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The high efficiency of a magnetic tunnel transistor as a source of spin-polarized electrons has been proven
recently[X. Jianget al, Phys. Rev. Lett90, 256603(2003]. A concept of this device based on an active
group of hot electrons controlling the collector current and experiencing predominantly inelastic scattering in
the base is developed. It takes into account the connection between the injection and filtering of spin-polarized
electrons inside the device. Explicit expressions for the parameters of the device in terms of the basic param-
eters of the system are presented.
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Despite spectacular progress achieved during the lastevice usually operates witk just above the top of the
couple of years, efficient spin injection from ferromagnetic Schottky barrierEg, E=Eg,*® hence, the collector current
(FM) metallic emitters still remains one of the central prob-j. originates from the spectrally narrow beam of “active”
lems of semiconductor spintroniésThere are two basic ap- electrons in the bas&~Eg~Eg. A textbook model of bal-
proaches to this problem. The first approach is based on thistic or quasielastically scattered electrons entering the col-
injection of nearly equilibrium electrons in a diffusive or a lector inside its acceptance cone is hardly applicable to MTT.
ballistic regime. It is well understood now that the failure of Indeed(i) the scattering of fast electrons is usually inelastic,
the initial attempts to inject spin-polarized currents from FM (i) inelastic scattering knocks electrons out of the active-

metals into semiconductor microstructures was caused b§lectron beam when its spectral width is small, &id elec-
“perfect’” (low resistance contacts producing the fron scattering at the metallic interfaces is far from specular,

“bottlenecking”® or “conductivity mismatch® problem. hence, the notion of the acceptance angle is ambigtfous.

Since the role of resistive spin-selective contacts had beeﬁo.r thgser:eakJsons, ll emplr(])y a.mo?el Iln Wh'Ch melastlcl scat-
understood, an impressive experimental progress has beer;]e”ng in the base plays the critical role, ajidcomes only

achieved and the attention of experimentemnd theorist rom the electrons that crossed the base without collisions.
shifted to tailoring contact barriers of a proper shape. The rest of the electrons lose their energy and make the base

The second approach, which is central for the present paC-u”emlb_Je Jo-*" Because the scattering in the FM base

per, is based on the spin-valve transistor that is a three- Electron emission energy distribution
terminal device operating on hot electréhJhis device T e —
supplements the perpendicular to plane geometry of the giant Ee /
magnetoresistancdref. 9 with semiconductor elements to F —» Es
achieve a large potential drdp.lts recent modification in- © \— Schottky barrier
cluding a tunnel barrier and called a magnetic tunnel transis-
tor (MTT) source produces spectrally narrow spin-polarized
electron beams. It already provided spin injection at the level
of 10% and magnetocurrents of about 340892 In what Emitter
follows | propose an analytical theory of such spintronic de-
vices. This theory of three-terminal devicesich as MTY, FM FM S
although based on a different physical concept, in its formal- I
ism generalizes the theory of two-terminal diffusite'’ and
ballistic'® devices and, therefore, establishes a connection to
them. It is an important property of the MTT source that it
employs both spin injection and spin filtering and, in this }: 1]
way, increases spin polarization of the electron beam. The Vv Vv
theory demonstrates explicitly how these two mechanisms eb cb
work together and specifies the parameters controlling spin-
polarized currents.

A basic scheme of MTT is shown in Fig. 1. A FM emitter

Collector

Tunnel barrier

FIG. 1. Schematic energy-band diagram of a magnetic tunnel
transistor source. From left to right: a metallic FM emitter, an insu-

. . . ; lating tunnel barrier, a metallic FM base, and a semiconductor col-
is a source of a spin-polarized ellectron CurTent Because lector separated from the base by a Schottky barrier. The difference
the transparency of a tunnel barrier decays fast, nearly eXp@uuveen the Eermi energies of the emitter and the tEsandER,

nentially, when eleectron enerdy decreases below the emit- s cohrolled by the voltag¥.,,. ES nearly coincides with the top
ter Fermi energ¥r , the tunnel current is mostly confined to of the Schottky barrier when spin injection across it reaches its
a narrow regionE~Eg, its width being restricted by the maximum. Energy distribution of the electrons emitted across the
temperaturd and theE dependence of the transparency. Thetunnel barrier is shown schematically.
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is spin dependent, spin filtering in the base influences thélere j.=j,;+]j, is the emitter current, resistances are
spin polarization ofj.. Therefore,spin polarization of the = (r{+r)/4, Are=(r{—r9)/4, ri=Lc/05, Le is a spin-
collector current depends both on the spin-injection coeffidiffusion length, ands® are conductivities of spin-up and
cient y, of the FM emitter and on the spin filtering in the FM spin-down electron$’
base

The model used belpw is based on the fact that V\_/hen the Il. THE TUNNEL BARRIER
active-electron energy is high enough over the Fermi energy
of the base EE, Vep~1V, both electron-electron and Spin-polarized currents across a spin-conserving tunnel
electron-phonon scattering are inelastic and strongly enbarrier can be written as sums of the currents crossing it from
hanced in the magnitude. In particular, the data showing thahe left to the right and from the right to the left,
the electron mean free path is usually much shorter for mi- ) b6 be:
nority than for majority carrier$*??indicate an essential Ja= =€ Lava)+ 1T, (L), 2

role of electron-electron scattering. Therefore, elastic scatte(s o o bracket. - -) indicate averaging both over the direc-
ing in the base will be disregarded. Whé&fE~Es, the {ion of » and over energy, the subscript plus at the brackets

active-electron beam is spectrally narrow, and the very firsg gy that averaging over should be performed only over
inelastic collision experienced by an electron in the base rer

it f th i . bV if the t ; the right hemisphere, ar‘t@b and'tt’,e are the barrier transpar-
moves itirom the active group irreversibly 1T the lemperaturéy , qja g oy the right- and left-moving electrons, respectively,

is low to moderate. One more simplification comes from thenear the energfE~ES. j- (L) stands for the current of
fact that the roughness of mt_erfa_ces relaxe_zs the m-plan_e Mhose left-moving electrons at the left boundary of the base
mentum conservation essentiatfindeed, wide angular dis-

tributions have been reportéiTherefore, in what follows that were reflected elastically from the Schottky barrier and

: ; e . : .did not experience inelastic scattering in the base; hence,
the interfaces are considered diffusive. This assumption S'mfhey have enough energy to return to the emitter. In (2
plifies the calculations significantly and reduces the numbe{he currents of right- and left-moving electrons aré writte.n in

of arbitrary parameters. With these two basic assumptions diff f b he f | d ibed
the system of coupled equations for MTT has been solve ! er_ent orm because t e former eectrons are describe
y a slightly perturbed Fermi distribution while the distribu-

zggt:(;(pllcn expressions for the basic parameters are P'%on of the latter ones is strongly nonequilibrium and the

. L second term in Eq(2) only includes active electrons, i.e.,
The spin-transport problem should be solved in dlfferentthose that have not undergone inelastic scattering in the base.

parts of the device separately, and the solutions for spin- o X . .
injection coefficients;y, should be matched at the interfaces Wntmg_ th? currenty,, at both sides .Of the b"%”'f” through
the contributions from the left- and right-moving electrons,

(in the spirit of they technique of Ref. 16 As usual, spin

relaxation at the interfaces is neglected, i.e., they are as® spectively,
sumed spin conserving. Joa= =G0 -+ {Lwa) ] o=l (D+]F(L)
()
I. THE FM EMITTER and eliminating({,v,)+ andj; (L) from Egs.(2) and(3),
. . . . one finds
Inside the emitter, the current is carried mostly by the
eIectrons in close vicinity oE_E. Therefore, the distribution (1—1P—tP®)j =2t~ (v®) _ — 2% (L). (4)
function can be written as f,(X,vy)="fo(E)
+(dfo/dE) ,(X,vy), Wherea=(1,]) is the spin index and Using(v§)_=—pSve/4, wherept, andv§, are the density of

¥.(X,vy) depends only on the direction of the velocity  states at the Fermi level and Fermi velocitystlectrons in
The Boltzmann problem for the emitter can be reduced to #he emitter, and applying the detailed balance principle
Milne equation and solved when the spin-diffusion lenigth tgbpgvg:tgﬂ?;, one finds the produdf®v®)_ in terms
is large as compared with the electron mean free falor ¢ tpe similar parameters of the bag8,anduv® . The bars in

