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Diffuse transport and spin accumulation in a Rashba two-dimensional electron gas
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The Rashba Hamiltonian describes the splitting of the conduction band as a result of spin-orbit coupling in
the presence of an asymmetric confinement potential and is commonly used to model the electronic structure
of confined narrow-gap semiconductors. Due to the mixing of spin states some care has to be exercised in the
calculation of transport properties. We derive the diffusive conductance tensor for a disordered two-
dimensional electron gas with spin-orbit interaction and show that the applied bias induces a spin accumula-
tion, but that the electric current is not spin polarized.
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Utilizing the spin degrees of freedom for electronic appli- an equal footing is thus required. Furthermore, the existence
cations is a declared goal of the research field of magnetaf the spin-orbit-induced spin accumulation and the condi-
electronics or spin electroniéDevices made from metallic tions for its observability have recently been a matter of
layered systems displaying the giantand tunnel controversy:'~?
magnetoresistanté& have been proven useful for read-head In this paper we carry out microscopic model calculations
sensors and magnetic random access memories. Integrati8hthe conductivity tensor and spin accumulation for a disor-
of such devices with semiconductor electronics is desirabléered Rashba 2DEG in the linear-response regime. This task
but has turned out to be difficult because a large resistivityS complicated by the correction to the electric-field vertex,
mismatch between magnetic and normal materials is detrivhich does not vanish even for short-range isotropic scatter-
mental to spin injectiof.Still, this problem can been solved €rs- We confirm that a spin accumulation normal to the ap-
in various ways and spin injection into bulk semiconductorgPlied electric-field vector is excited. However, the electric
has indeed been reportéd- Electrical spin injection into a curre_nt is not spin polarized, thus solving the controversies
high-mobility two-dimensional electron g#8DEG) and its ~Mentioned above. We furthermore show that the mo-

detection appears to be much more demandfinig this con- bility increases quadratically with the Rashba spin-orbit

text it would be attractive if application of an electric field interaction. S _
alone would suffice to induce a nonequilibrium magnetiza- The Rashba Hamiltonian in the momentum representation

tion or spin accumulation in the presence of the spin-orbi@nd Pauli spin space reads
interaction. Such an effect, dubbed the “kinetic magnetoelec-

tric effect,” was actually predicted in seminal theoretical %2

work by Levitov et al’® and is caused by the combined ﬁkz (@B k-

action of the spin-orbit interaction, absence of inversion Ho= ) , (1
symmetry, and the time-reversal symmetry breaking by an —i(aE )k ﬁ_ K2

electric field in disordered systems. In asymmetric hetero- Zn 2m

structures made from narrow-gap semiconductors the spin-

orbit interaction is dominated by the so-called Rashbg, o ok =k
term* which has a very simple structure, can be quite o
significant!® and is modulated by gate field$Recent obser-
vations of a spin-galvanic efféétand spin-orbit scattering-
induced localization/antilocalization transition in 2DEGs
(Refs. 18 and 1Preflect the interest and importance of the

«+iky with k=(k,,k,) the electron momentum
in the 2DEG plane{aE,) parametrizes the spin-orbit cou-
pling and is experimentally accessiBfeThe eigenfunctions

of the Hamiltonian are

topic. ke
Edelstei® showed that an applied field induces an in- b :Leik-r 1S @
plane magnetization in a Rashba 2DEG. Although he did not * 22 1 ’

make any suggestions in this direction, the interpretation of
the spin accumulation being caused by an effective magnetic
field has lead subsequently to the misconception that the cuwith s==, k=\kZ+kZ, L? the area of the 2DEG, and
rent is also spin polarized. A microscopic calculation of bothcorresponding eigenvalues are given Bg=%2k?/2m+s
spin accumulation and currefdr the conductivity tenspon  («@E,)k. The current operator in Pauli spin space is given as
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. bk, i\ #

Ix=ev,=e| . bk, ©) Oyx= LzTr(JXGAJXGRJrJXGRJXGA>AV, (10)

_ bk, A where the superscriptd and R denote advanced and re-
ly=€vy=8€ bk, (4)  tarded, respectively, and will be omitted below for brevity.

