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Spin coherence in a two-dimensional electron gas with Rashba spin-orbit interaction
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We study spin-relaxation phenomena in a two-dimensional electron gas in the presence of Rashba spin-orbit
coupling. A tight-binding model including Rashba spin-orbit coupling is used to study spin relaxation and spin
diffusion in a two-dimensional electron gas within LandauéttRar formalism. It is shown that the spin-
diffusion length is not independent of the mean free path as predicted by the motional narrowing effect. Further
it is demonstrated that spin relaxation is anisotropic and can show a nonmonotonic dependence on Fermi
energy due to nonparabolicity of the band.
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The emerging field of spintronics relies on the use of elecpath (L) as predicted by the motional narrowing efféate
tron spins within semiconductors for the storage of cohershow that this deviation occurs in two opposite regimes, spe-
ence and its possible use for magnetoelectronic applicationscifically, (i) the diffusiveregime (,>L,L,>L.) when spin
For this it is desirable to know how the spin relaxation oc-precession length is much larger than the mean free path
curs in semiconductors. One of the ways through which spifLsy>Le) and (i) the quasiballistic regime (,>Le,Ly
polarization can be lost is via spin-orbit coupling. Of particu- <Le) when spin precession length is much smaller than the
lar interest is the Rashba spin-ofbibupling (RSO, which ~ mean free pathl(s,<L.). Further it is shown that in cagg
exists in asymmetric heterostructures and can be controlle@here Lsp>Le)), the spin-diffusion length can be nonmono-
by an external gate voltagé.For a two-dimensional elec- tonic as a function of Fermi energy due to nonparabolicity of

tron gas(2DEG) lying in the xy plane the RSO interaction the band. It is also shown that spin relaxation is anisotropic
takes the formHg=a(k oy~ ko) =Br(K)- o, where o which has important consequences for the Datta-Das
R™ yOx— RxOy)=DR * 0,

Y o transistor’® These important results are reported in this pa-
=(0oyx,0y,0,) denotes the Pauli spin matricesjs the RSO o \we would like to stress that the results presented here
coupling parameter, anBg(k) is the Rashba field. The di- are obtained within the single band tight-binding model us-
rection and magnitude of the Rashba fi@lg(k) depend on ing a recursive Green-function methtdwhich is an exact

the electron momenturk. RSO coupling causes a slow spin Method and takes into account the@antum effectst the
dephasing by a mechanism known as D’yakonov-PéreI’,Slng|e-partIC|_e Ie\_/el. o _
which is a continuous spin precession during electron free The Hamiltonian of a 2DEG lying in thety plane in
flights, contrary to the other spin-relaxation processes likresence of Rashba spin-orbit coupling is in a continuum
the Elliot-Yafef and Bir-Aronov-Pikus mechanismiayhich ~ given by H=4%(kZ+k3)/2m* + al(kyo—Kyay) + V(X,Y),
lead to instantaneous spin flips. When an electron propawhere V(x,y) is the confining potential. Fov(x,y) we
gates, its spin precesses around the directioﬁFQfZ). The Choose a h_ard _WaII confining potentlal. We (_j|scret|ze_ the
length over which its spin precesses by an anglie known ~ 2Pove Hamiltonian on a square lattice of lattice spa@ng
as spin precession length and is relatedvtas Ly~ m/a. with N, sites in the Io_ng|tl_Jd|naI directiofcurrent dlrec_tlom_
Scattering from boundary or impurity changes the directiork-x=Nxa) andN, lattice sites along the transverse direction

e . L,=N,a), attached to two ideal nonmagnetic leads on the
of the Rashba fieldz(k) which depends on the electron I(ef¥ andy ri)ght. The corresponding tight-bir?ding Hamiltonian,
wave vector and causes the electron to precess around a n?r%luding the RSG takes the forri-i2
direction. Thus randomizing the precession process causes '
spin relaxation. The corresponding spin-relaxation timpés : R ;
given by 7~ 1/(w?7e), Where 74 is elastic-scattering H=Z €Cjj oCijott E Ci+1j,0Ci,j,0TCij+10Cij0
time®®° The corresponding spin-diffusion length is given as e (L)

