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Zeeman spectroscopy of CaH molecules in a magnetic trap

Bretislav Friedrich,? Jonathan D. Weinstein, Robert deCarvalho, and John M. Doyle
Department of Physics, Harvard University, Cambridge, Massachusetts 02138

(Received 28 September 1998; accepted 27 October)1998

In a recent experimerfWeinsteinet al, Nature 395 148 (1999] we magnetically trapped £0
ground-state calcium monohydride molecules, C&k¥,v”=0,J"=0). The molecules were
prepared by laser ablation of a solid sample of gad loaded via thermalization with a cold

(<1 K) 3He buffer gas. The magnetic trap was formed by superconducting coils arranged in the
anti-Helmholtz configuration. The detection was done by laser fluorescence spectroscopy excited at
635 nm(in the B23,0'=0—X23,0”"=0 band and detected at 692 nrtwithin the B,o’=0
—X,v"=1 band. Both a photomultiplier tube and a CCD camera were used. Due to the
thermalization of molecular rotation, only a transition from the lowest rotational state could be
detected at zero fieldN’'=1,J'=3/2—-N"=0,J"=1/2. In the magnetic field this rotational
transition splits into two features, one shifted towards lower and one towards higher frequencies.
The measured shifts are linear in field strength and indicate a small diffe(@r@2ug) in the
magnetic moments between the ground and excited states. Here we present a theoretical analysis of
the observed magnetic shifts. These are identified as arising from a rotational perturbation of the
B 23,0’ =0 state by a close-lying ?I1,v’ =1 state that lends thB state some of ité character.

We find that the Hamiltonian can be well approximated byxa33matrix built out of elements that
connect states from within th&-doublet and the’Il5, manifolds. The interaction parameter
describing the>—II coupling in the Zeeman Hamiltonian is determined from the observed shifts
and the field-free molecular parameters of CaH given by Berg and Klyjithgs. Scr.10, 331

(1974] and by Martin[J. Mol. Spectrosd08 66 (1984]. © 1999 American Institute of Physics.
[S0021-960809)00805-3

I. INTRODUCTION whose energy increases with increasing field strength; as a
result, they seek regions of minimum field strength where

The advent of molecular trapping presents a new chaltheir energy is lowe$t Because the magnetic dipole moment
lenge to the spectroscopy of molecules in externabf ground-state CaH is &g (Bohr magnetopand the maxi-
magneti¢? and electrié* fields. In particular, the wide ap- mum attainable magnetic field strength at the trap edge is
plicability of buffer-gas loaded magnetic traps to many para{.4,s~3 T, the maximum depth of the magnetic trap is 2 K.
magnetic moleculesand atomg-° stimulates a renewed in- CaH molecules are produced and trapped within a copper
terest in high-resolution Zeeman spectroscopy. The tragell located in the bore of the magnet. The cell is filled with
spectroscopy is not only vital to the understanding of the’He buffer gas and its temperature is maintained by thermal
processes that take place within the confines of the trappingontact with a dilution refrigerator. Typically, thié#le num-
field but, equally importantly, benefits the elucidation of theber density is about #6cm™3. The bottom of the cell is
structure of the molecules themselves. outfitted with a fused silica window to enable optical access.

In a recent experimehiwe magnetically trapped over The CaH molecules are created by ablating a solid sample of
10° ground-state calcium monohydride molecules,CaH, placed within the cell at the edge of the trapping region
CaH(X %% ,0”=0), at a temperature of about 400 mK and with a 10 mJ, 7 ns pulse of a frequency-doubled YAG laser.
performed high-resolution Zeeman spectroscopy on thehe initially hot CaH molecules diffuse through the helium
trapped ensemble in t2—X band®’ gas and quickly thermalize with it via elastic collisions.

The principle of buffer-gas loading and a detailed de-  The CaH molecules are detected by laser fluorescence
scription of our apparatus are given in our previousspectroscopy. The fluorescence is excited at 635 nm in the
papers.®° Briefly, our magnetic trap is a linear quadrupole B23,,y'=0—X23,,0”"=0 band and detected mainly within
field formed by two superconducting coils arranged in anthe B,u’=0—X,v”=1 band at 692 nnfthe corresponding
anti-Helmholtz configuration, see Fig. 1. In the center be+ranck-Condon factor was calculated to be 0.828A set
tween the two coils is a zero field point from which the of color-glass and band-pass interference filters placed in
magnitude of the field increases linearly over the trappingront of the detectoteither a photomultiplier tube or a CCD
region in any direction. This configuration confines mol- camera serves to block the scattered probe radiataiong
ecules that are in the low field seeking states., states with theB,v’=0—X,v”=0 fluorescence
Typically, under field free conditions, only a single ro-
dAlso at Department of Chemistry and Chemical Biology, Harvard Univer- tational transitionN’=1,J’=3/2—N"=0,J"=1/2, can be
sity, Cambridge, MA 02138. detected. This is consistent with a fast rotational relaxation
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Copper Cell —— .i il —— Solid lump of CaH.»
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Window Magnet Current
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FIG. 1. Schematic of apparatus. The copper cell is anchored to the mixing
chamber of a dilution refrigerator. The magnet is immersed in liquid helium.
Vacuum isolates the relatively ward K) magnet from the cold300 mK)

cell. The superconducting magnet coils are arranged in the anti-Helmholtz
configuration(currents travel in opposite directionand form a magnetic
trap up © 3 T deep. Detection and ablation lasers enter through three boro-
silicate windows(not shown at 300 K, 77 K, and 4 K before passing
through the fused silica window at the bottom of the cell. Fluorescence from
the moleculeginduced by the probe lasereflected off a mirror mounted on
the top of the cell is collected outside the 300 K window by a photomulti-
plier tube or a CCD camera.

-0.8 -0.6 -04 -0.2 0
Frequency Shift [GHz]

Hedge =0T ]

of the molecules that renders the population of higher rota-
tional states negligible: the next rotational state lies 8.5tm
above theN”"=0,J"=1/2 ground state and the intensity of
the corresponding transition is well below 0.1% of tRé
=1,J'=3/2—N"=0,J"=1/2 transition. This yields an up-
per limit on the rotational temperature of 1.5 K. Using ab-
sorption spectroscopy to calibrate the fluorescence detection,
we found that up to 1§ CaH molecules could, under certain
conditions, be formed by a single ablation pulse. We were
also able to detect the formation ¥f23,0”=1 molecules
which were about 10100 fewer; their scarcity precluded
them from being detected in the trap. However, we deter-
mined the upper limit of the”=1—v'=0 relaxation cross
section (in collisions with the 3He buffer gay to be
1078 cn? which suggests that it should be possible to load

Fluorescence Signal [Arbitrary]

them into the trap. _ 0 0z 04 06 08
As the magnetic field is turned up, the field-free rota- Frequency Shift [GHz]

tional transition is observed to split into two features shiftedr g 2. spectra taken at different values of the magnetic field at the edge of

towards lower and higher frequencies. Figures 2a and 2be trap,Heqq. All panels correspond to delay times of up to 25 (with

display, respectively, spectra with negative and positive frerespectfo the ablation pulseThe frequency scale is relative to the fre-

guency shifts taken at different values Htedge- All pane's quencyvy=15 762.96 cm? of the R1(1/2) field-free transitionRef. 11).

. : Part (a) shows spectra with a negative frequency shift corresponding to
CorreSpond to delay times of up to 25 I(Mﬂth respect to the high-field seeking states; paih) shows spectra with a positive frequency

ablation pulsg when molecules in both the low- and high- ghit corresponding to low-field seeking states. All spectra are normalized to
field seeking states are spread almost evenly over the cell anitk peak height.

their distributions are nearly symmetric, peaked towards high

field. This shape reflects the available phase space whidater times, the high-field seekers move towards the edge of
increases towards the edge of the trap due to the spherictde trap, hit the wall of the cell, stick to it and are lost; the
geometry of the field and is further enhanced at the edge duew-field seekers, on the other hand, move towards the center
to the saddle point. As described in our previous p&mr, of the trap and by 300 ms their distribution is that of a
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the high-field limit are determined by the projectidig, of
-------------- My, Mg, M the spin angular momentum ah(the Paschen-Back uncou-
A pling). The states involved in the spectroscopic transitions
detected in our experiment are shown by bold lines. Note the
0. 12, 12 different order of the eigenenergies in tikeand B state
L1 manifolds in either limit—due to the opposite signs of the
0. 172, 112 spin-rotation coupling constaft. While the field depen-
B dence of the states correlating with’=0,J"=1/2 from
R within the X-state manifold is trivial, given by: gsH/2 (with
'(1) }Z‘ ?g gs the electron spin gyromagnetic ratiofor M”