this purpose It is convenient to _ch_ange from the funcnonsﬁb andv® indicate that these parameters of the electrons of
¥,(Xvy) to functions e, (X,vy) = —[ ¥ (X, vy) +ep(X)], a a . .
whereo(x) is the electrostatic potential ande(e>0) is the th:z base should be taken aF the Fermi energy of the emitter
electron charge. Far from the tunnel junction, in the diffusionEr (rather than at the Fermi energf of the basg There-
region, the functiong ,(x,v,) averaged over acquire the fore, p andv® depend on the voltag¥ey, p°=p2(Vep),
meaning of electrochemical potentialg(x). A solution of  and v®2=0v"(V,,). With Vo,~1 V, the difference in the

the Boltzmann problem depends on the boundary valfles properties of the electrons with the energigiand E2 can

of £,(x,vy) for left-moving electrons{, being independent pa rather strong. The produgfu® can be related to the

of Uxs .O pecause .Of. the diffusive interface scatterlng. Thevolume;b(k) contained inside the constant-energy surface
spin-injection coefficient at the contact boundapg=(j, @

by e i ~b
—j)je, when expressed in terms of these constants, readse(K)=EE in the momentum space of the base ",
=(1/87-r3ﬁ)(dV2/dk). Finally, Eqg.(4) can be rewritten as

Ye= ({7 =) 2rgjet Arelre. (1) o=, +r05, (L, (5)
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where jo (L)=(t5—1E(d/I)j, (L). )
r°=1672(h/e?)(dkidVP), r!=rP(1—tPe—teP)/tbe, Equations(3) and (8) permit one to find currentg, (L) in

terms of the spin-injection coefficient_ at the left edge of
and h=2=f. Equation(9) for j, (L) derived below will  the base and of the emitter currggt
allow finding spin injection from the barrier into the base.

The resistances;=r(Vey,) depend only on the energy | "(L)=(1+y)jJ2F;, ] (L)=(1—y)jd2F,,
spectrum of the base and on the voltadg,. When Vg 9
=0, henceER=E¢, these resistances coincide with the _— )
Sharvin resistances of the base that are spin dependent péhere the factorss,=[1—(1-t;)E5(d/l,)]<1 describe
cause the base is ferromagnetic. Therefore, they can be copPin filtering in the FM base and by the Schottky barrier.
sidered as generalized Sharvin resistances. Substituting Egs.(9) into Eq. (6), one finds that spin-

The arguments similar to those of Ref. 18 prove that thelependent resistances of the ba§ecombine with filtering

- " _ C i f_ b - -
coefficientsr!, are always positive, hence, they can be idenfactorsF, . Their ratiosr,=r,/F, acquire the meaning of

tified as spin-dependent contact resistances. the renormalized resistances of the base.
Using Eq.(5) and the fact that the total current across the
tunnel barrier equalg,, one finds the spin-injection coeffi- IV. SPIN INJECTION COEFFICIENTS

cient across it, . .
Using Egs.(1), (6), and(9), one can eliminate the factor
Y= Ar /= {(Z5 = D)+ (L= (L2 e, ({7—¢7) and the current§, . Then, applying the spin-
(6) current conservation conditioty,=y,=17,, one finds the
spin-injection coefficient of the emitter:
wherer = (r{+r3)/4, Ary=(r|—r})/4.
Vo= (Arg+ Ar+Ar)/(retri+ry), (10

Ill. THE BASE AND THE SCHOTTKY BARRIER where I’f=(rj+ %)/4, Arf:(ri_r{)/4. Equation(10) re-

Equation(6) includes currentg,’(L). To find them, the Sembles the equations of the diffusi¥and ballistic® theory
equations for the two right regions of Fig. 1 should befor spin-injection coefficients. In all cases, the denominator
solved. The following assumptions will be mad@:the scat- ©0f ¥ includes a sum of the effective resistances of all ele-
tering of active electrons in the base is inelastic) the =~ ments while the numerator includes a sum of their spin se-
scattering at the Schottky barrier is diffusive and elastic, andectivities, i.e., the differences of the effective resistances for
(iii) the scattering in the semiconductor to the right of thespin-down and spin-up electrons. Of course, specific expres-
Schottky barrier is inelastic, hence, electrons lose their ensions for these resistances depend on the system and on the
ergy fast enough to not return to the base. For example, if thenodel.
barrier is Steepﬁits Shape is controlled by the potentwb) Because MTT is considered as a source for spin injection
electrons acquire enough energy at a mean free path to enﬁlitto a semiconductor collector across a SChOttky barrier, the
optical phonons and lose energy fast enough. spin-injection coefficient into the CO||ECtOfC=(j%—jT)/jC

Under these conditions the current of right-moving elec-is of primary interest. In the framework of our mod]
trons at the right edge of the base equals =15 (R), hence, one easily finds

T R=EA )L, Eo= [ Tl @) YeS (AN AIIANF A, @D

where

wherel , are the electron mean free paths in the baseddad et f N
the base thickness. Functiols (&) are typical of different Fa=TotTotry,  Fa=FaltiEx(dll,). (12

; _ (72 :
transport problems” The functionE(£) = /5 “d6 singexp Comparing Eqs(10) and (11) shows that both expressions
(—&cos)=<1, ¢ being the polar angle. It decays faster than;,jude the same total effective resistancgsof the spin

an exponent expf¢) and describes the decrease in the cur-channels. However, Eq10) includes their differences and

rent of active electrons because of the inelastic scattering ig;ms directly while in Eq.(11) these resistances are

the base. The enhancement of the decay comes from thg.ighted with the factors,. Electron spin polarization in
cutoff of oblique electrons that gradually transforms the iso+ha collector is proportional tey, but also depends on some

tropic angular distributions near the tunnel contact i”tounrelated parameters such as the recombination and spin-
nearly Gaussian, exp(d¢?/2l ,), near the Schottky barriéf. 1.5 2tion times in the collectdf

Such two-dimensional Gaussian distributions are the basic |, the same notations. the transfer ratio of the transistor
assumption of the model employed in Ref. 25 for explaining(_:,qua|S ’
experimental data. Withi being transparencies of the

Schottky barrier forx electrons, the similar arguments result iclie=(r IF+r I F)I(r +r7) (13
. . : . clle= D1/ g b I T )

in the following expressions for the currents of left-moving

active electrons at the left edge of the base: Equations(11) and(13) are the final results of the theory.

241310-3
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V. DISCUSSION

The above simple theory of a MTT spin-polarized elec-
tron source is based on the assumption that the collectdt

current is carried by collisionless active electrons injecte
into the base from the emitter in a narrow spectral regio
near its Fermi energiZg . Elastic scattering in the base was
disregarded while inelastic scattering, removing electrons i

reversibly from the active region, confines the active elecdc

RAPID COMMUNICATIONS
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weak, there are its Sharvin resistancés(modified by the
filtering) that compete with the resistances of the different
lements of the device.

d MTT operates with the energy of hot electroBs-Eg.
nWhen E>Eg, tunnel transparenciesz decrease with &
—Eg) according to a power law because of the potential
rsingularity at the interface. Energy dependenceypfand
jc/]e in this region is sensitive to the barrier shape. Wken

trons inside a central cone even when interfaces are difflS €ssentially larger thaks, the theory is not applicable

sive.
Equation (11) for the spin-injection coefficient of the

because of increasing number of electrons that underwent
inelastic scattering but still retained enough energy to over-

MTT source reflects the interplay of the spin-emission and*0me the Schottky barrier.

spin-filtering cascade&he emitter+ tunnel contact block
and the baser Schottky contact block, respectivelyThe
former cascade is described by the resistamesr®+r!, .

Its efficiency as a spin polarizer and the sign of the spi
polarization depend on the differenc€'~r$'. The latter
cascade is described by generalized Sharvin resista@ces
and filtering coefficientsF,. These coefficients enter into
Eq. (12) for y. as weighting factors renormalizing the resis-
tancesr , and r';. A direct calculation shows thaiyc/dtTS
>0 anddy./dl;>0. Therefore, an increase 7 and |,

n

The effect of the elastic scattering in the base and the
specular component of the interface scattering that have been
disregarded are both material and technology dependent. The
contributions of these mechanisms cannot be found from
general arguments and should be evaluated for specific de-
vices from the experimental data.

In conclusion, a theory of a magnetic tunnel transistor
source of spin-polarized electrons based on the concept of
the dominant role of inelastic electron scattering has been
developed. The theory takes into account the coupling be-
tween the spin-injection and spin-filtering blocks of the de-

enhances or reduces spin polarization of the source depengice. Explicit expressions for the spin-injection coefficient
ing on the sign of the spin polarization provided by the first,,  and the transistor transfer ratjg/|, are presented.

cascade.
Resistances,, in Eq. (11) are sums of the resistances of
different elements of the device. Therefose, is controlled

by the elements having the largest resistances. In particular,
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