. . We evaluatg J,G J,G) ay=J,(G J,G) ay=J,K in the ladder
with b=#/m and A=(aE,)/%. In the space of the eigen- approximation, which obeys the Ward relation with the self-
functions of Hy, referred to hereafter as the space § energy in the Born approximation:

= +), the current operators are transformed as

K~GJ,G+G(VKV)AG. (11)
Iy =UThgU =] by 1422 y(x’
0=y =€ Pp AT = oz (F)A 7y The matrix elements ofVKV),y are
5

by the unitary matrix ((ks|VKVIK'S")) av

1 e K Sy v 22 (k—=kq)-Riai(k’ —ko)-R;

i— —i— - o i(k—k) Rigi )
U=— K k. (6) kqSy Koso 2L i { Dav
\/5 1 1

We also need the transformed spin matricés| o, U, X|1+ss kel )(1+ szs’k2+k>(klsl|K|k252).
UTeyU, andU'o,U to evaluate the spin accumulation. kk 2K’
The standard model for disorder consists of randomly dis- (12)

tributed, identical point defects, which are neither spin de-
pendent nor flip the spin: To evaluate the expression fqVKV),y, we first use
G(k;51)(KqS1|dy k28,0 G (Kyos,) for (kisq|K|k,S,). Because
V(r)=VlE S(r—Ry). 7) J, is diagonal ink, k;=k,, and the average of the expo-
i nential factor leads ti=k’. Repeating this procedure itera-

In the following, we expand the Green functid®=(z1 tively, we find that, likeG, K is diagonal ink. Thg ma_trix
—H)~1, whereH=Hy+V(r) andz=e*i 7, in terms of the elements (ks|VKV|ks') may b~e evaluated iteratively.
unperturbed Green functioGo=[z1—Ho] %, with matrix ~ We call (ks|K|ks')(@=(ks|GJ,G|ks') and note that
elementg,. = 1/(z— Ey.) in sspace, and calculate the self- (ks|GJ,G|ks )<k, whens=s’ and «k, whens#s’ and
energy in the Born approximation. keeping terms which are even funchonskqfandk in the

After ensemble averaging over the impurity distribution, summation of the equation. Then, by direct |nspect|on
denoted by - - - ) oy, and disregarding a trivial constant term,

the self-energy in the Born approximation reads en’
(ks|VKV|ks’>AV=T(kxcrz— kyoy), (13
((ks|VGoV[K"S")) av
) ‘K ¢ K where
nv ! "k
4L25kkuz Ows| 1+s9+ss +k’ +s's” I:’k Ry 1
ks en' =" Uk BB k) ik, (k+ BBl k)
k
%
5 !!5 ’ rar = 6 !!5 4 8 ~ ~ ~ ~
T “k% Ousr = digcr st ® +iky(k—|GIG|k+) —ky(k—|BIBlk—)). (14

wheren=N/L? is the density of impurities per unit area. Comparing Eq(13) with Eq. (11) and the definition ofl,,
Equation(8) follows from the odd symmetry ok, k™ and  Eq. (4), we find thatk=GJ,G has the same structure as
k' k_ ywth respect tdk, or k; . The Green function is there- GJ,G, where in J, is replaced by + " inJ, . By replac-
fore given as ing GJ,G in Eq. (14) with K=GJ,G, we obtain a closed
1 equation for\':
((ks|G|K"S")) ay=——7—= Skr 9= Gs. C)

ks -3

fe kbS+(N+)\' (15)
We find bothG and3 to be diagonal irk ands. By direct 4|_2 2 {kbS )Sol

inspection it can be seen thegf GV G,V GyV) is diagonal,

meaning that thexactself-energy must be diagonal as well. with §;=% SGyGys and Sy=3 4y GGy . Here, we have
The (longitudina) conductivity is given by the Kubo used relatlonsk2 k2 k?/2 in the summation ovek.

formula as The conductivity now reads
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h —— ef
= P TrJ,GJ,G, (16) (sy)=——

E }k‘, {bkS,+(A+\")SHE. (22)

where the tildes indicate substitution af by A+\’, and  The expression is simplified as
J,GJ,G is a 2x 2 matrix expressed is space. By carrying _
out the trace, the conductivity follows as,,= o, + oy (y)=e4mDAE, @3

with by using the approximatiofil8). The spin accumulation is

aligned to the pseudomagnetic field of the spin-orbit interac-
he? N+N' tion and its magnitude is proportional to the applied electric
o= E bx—||bx
XX 2 k k
4Lc K

Oxx

>

k’Gy+ Gy field within the linear-response regime. The magnitude of the
spin accumulation may be estimated as

+ANAN+FN)G,. G +]. (17 eE
KK (s,)/D=2.
. . . . . 10711 eVm 10 KeV/m
By using the unitary matriXJ, the matrix representation of
the conductivity ins-space can be transformed into that in “
the original Pauli spin space afzs“:hUJXéjxéUj/Zsz, X 0 o V1ol meV, (24

with o}l o], etc. By taking the spin trace af,y, the _ u . N _
relation o, + o, = o}l + oL} follows naturally. We observe with A =10""" eV m.™The splitting of the chemical poten-
thato! = ol and that the nondiagonal elements of the Con_tlal thus amounts to a S|gn|f|cant 2.5 MeV for typical experi-
xx 7 Yxx 9 N mental parameters of the applied field and the mobylity
ductance tensor in the original spin spacg vanish identi- We have thus formulated the conductivity tensor and spin
cally by parity. These results prove that the current excitechccumulation on an equal footing using linear-response
by the electric field is not spin polarized. The expression fortheory. The conductivity is found to be enhanced by the spin-
oyy can be derived analogously. We also find that the nondig it interaction and is isotropic in spin space, el
agonal(Hall) conductivity o, vanishes by symmetry.

In calculating the vertex correction and conductivity we
encounter integrals over the momentum, which may easil
evaluated by an approximation in which the lifetime broad-
ening of the density of states is neglected,

=il andoll=0cll=0. We have proven that an electric
field has induced a spin-polarized dendftyut not a spin-
olarized current. The recent discovery of the spin-galvanic
effect, i.e., that a magnetization along thdirection induces
an electric curref is reciprocal to the current-induced spin
. 2mT accumulation. We may conclude that his current can also not
GESGQS=75(6— Exo), (18 be spin polarized.

The result that the conductivity is spin isotropic implies
where the lifetimer is defined>=—isgn(y)#/27 or =  that the spin accumulation in ferromagriEj/2DEG hybrids
=#/2rnV?D with the 2DEG density of states per sgih ~ cannot be detected in a two-terminal configuration with one
=m/27%2. We then obtain’ = —\, and ferromagnetic contact. A single source or drain ferromag-
netic contact does not modify the global transport properties
in the diffusive regime, because the contacts, which connect
the reservoir distribution functions to the semiconductor
) _ ones, are not affected by a magnetization reversalphe-
wheren, is the number of electrons per spin. The conven-nomenological theoR?® is at odds with this conclusion.
tional Drude conductivity(first term) is increased by the icroscopically, we trace the matrix character of the current
spin-orbit interaction. Since the sign of the coupling constangperator to be the culprit of this disagreem@nExperiments
\ is irrelevant, the enhancement term must be of even orde, E/2DEG system&, which were supported by that
in \. The resuli\”=—\ shows that the vertex functialy is  theory?®?® were challenged by Monzoet al?* and van
diagonal in spin spac®.In the case of\=0, the vertex Wees?®who suspected that the measured effects were due to
correction in the ladder approximation vanishes identicallylocal Hall voltages caused by fringe fields near the ferromag-
due to the isotropic scattering. netic contacts. Thedk and subsequent experimeiits’

It is important to distinguish the spin-polarized currentsshould perhaps be reconsidered in light of the present theo-
computed above from the spin accumulation which is excitedetical results.
by the applied fieldg, which in linear response is given by The present results are related but different from the spin-
Hall effect discussed by Zhaffwho dealt with a ferromag-
(9)=1Tro(G J,GR+ GRI,GH)aVE. (200 netic metal thin film. He suggested to measure the spin ac-
cumulation excited by the electric current in a three-terminal
configuration, which is also an option for the 2DEG, since

2e’nyr
UXXITO+2627'D)\2, (19

In s space, each component is given as

N t RS R we find the spin-accumulation signal to be quite significant.
($)=ATrU o UGJ,GE. @D Spin-polarized transport can be detected in a F/2DEG/F
We find (s,)=(s,)=0, but configuration with two ferromagnetic contacts as studied by
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Pareek and Brund: We point out that the spin-dependent
conductance$’;; andI';| in Ref. 31 must not be confused

with the spin-dependent conductivitieg,, and o'}, defined
above. The former conductances are definedI'as
=(e2/h)Trtml)t}r(l)T, wheret is a transmittance matrix,

whereaso|;=0 as shown above, is in genefd}| #0. It is
possible to decompose the conductivi&;&l by “cutting
lines” in the conductivity diagram such that!/=o!]!"
+o, T, which is simplified by the spin-diagonal vertex

function in the ladder approximation. The two components

are then given as

2

ST b2k2+sbAK)G(G. +G_), (25

Txx 1677L2k2,s( 16646 29
2

ol T=——" > 5(b2k2+sbAk)G (G, -G _).

O'XX 16/;TL2k§,; ( ) s( + )

(26)
We did not find as simple a relation as Efj9) but in general
oL+l because in the limita=0, oli!T=0,
whereass)|'" tends to the Drude conductivity. This conclu-
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sion appears to be at odds with the numerical findings of
Pareek and Bruno in the limit of long samplEs,~T'; | .

In summary, we derived explicit expressions for the con-
ductivity tensors and spin accumulation of a Rashba 2DEG
with isotropic scattering centers, taking into account the ver-
tex correction in the ladder approximation. The diffusive
conductivity limited by nonmagnetic impurity scattering is
not spin dependent, although the applied bias does excite a
spin accumulation.
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