' =+1/2, the Zeeman curves of thdl'=1,J'=3/2M’
=+3/2,+1/2 states from within theB23*,v'=0 state
manifold are affected by a perturbation from thev' =1
state. Their computation is the subject of the following sec-
tion.

0, 1/2, 312
— 0, 1/2, 112 Il. THEORY: THE HAMILTONIAN AND ITS MATRIX
R ELEMENTS IN A BASIS SET INTERMEDIATE
« }fg < |~ o mn BETWEEN HUND'S CASES, (a) AND (b)
0. 12 <& T A. Field-free rotational perturbations
\ 0,-1/2,-112 In the absence of an external field, the Hamiltonian of a
0.-112,-12 linear molecule is given by the sum of the vibronic, rota-
_ tional, spin-spin, and spin-orbit Hamiltoniarisee Appen-
Low Field High Field dix):
FIG. 3. A correlation diagram between the low- and high-field limits for Ho=Hg,+H,+Hgst Hgo. @

states from within theX,v”=0 andB,v’ =0 manifolds; also shown are the . . . . 25;
perturbing states from within thd,v’=1 manifold (dasheyl The states In what follows we will consider the interaction of Uy,

from within the X and B manifolds are labeled by the Hund's cag®  With a 2I1,vy; vibronic state. For this case, Hamiltoni&h
Puciear spinin the low-fld fmit and ther projecions on the drecton of a P ogy onCeHss -0, as in any doublet state. Hence, the
?huecf?;:j?tﬂez axis, My, andM, in the high?fiejld limit. The slopes of the 2,vs~*Il,vyy perturbation(described by the off-diagonal
eigenenergies in the high-field limit are determined by the projechibg, matrix elements OHO) is due to the vibronic overlap and the
of the spin angular momentum ¢h The states involved in the spectro- L- and S-uncoupling and spin-orbit interactions.
scopic transitions detected in our experiment are shown by bold lines; the  |n order for two rotational states to interact, their total
transitions are indicated by vertical lines. angular momentéexcluding nuclear spjnJ, and their pari-
ties, P, must be the same and the overlap of the vibrational
eigenfunctions of the two states must be nonZérbhere-
trapped ensemble @t=400 mK, close to the initial tempera- fore, to construct a suitable representation of the field-free
ture of the buffer gas of 300 mK. Hamiltonian, we need a basis set of states with definite parity
Here we give a theoretical analysis that assigns théhat correspond to the three electronic states in question: a
feature that shifts towards higher frequencies to the transition> State {Q|=1/2) and two?II states(one with|Q|=1/2
from the N"=0,J"=1/2M"=1/2 low-field seeking state to and one with|Q}[=3/2). Such a basis set, describing an in-
theN’=1,J' =3/2M' =3/2 state, and the feature that shifts termediate coupling between Hund's casgsand (b), has
towards lower frequencies to the transition from thé  been introduced by Radford and Broitfa:
=0,J"=1/2M"=—1/2 high-field seeking state to thg’ c
=1,)' =3/2M’'=—3/2 state. We find that the slopes of the 1,a,J> =(2) " YA25 =25 ), 2
N'=1,3'=3/2M'==*3/2 states differ from the slopes of

the N"=0,J"=1/2M"=*1/2 due to a perturbation of the c ) 5 ) )
B23,0'=0 by a close-lyingA?ll,v’ =1 that lends theB 259 ) =alTHapt Tl g) =b(*M1p= Tl 1), (3)
state some of it$\ character.