Lsa= V(3)vETeim4=Lsp Which is independent of the mean
free path (g). It is important to realize that although the
disorder increases the spin-relaxattone (motional narrow-
ing effect®), this increase is exactly compensated by the +ciTj+1(,ci,jy(,,(ia;’"/)+H.c.}. (]
reduction of the diffusion constant, leading to a spin- t D ) , )
diffusion lengththat is essentially independent of the disor- Hereci; , is the creation operator of an electron with spin
der. The two latter quantities are probed by different kinds oft site {.j), & is a random on-site energyve use the ran-
experiments, namely, in a time-resolved or spatially resolvedom Anderson model for disorder with widiW), t is the
experiment, respectively. We report numerical calculation of10PPINg energy t(=#%%2m*a® we sett=1 for numerical

a square lattice of length, (direction of current flowand ~ simulation, o, ,,o” ., ando? , are the Pauli matrix ele-
width L, along the transverse direction, which shows thatments, the summatiofi,j) runs over nearest-neighbor sites,
spin-diffusion length is not independent of the mean freeand \;,=(«@/2a) is the RSO coupling parameter having a

+H'C'_)\SO 2 {_CiT+l,j,o'Ci,j,o"(io-y)UU

ij,o,0
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introduction. The behavior of spin-resolved conductance is
different for different quantization axes since the system con-
sidered here is confined along the transverd@ection, and

the effective Rashba fielB(K) is almost parallel to thg
axis, hence the spin polarization does not show the oscilla-
tion when the spin-quantization axis is alopgleft panel in

Fig. 1). We note that the spin-diffusion length {y) is larger
than the spin precession lengthg(). The right panel in Fig.

1 shows this clearly wher&,. and G4¢ show oscillatory
behavior as a function of length,, for lengths larger than

FIG. 1. Conductancésolid line), spin-conserved conductance the spin precession length {,=104a). The period of oscil-
(dashed ling and spin-flip conductandelot-dashed lingas a func-  |ation is given byl s, and since there are many such oscilla-
tion of channel length. The spin-quantization axis is algrigr the  tjons it implies thatl. 4 is larger than thé_sp.” In a recent
left panel and along axis for the right panel. The model parameters ,gdel calculation by Silsbé® no such oscillation was
areE(=1.1t, L,=80a, W=0.5t], and\s,=0.03t|. found. The model used in Ref. 15 ignores spin memory be-

_ _ ) _ ..._tween successive scattering events, while our calculation is
dimension of energy. The RSO coupling causes spin splitting, o+ and hence the spin memory between successive scat-
for k#0, AE=2ak, which is linear in momentum and at the tering events is taken into account which iguantum effect
same time causes the spin to precess around the Rashba fieldap, appropriate quantity which is suitable to study spin
Br(k) with frequencyw=AE/24. diffusion is the polarization of the transmitted electrons, de-

For later reference we remind the reader that within the&ined asP= (G .— G4)/Gs.+ Gss. From the definition it is
Born approximation the mean free path in two dimensions iglear that the polarizatioR lies strictly between+1 (spin
given byl = (12hv/2mN,4(Er)W?)a, Wis strength of the  conservetland — 1 (spin flip). The polarization correspond-
Anderson disorder, antl,y(Eg) is the density of states. ing to Fig. 1 is shown in Fig. 2. We see that the polarization
Here we also remind that in two dimensions the density ofs always positive for spin-quantization axisvhile for spin-
states is singular in the middle of the band, while it goes to &uantization axis it shows oscillation of the largest ampli-
constant near the band edge. We will see later that this cafide. The amplitude of oscillation is different for different
lead to a nonmonotonic behavior for spin-diffusion length ascases  signifying that the spin-diffusion length is
a function of Fermi energy. anisotropict! This implies that for the Datta-D&sspin tran-

The conductance and spin-resolved conductances akgstor a larger current modulation will be obtained as a func-
calculated using Landauer-Biker'> formalism with the tion of gate voltage when the magnetization direction of
help of nonequilibrium Green's-function formalisth.  injector-detector ferromagnets is parallel to thaxis®
The two-terminal spin-resolved ~conductancéor a Figure 3 illustrates the point that to preserve spin polar-
given spin-quantization axisis given by' G’ (ef) ization one needs to confine electrons to a width of the order
= e hTII{GIS "T% GY 77 ],where Ty, is the self- of the mean free path and not to tens of the mean free path as

. X . X . __claimed from real-space Monte Carlo simulatidnThe
energy function for the isolated ideal leads, which are given f thi(.) for Fia. 3 is 3G we see that the polar-
by T i) =t?Ayq » WhereA, ) is the spectral density in the mean free pa Le) 9 ’ P
respg(((:qt)ive Ieg(cqu)when it ispélqe):coupled from the structure, an{ ation for channel Wld.thSL(y) 308, 508, and 8@ decays

ol o o '~ Tuch faster as a function of channel length compared to the
Gin, andGy ;  are the retarded and advanced Green'shannel widths 18, and 2@, which are less than the mean
functions of the whole structure, taking leads into accountfree path. This corresponds to the quasiballistic case, i.e., the
The trace is over spatial degrees of freedom. The total corzase(ii) discussed in the introduction. Also the polarization
ductance is the sum of the spin-conserved conductance amémains almost unchanged corresponding to channel width
spin-flip conductance, i.eG=G4.+ Ggf, Where the spin- 10a, which is consistent with the one-dimensional limit ex-
conserved and spin-flip conductances &g=G''+G!! hibiting no spin depolarization, since all rotations are along
and G4=G'!'+G!!, respectively. We point out that in our one axis and are commutir.
simulation the injected current is unpolarized since the ideal Now we present the result for the regirtig¢ discussed in
leads are nonmagnetic, however by analyzing the spinthe introduction where ,>L. so that during free flight
resolved conductances we can study the spin-relaxation arelectron polarization precesses by an angle smaller than
diffusion phenomena which would be observable when thé&he results are shown in Fig. 4, where we have plotted po-
injector and detector are magnetic. Note that is also possiblarization for spin-quantization axisfor different mean free
to obtain such information without magnetic leads, by polar-paths as a function of spin precession lenigh.
izing and analyzing the electron gas optically. We see in Fig. 4left pane) that as we reduce the mean

Figure 1 depicts the conductance and spin-resolved coriree path while keeping the spin precession length fixed we
ductance for different spin-quantization axes as a function obbserve an enhancement of the polarizatiynor in other
lengthL,. The width of the channel is fixed arid=80a.  words polarization decay is reduced, i.e., disorder helps to
The other parameters akg=122a andL¢,=104a. This set  preserve spin polarization. Fag,/t=0.02, in thequasibal-
of parameters corresponds to the céisediscussed in the listic regime, polarization is enhanced as we increeggt

G,G,.G,, (€*/h)

0 1 1 1 1 0 1 1 il 1
0 100 200 300 400 500 0 100 200 300 400 500
Lja Lja

241305-2



SPIN COHERENCE IN A TWO-DIMENSIONA . ..

1.0

spin gquantization axis X
il spin gquantization axis Y
0.5 -=--- gpin quantization axis £

0.0 P—i—

Polarization

05 \

-1.0

0 100 200 300 400 500

FIG. 2. (Color) Polarization as function of channel length for
spin-quantization axeg, y, andz. The model parameters are the
same as those for Fig. 1.

as is seen from the Fig. 4 right parfelirve corresponding to
Le=120a). This corresponds to the casi) (Ls,/L<1)
discussed in the introduction, though the conditions are op-
posite to that of casé) which is a motional narrowing re-
gime. Hence in the diffusive case spin polarization is en-
hanced as we increase the dimensional paramefgfl .

>1 (Fig. 4, left panel while for the quasiballistic case spin
polarization is enhanced whebg,/L.<1 (Fig. 4, right
pane). In this sense these two opposite regimes behave simi
larly.

Thus encouraged by the results we study the spin diffu-
sion as a function of Fermi energy. A motivation comes from
the simple observation that the mean free path in two dimen-{z)
sions behaves lik& .~ (E¢)/[N,q(Ef)W?]; any deviation
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; : from nonparabolicity in the band will effect the density of

| states and therefore the spin relaxation. Near the band edges,

‘f. where the energy band can be well approximated by pa-

rabola, the mean free path increases as Fermi energy is in-

il creased sinceN,y(E;) is constant, however, as one ap-

il ) proaches the band centeN,4(E;) starts to diverge

W ¥ . " logarithmically (Van Hove singularity; this in turn causes
\T,-*‘?* e~ = the mean free path to decrease. This is due to nonparabolicity

| of the energy band and in recent experiments byeHal.* it

ll'n Jf was reported to cause a reduction in the RSO coupling

L . by 25%. The reduction ing, due to nonparabolicity is en-

couraging since it will increase the spin precession length

which can only help to push the parameters in the rediime

) discussed in the introduction. From the discussion above we
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FIG. 3. (Colon Polarization as function of channel length for FIG. 4. (Color Polarization as function of the RSO coupling
different channel widths. The mean free path and spin precessioparameter. Different curves correspond to different mean free paths
length are 38 and 104 (A¢,=0.03t|), respectively. The other as indicated in the figure. The lendth and widthL,, are both equal
parameters are the same as those for Fig. 1. to 80a andEg=1.1t|.
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0.5 . . . . . middle of the band, polarization enhancement is largest com-
pared to the ballistics case even for the weak disorder, i.e.,
04 W/t=0.5 and 1.0. This is in agreement with the fact that

densities of states are peaked at the band c&hter.

In the energy window-2<Eg/t<2 we are always in the
regime of infinitesimal rotations, i.eL,s,/Ls>1, hence po-
larization is enhanced compared to the ballistic case irrespec-
tive of disorder strength. Beyond2<E;/t<0 the curve for
W/t=2.0 shows an increase in polarization. This is expected
since an increase in disorder only helps to decrease the mean
free path. This is in agreement with heuristic arguments pre-
sented above. So from this curve we can safely draw the
conclusion that as we move away from the band edge, polar-
ization will decrease initially and then will start to increase
again it reaches the band center, i.e., polarization shows a
nonmonotonic behavior as a function of Fermi energy. This
nonmonotonic behavior should be seen with reference to re-
cent experiments on-type GaAs>’ where the observed spin

FIG. 5. (Color) Polarization as function of Fermi energy in units lifetime shows a nonmonotonic behavior as a function of
of |t|. Different curves correspond to different values of disordercarrier density. In this experiment carrier density was con-
strengthW. The system size is (8% 80a). The RSO coupling trolled through doping, which increases the Fermi energy
Nso/t=0.02 (Lsp,=157a). Disorder averaging was performed for and reduces the mean free path. However the results of Ref.
20 different realizations for eadi. 20 are for three-dimensional bulk material, hence we cannot

L make a direct comparison with the experimental result. An-
see that as we move away from the band edges, initially thgner interesting conclusion which can be drawn from Fig. 5

mean free path will increase and then start to decrease, aRdhat in the diffusive case spin polarization can be preserved

will be shortest at the band center. Though the presence yen for wide channels. This is clearly illustrated in Fig. 5

disorder will weaken the singularity in the density of states,hare gl the curves in the presence of disorder lie above the
the density of states still remains peaked at the band center @§.e for the ballistic case in the range2<E,<2. This

reported recently in Ref. 19. Hence enhancement of spin ccgight have an important implication for the Datta-Das spin
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herencefh[.e.., p?larllzann, ;ho':lJ_Id be r’?]axmumhat thelban ansistort® since it removes the stringent criterion to confine
center. This is clearly seen in Fig. 5, where we have plottedjactrons in one dimension.

polarization as a function of Fermi energy for different
strengths of disorder, whergs,/t=0.02 or the equivalent This work was financially supported by the German Fed-
spin precession length is;,=157a. We notice that in the eral Ministry of ResearcBMBF).

'G. Prinz, Phys. Todag$8, 58 (1995.

2vu.A. Bychkov and E.l. Rashba, Zh.kEp. Teor. Fiz.39, 66
(1984 [Sov. Phys. JETB9, 78 (1984)].

3G. Lommeret al, Phys. Rev. Lett60, 728(1988; B. Daset al,
Phys. Rev. B41, 8278(1990; J. Nittaet al, Phys. Rev. Lett78,
1335(1997; J.P. Heideet al, Phys. Rev. B57, 11 911(1998;
G. Engelset al, ibid. 55, 1958 (1997; T. Matsuyamaet al,
ibid. 61, 15 588(2000.

4C.-M. Hu et al,, Phys. Rev. B50, 7736(1999.

SMLI D’yakonov and V.I. Perel', Zh. Esp. Teor. Fiz.60, 1954
(1979 [Sov. Phys. JETB3, 1053(1971)].

®R.J. Elliot, Phys. Rev96, 266 (1954; Y. Yafet, in Solid State
Physics edited by F. Seitz and D. TurnbulAcademic, New
York, 1963, Vol. 14. ;

’G.L. Bir, A.G. Aronov, and G.E. Pikus, Zh.Ksp. Teor. Fiz.69,
1389(197H [Sov. Phys. JETR2, 705(1976)].

8C.P. SlichterPrinciples of Magnetic Resonan¢elarper & Row,
New York, 1963; M.Z. Maialle et al,, Phys. Rev. B47, 15 776
(1993.

9G.L. Chenet al, Phys. Rev. B47, 4084(1993.

105 Datta and B. Das, Appl. Phys. Lefi6, 665 (1990).

1T.P. Pareek and P. Bruno, Phys. Rev6® 165424-1(2001); P.
Bruno and T.P. Pareek, cond-mat/0105%06publishegt L.W.
Molenkamp, G. Schmidt, and G.E.W. Bauer, Phys. Re®62B
R4790(2000; T.P. Pareek, cond-mat/011044published

12E Mireles and G. Kirczenow, Phys. Rev.@, 024426(2001).

13M. Blttiker, Phys. Rev. Lett57, 1761(1986); IBM J. Res. Dev.
32, 317(1988.

14A.G. Mal'shukov and K.A. Chao, Phys. Rev.68, R2413(2000.

15R.H. