frequency features and that the noise is superlinear in power when the avail-

able excitations (kBT, 2ℏkFvD) are less than 20 meV. This is clearly too low for substantial optical

phonon emission.

Besides being outside the parameter range required to excite optical phonons, it is not expected

that optical phonon scattering will lead to the observed strong noise signal and its growth across

the sample. Indeed, noise measurements in disordered samples on SiO2 clearly show that the noise

signal is simply dominated by thermal (white) noise when the graphene sample is biased strongly

enough to access optical phonons48. Furthermore, the velocity extracted from 4.10 matches well

with the acoustic phonon velocity, while optical phonons have orders of magnitude lower group ve-

locities. Lastly, due to the high energy of optical phonons, it is not expected that their effects should

be as dependent on lattice temperature as we observe in the 10-300 K range (4.11A).
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C8.2 Plasmonic effects

A plasmonic analogue to phonon Cerenkov amplification in graphene has also been proposed181.

While plasmons in graphene have far too high velocities (∼10 times higher than the drift velocities

in our experiment) to match well with our observations228, losses could allow for accessing lower-

velocity modes below the dispersion. However, we operate in a parameter regime that is far from

that required to achieve this. As analyzed in Ref.181, intra-band transitions are only accessed by

very high initial electronic excitations of∼2000 meV above the Fermi energy, which is two orders

of magnitude higher than the excitations reached in our experiment at the onset of the anomalous

observations (kBT, 2ℏkFvD<20 meV).

Another plasmonic effect of interest is the Dyakonov-Shur (DS) instability96. We also exclude

this mechanism based on many considerations: 1) This mechanism relies on carefully chosen

boundary conditions not satisfied in our experiment. 2) The DS instability requires much longer

electronic mean free paths than what we observe when applying high bias. 3) Since DS plasmon

amplification occurs at the sample edge and the plasmons are damped in the channel, the signal is

expected to be higher in shorter samples. In clear contrast, we observe that the signal increases with

device length (section SC5.3). 4) The DS instability is expected to cause oscillations at much higher

frequencies (∼THz) than what is observed in our experiment.

Moreover, there is another critical difference between phonons and plasmons: while the speed

of sound does not depend on electronic parameters, the plasmon velocity is highly dependent on

charge density228. Thus, if plasmonic emission were driving the instability, the timescale (device

traversal time) observed in noise and AC conductivity measurements should change with gating.

As explained in the manuscript and shown in Fig. C.16, we show that this is not the case. Based on

these arguments, we conclude that plasmons are not connected with our observations.
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C8.3 Hydrodynamic instabilities

When electron-electron interactions are the dominant scattering mechanism in the device, graphene

enters the hydrodynamic regime and may exhibit instabilities such as vortex shedding and pre-

turbulent flow244. We discount such hydrodynamic instabilities as an explanation for our obser-

vations for the following reasons: 1) The rate of electron-phonon scattering in driven graphene-

hBN heterostructures is too high to realize long-range hydrodynamic instabilities. This was recently

discussed in Ref.115. 2) The frequency of vortex shedding in pre-turbulent oscillations should be

highly dependent on drift velocity, in contrast to our observations in 4.10, where the observed

timescales are independent of electronic parameters. 3) The extent to which hydrodynamic insta-

bilities occur increases with the Reynolds number, Re = vDL/η, where η is the kinematic viscosity.

The Reynolds number is expected to decrease monotonically with increasing carrier density n for

two reasons: The kinematic viscosity of the electron fluid increases with n, and at constant current

density, the drift velocity decreases with n. Thus, we do not expect hydrodynamic instabilities to

show the non-monotonic doping dependence observed in 4.11C.
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D
Supporting material for Chapter 5

D1 Theoretical treatment

A simple way to understand the emergence of graphene’s large diamagnetic response is to calculate

the energy difference between free electrons and electrons that have collapsed into the zeroth Lan-
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dau Level. In the absence of magnetic fields, an electron in graphene has energy given by

ε = ℏvFk , (D.1)

were vF is the Fermi velocity of graphene (≈ c/300) and k is the momentum of an electron. This

defines the linear dispersion of low-energy graphene electrons at theK point. The density of states

graphene electrons is given by

g(ε) =
2

π(ℏvF)2
|ε| . (D.2)

In a strong magnetic field, the formerly free electrons coalesce into degenerate Landau Levels.

The energy of theNth LL is given by

E(N) = sgn(N)
√

2eℏv2FB|N| , (D.3)

where B is the applied magnetic field and e is the charge of the electron. The
√
N dependence of the

LL energy spectrum in graphene contrasts with the linear inN spectrum of normal electrons. Each

LL is degenerate, with degeneracy given by

D(B) =
2eB
πℏ

. (D.4)

Using Equations (D.1) to (D.4), we can calculate the energy change of the free electrons as they

move into the 0th LL, where all electrons have ε = 0. The initial total energy energy of the electrons

(and holes) near the Dirac point is given by

U0 =

∫ λ

−λ
εg(ε)f(ε)dε , (D.5)

where f(ε) is the Fermi distribution function and the limits±λ are the minimum and maximum
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energies of the free electron states that will fill the 0th LL, as opposed to a higherN. This is easily

obtained from the LL energy: the states that become theNth LL come from states that were orig-

inally between E(N + 1/2) and E(N − 1/2). If we are only considering the 0th LL, this means

that

λ(B) = vF
√
eℏB . (D.6)

Since the final energy of these electrons is justUf = 0, we have that ΔU = U0. The susceptibility

is found by taking

χ
μ0

=
1
B
∂U0

∂B
, (D.7)

=
1
B

∂

∂B

(∫ λ(B)

−λ(B)
εg(ε)f(ε)dε

)
, (D.8)

=
1
B
λ(B)g(λ(B))

dλ
dB

(f(λ(B))− f(−λ(B))) . (D.9)

If we are interested in relatively low magnetic fields (so that λ
kT ≪ 1), we can expand the Fermi

functions to find that they simplify to

(f(λ(B))− f(−λ(B))) ≈ − λ
2kT

sech2
( μ
2kT

)
. (D.10)

So that the susceptibility is given by

χ(μ) = −
μ0v

2
Fe2

4πkT
sech2

( μ
2kT

)
, (D.11)

which is the result obtained byMcClure241.

This result provides good physical intuition for why diamagnetism is so much stronger in
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graphene than in other materials: there is a particularly large energy change for electrons (and holes)

when a magnetic field is applied, since the final states have 0 energy. For a Fermi energy at the Dirac

point, the filled states rise in energy as a field is applied, so the energy change is negative and hence

the system is diamagnetic. The other reason that the diamagnetism is so strong is that graphene elec-

trons, having an extremely small effective mass, move very fast (at vF)241.

This calculation is simplified for two reasons. First, in using the total energy of the electrons in

place of the thermodynamic free energy, we have neglected any contributions from entropy, which

increases upon the application of a magnetic field. This is taken into account in Ref.241 and it is

found that the value of the susceptibility is smaller by about a factor of three when calculated using

the Helmholtz free energy. The second reason is that it neglects contributions from the other Lan-

dau levels. These can be taken into account as in Ref.367 or Ref.218. Briefly, in the zero temperature

limit, the total energy is calculated by taking an integral over the density of states up to the Fermi

energy. For the degenerate Landau levels, the density of states is given by

g(ε) =
2eB
πℏ

∞∑
N=−∞

δ
(
ε− sgn(N)

√
2eℏv2FB|N|

)
, (D.12)

where δ is the Dirac delta function. There are several ways to evaluate this sum, which are given in

the above references as well as in the famous book by Landau207.

To take both finite temperature and higherN LLs into account, we should consider the Grand

potential37, given by

Ω =
1
β
∑
i
ln (1+ exp β(μ− εi)) , (D.13)

=
1
β
∑
i
f(μ− εi) , (D.14)
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where εi is the energy of particle i, β = (kBT)−1, μ is the chemical potential, and the sum is over all

particles in the system. When a magnetic field is applied, we can rewrite Eq. (D.19) as a summation

over all of the LL indices, multiplied by the degeneracy. We have to be careful about the states with

ε < 0, however, since it is more convenient to set the Dirac Point to be E = 0. We can deal with

these by treating them as being relative to a negative chemical potential, so that the Grand potential,

including degeneracy given by Eq. (D.4), is

Ω =
4eB
πℏβ

( ∞∑
N=0

f(μ− a
√

|N|) +
∞∑
N=1

f(a
√

|N| − μ)

)
, (D.15)

where a =
√
2eℏv2FB. Now we evaluate the sum using the Poisson summation formula, given by

∞∑
j=−∞

δ(x− j) =
∞∑

k=−∞
exp(2πikx) , (D.16)

where δ(x) is the Dirac Delta function.

To evaluate the first sum, we multiply both sides by f(μ− a
√

|x|) and integrate from 0 to∞

1
2
f(μ) + 2

∞∑
n=1

f(μ− a
√
|n|) = 1

a2

∫ ∞

0
f(μ− x)2xdx+

2
a2

∞∑
k=1

∫ ∞

0
cos
(
2πkx2

a2

)
f(μ− x)2xdx .

(D.17)

Where we have made a substitution to eliminate the square root of x in f. Now we follow the same

perscription for the negative energy terms, but instead integrate from−∞ to 0:

1
2
f(μ)+ 2

∞∑
n=1

f(a
√

|n|− μ) =
1
a2

∫ 0

−∞
f(x− μ)2xdx+

2
a2

∞∑
k=1

∫ 0

−∞
cos
(
2πkx2

a2

)
f(x− μ)2xdx .

(D.18)

It is worth noting at this point that some of these terms will not contribute to the magnetization,
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and we will drop them. In particular, the k = 0 terms have no field dependence, so we write the

Grand Potential as

Ω−Ω0 =

(
2

ℏ2v2Fπβ

)( ∞∑
k=1

∫ ∞

0
cos
(
2πkx2

a2

)
f(μ− x)2xdx+

∞∑
k=1

∫ 0

−∞
cos
(
2πkx2

a2

)
f(x− μ)2xdx

)
,

(D.19)

which can be numerically integrated. To obtain the magnetization, we take the derivative with re-

spect to the magnetic field.

In the limit of zero temperature, Eq. (D.19) can be simplified significantly, though the integrals

must still be evaluated numerically. The results of the calculation done in this limit are presented in

Ref.367. See Ref.367 also for a discussion of how disorder enters into the calculation.
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