Figure 3 shows a correlation diagram between the low- C A\ _ 2 2 2 2
and high-field limits for states from within thé,0”=0 and 34 "]> =b( g™ T ap) +a(T1p= T g), - (4)
B,v"”=0 manifolds; also shown are the perturbing statesWhere

from within theA,v’ =1 manifold(dashed The states from

within the X andB manifolds are labeled by the Hund’s case X+(2—\)]¥?

(b) angular momentum quantum numbeXxs(rotation andJ a= T} ' ®)
(total, excluding nuclear spinn the low-field limit and their

projections on the direction of the fie{the Z axis), M and :{X_ (2— 7\)}1/2 ®
M, in the high-field limit. The slopes of the eigenenergies in N 4X '
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I

A
B (7)

2
X

4\ J+ >
and the upper and lower sign pertains respectively tocthe
and d symmetry. Note that1,(c/d),J)—?2 2|17 and for A
——o0,]2,(c/d) J>—> IT}3, and [3,(c/d) J>—> Il ; for
)\—>m |2 (C/d) J>—> Hlllzl and|3 (C/d) J>—> H‘g/z‘

Using the matrix elementA1)—(A8) of the Appendix,
we obtain for the matrix elements éfj:

172
+)\()\—4)} , 8

C Cc

<1,a,.] Ho 1,a,J> =a*s, 9)
C Cc

<2,a,J Ho 2,a,J> 2(a?y—2abe+b?p), (10
C C

<3,a,J Ho 3,a,J> 2(b?y+2abe +a2p), (11)
C C

<1'H’J Ho 2,a,J> 2" an¥b(£x0)], (12
C C

<1,a,~] Ho 3,a.J> 2Y9bp+a(6=¢)], (13

d d

Cc Cc
<2,—,J Ho 3,—,J> =2[a’c+ab(y—B)—b%]. (14

In this formulation, the dependence of the eigenstates of
Ho on the electronic motion and the nuclear vibration is

contained in the parameter§=¢(Q), »=n(Q), and 6
= 6(Q,P) that depend on the perturbation parame@snd
P, see Egs(A9) and(A10) of the Appendix.

B. Rotational perturbation in the presence of an
external magnetic field

The Hamiltonian of a molecule subject to a uniform
magnetic fieldH is given by

H=Hy+Hz, (15
where the Zeeman Hamiltonian is
Hz: _/-LzH, (16)

see Eq.(All) of the Appendix. The nonvanishing matrix
elements oH; in the Radford-Broida basis set are:

M
<1,C,J,M|Hz|l,C,J,M>:_mMBH, (17)
M
<1,d,J,M|HZ|1,d,J,M>=TMBH, (18
ZC J,MH ZC J,M
lal ] Z !al [}
gs

1+

J(J+1) +293ath},uBH, (19

Friedrich et al. 2379

3C J,M|H 3C J,M
181 [ ya 18! ]
_ gs|, 2 M _
_{( )b 307D 2gsabtM|ugH, (20)
1C J,M|H 2C J,M
161 3 ya Yal y
=—27Y2  sM(atFbu)ugH, (21)
1C J,M|H 3C J,M
1a| 3 V4 ya! ]
=—2"12 ; sM(btxau)ugH, (22
2C J,MH 3C J,M
,a, ) Z .a, )
=(b?—a?)gstugH+ab 1+g M H, (23
Ostug 2)33+1) T MB
with
[J+1)— (D]
S TEEE (24
=[J+(%)] (25
=30 )

Note that the off-diagonal Zeeman matrix elemegi2t and
(23) modify the field-free perturbations given by the matrix
elementg12) and(14). Also, note that states with the same
c/d symmetry have the same parity but not vice versa.

Apart from the matrix elements that connect states with
sameJ and M there are non-vanishing matrix elements be-
tween states with samd and parity but withJ’s that differ
by AJ=*1. These matrix elements have always to be in-
cluded for the other member of tRe-doublet since members
of a 3-doublet are quasi-degenerate and have the same par-
ity. On the other hand, in the case of a large spin-orbit split-
ting between théell|;;; and ®Il 3, states(or, more accu-
rately, large\), there can only be a significant interaction
between the’-E‘ 1/7 State and just one of thd]l states(the
one that exhibits an accidental quasi-degeneracy with the
22‘1,2‘ statg. Therefore, the Hamiltonian can be well ap-
proximated by a &3 matrix built out of elements that con-
nect theX-doublet with either thél’[mz‘ or the? H|3,2| state.
Note that the other member of th?d'[|1/2| or H‘g/z‘ A-
doublet does not interact with the three states because of its
different parity.

Thus, in the case of a quasi-degeneracy, for given vi-
bronic states and a gived, between thell,c,J,M) and
|2,c,J,M) states of positive parity, thex3 Hamiltonian ma-
trix will also contain matrix elements that connect these two
states with thé1,d,J+1,M) state:
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(1d,J+1M[H|1d,J+1M) (1dI+1IM[H[1c,d M) (1d,J+1M[H|2,c,IM)
(1¢,3,M|H|1d,J+1M)  (1c,IMH[1c,d M)  (1cdM[H|2cIM) |. (26)
(2C,IM[H[1d,J+1M)  (2¢,I,M|H|1c, I M)  (2c,J,M|H|2,c,d,M)

Or for a quasi-degeneracy between fh@l,J,M) and|3,d,J,M) states of negative parity, thex3 Hamiltonian matrix
will also have matrix elements due to thiec,J—1,M) state:

(1c,J-1M[H|1c,d—-1M) (1c,dJ—1M[H|1d,d,M) (1c,d—1M|H|3d,J,M)
(1d,IM[H|1c,d-1M)  (1d,IM[H|1d,IM)  (1d,d,M|H|3d,I.M) |. 27)
(3d,JM[H|1c,d—1M)  (3d,JM[H|1d,J,M)  (3d,d,M|H|3d,J,M)

The mixedd matrix elements occur only for the Zeeman part of the Hamiltonian and can be derived frofAEg)s-
(A30) and(A31)—(A36) of the Appendix. For the above examples these are:

(1d,3+1M[H[1¢,d,M)=(1,d,d+1M|Hz|1¢,I,M)

[(J+ DI+ HI+M+1)(I-M+1)¥?

- 2
ST D@t nrg M 29

(1,d,3+1M[H|2c,I,My=2"YL § (29)

[(J+ DA+ DHA+M+1)(I-M+1)]¥2
X
(J+1)[(23+1)(23+3)]¥2
+2’1’2aLH,2 (31)

usH (30

[(J+ HI-HI+M+1)(I-M+1)]¥?
X
(J+1)[(23+1)(23+3)]*2

/’LBHY (32)

[+ )= HI+M)(I-M)]Y?
J[(2J+1)(23—-1)]*2

(1¢,9—1M|H|1d,J, M)=gs usH, (33

[+ DI~ HI+M)I-M)]?
J[(23+1)(23—1)]*?

(1,J-1M|H|3,d,J,M)=2"Y2 | ya usH (39)

o-1/2 b[(J+ I+ HI+M)(I-M)]¥2 y )
+ _ .
s J[(2J+1)(23—1)]*2 MB (35

In the present case of the CaH molecule, tlie=1 Lps=(IT|L*|Z) by 2<H||3|_y|2>/|3252Q/|32 we ob-
states with)’ =3/2 and 1/2 from within thé& 23,v' =0 state  tained Zeeman curves for the’'=1,0'=3/2,M'=+3/2

manifold are perturbed by the close-lyidg=3/2 state from that, after subtraction of the respectiMé:O,J"= 1/2. M’

. . 2 r_ . . _ . _
W'.thm the A®Il,,v" =1 manifold (\{vhose spin orbit cou- +1/2 curves, yield a semiquantitative agreement with the
pling constant,A>0). Hence the interacting states have . . "

. . a2 ; observed Zeeman shiftdashed lines The positive Zeeman
negative parity and the relevant<® Hamiltonian matrix ; " \ "
takes the form of Eq(27). shift corresponds to the transition between té=0,J

=1/2M"=1/2 and theN'=1,J'=3/2M'=3/2 state, and
the negative shift to the transition between tNé&=0,J"
I1l. COMPARISON OF THEORY AND EXPERIMENT =1/2M"=—-1/2 and theN’'=1,)'=3/2M'=—3/2 state.

Figure 4 shows the measurégbints spectral shiftsas By fitting the calculated Zeeman shifts to the observed ones

derived from the positions of the maxima of the distribution (full lines) we obtainLy; x=0.4. This value is about twice
curves of Fig. 2 as a function of the magnetic field strength that of 2Q/Bs, i.e., quite at odds with the “pure preces-
at the edge of the trapesee The shifts are linear in field Sion” hypothesis, see, e.g., Refs. 14 and 17. The analysis of
strength and correspond to a small differeti@®2 ug) in  extensive field-free spectra of CaRefs. 6,7 led earlier to a

the magnetic moments between the ground and excitegimilar conclusion.

states. Taking the field-free parameters of CaH from Berg The calculated slope of the negative Zeeman shift is
and Klynind and Martirl (see captionand approximating slightly steeper than that of the positive shift; this is due to
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1.0 T T APPENDIX

1. The field-free Hamiltonian and its matrix elements
in Hund’s case (a) basis

The matrix elements of the field-free Hamiltonian of a
linear molecule in the Hund’s caga) basis that couple the
23, and?I1 states in question, first given by van Vietkare
reproduced here for convenience:

(®S 12| Hol %2 120) = (33 _ 11| Ho| %S~ 1/20)
=Bs[J(J+1)+ ;]+AE=a, (A1)
(*T1120| Hol T4 50) = (*T1 _ 10| Ho|*T1 _ 1,2)

Transition frequency shift [GHz]

Hegge [Tesla)

A
FIG. 4. Measured negativeircles and positive(diamond$ spectral shifts = BH(J(J+ 1)+ 41) - ==p, (A2)
as derived respectively from the type of data shown in Figs. 2a and 2b as a 2
function of the magnetic field strength at the edge of the tfép.. The 2 5 5 2
dashed lines show a simulation based on a “pure precession” estimate < l_13/23|Ho| H3/2~]>:< l_[—3/2~]|H0| l_1—3/2~]>
of the(II|L *|X) coupling between thB,v’ =0 andA,v’ =1 states, the full A
line is a fit to the experimental data yieldigbl|L *|=)=0.4, see text. The _ AR
values of the parameters that enter the calculation were taken from Berg =Bn(J(J+ -2+ 2 Y (A3)
and Klyning (Ref. 6 and from Martin (Ref. 7). These were:By
= a1 = nl A= 71 = Tl 2 2 _/2 2
PilgA;;SSQc_nz) é33 By=4.2457cm*, A=78.99cm -, AE=27.62cm -, < 21/2]| H0| 271/2\]>_< 271/23| Ho| 21/23>

=Bs(J+ 2)=(—1)%, (A4)

. <2H3/2J|Ho|221/2~3>:<2H—3/2~]|Ho|22—1/2~]>
the enhanced repulsion of the =1,J'=3/2M’' =3/2 state
that lies closer to the perturbingstate. =Bp[(J— H(I+ H]¥%=¢, (A5)
We note that a field-induced hybridization bmay lead ) ) <2 )
to the loss of a definite parity of the states, thus weakening (M2 Hol*2 - 123) = (= DT 1,20 Ho["Z12)
the parity selection rule for the perturbatibhwe neglected _ £ hy=(_1)s
this effect in our calculations. 2Q0+ H=(~ 1%, (AB)

(P33 Ho 22 120y = (— 1) %I _ 32| Ho| 23 1/00)
=2Q[(J- H(I+ 1Y%=y, (A7)

23 1123 Ho 2 10y = (— 1)%(2S 10| Ho| 21T -
We have observed splitting of th823,0'=0(N'=1, (FadHolhd) = (~1)% v2l|Ho val)
J' =3/2)—X?23,v"=0(N"=0,J"=1/2) transition of CaH =P+2Q=9¢, (A8)
in a magnetic trapping field. Theory to explain the observed ;i AE the energy difference between the zero-point ener-

splitting has been developed. A good agreement between t es of theS and 1l statesBs andB; their respective rota-

theory and our experiment has been found. We conclude th bnal constantsA the spin-orbit splitting constant of tHd
the splitting is due to the coupling of th¢' =1 states from

IV. CONCLUSIONS

ithi 2y 1 ; . . state, and
within the B<3,v’=0 state manifold with the close-lying
J'=3/2 state from within theA 2I15,,0’ =1 manifold. The P=(IT|AL|3)= F(IT|ALT|S), (A9)
mixing of the B and A-states results in a modification of the
B-state magnetic dipole mome(dnd other propertig@sFit- Q=(II|BLy|3)= 3(II|BL*[Z), (A10)

ting of the experimental magnetic shifts yields a value . . .
L;;3=0.4 of the interaction parameter that describes thé[he rotational perturbation parametess; 0 or 1 depending

- St _
coupling between th8 andA states. This is about twice the on whether theA =0 state is2™ or 2.~
value predicted by the “pure precession” hypothésis.

2. The Zeeman Hamiltonian and its matrix elements

in Hund’s case (a) basis
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pz=5(®ypu~ +®, u" )+ Dou, (A12)

tors
wo=—(g L"+09sS" ) us,

#=—(9 L, +9sS) us

(A13)
(A14)

(with g, =1 andgs=2.0023 the orbital and spin gyromag-
netic ratios andug the Bohr magnetonand the direction

cosine operato® with components

PE=F-q, (A15)

whereF=X,Y,Z andg=x,y,z are unit vectors defining right-

Friedrich et al.

(1) AQ=+1AJ=AM=0:

depends on the body-fixed magnetic dipole moment OPera- () 1 1 1|3 |QIM) = [(JIQ)(JiQJrl)]mM. (A31)
—_ Z - 1

J(J+1)
(2 AQ=+1AJ=+1AM=0:
(Q+1J+1M|D;|QIM)
[Qx0+1D)I+Q+2)I+M+1)(I-M+1)]¥2
- (J+ 1)[(20+1)(23+ 3)]42 ;

handed Cartesian space- and body-fixed coordinate systems.

As a result,
Hz=[%(¢2’L_+<IJZ_L+)+<I)§LZ],U,BH (A16)
+[3(@;S +@;S")+®;S)lgsugH (A1)
=(Lz+9sS) ugH. (A18)

The Hund’s caséa) matrix elements of. andSin the body-
fixed, nonrotating frame até'®

(1) AA=*1A%=0:

(LA+1SS|LF|LASS)=(A*1|LF|A)=L~q4; (AL9)
(2) AA=0A3==*1:
(LASS +1|S*ILASS)=[S(S+1)—-2(2+1)]¥% (A20)
(3) AA=AX=0:
(LASS|L,|LASS)=A; (A21)
(4) AA=A%X=0:
(LASI|S,|LASS)=5. (A22)
As a result, for the states of interest:
(*221S)* S ca) =%, (A23)
(2212 ST1P2 512 = (P11 S| 3)
= (*I3 S*|°I ) (A24)
:<2H—1/2|S+|2H—3/2>
=(?I1 _3|S™|I1_ 1) =1, (A25)
(I )l SJPI L 1) =F 3, (A26)
(Tl | ST 250 = % 3, (A27)
(T 1 LA TH s 1) = (PTL gl LT g = % 1, (A28)
(P2 a1l LT P 1) = (P21 L [*TLgp)
=ML T %2 1) (A29)
=X 1L TP )
= 3L |*2 1) =Lps. (A30)

(A32)
(3) AQ=*+1AJ=-1AM=0
(Q+1J—1M|D;|QIM)
_ L [OFOEF0- DI+ M- M)]M2 (A33)
J[(23+1)(23—1)]¥2 ’
(4 AQ=AJ=AM=0
(QIM|DE|QIM) = (A34)

JA+1)
(5) AQ=0AJ=+1AM=0
(QJ+1IM| D3 QIM)
[J+Q+1)(I-Q+1)(I+M+1)(I-M+1)]¥?
(J+1)[(23+1)(23+3)]*? ;

(A35)
(6) AQ=0AJ=—1AM=0
(QJI—1M|®DEQIM)
_ [(J+Q)(J—Q)(J+M)(J—M)]”ZI (A36)
J[(2J+1)(23—-1)]*2
Hence, for instance
(*212,9= LM[HZ|?I1 4,3, M)
B [(3+ DI+ HE+M)I-M)]P?
ST o e M
(A37)
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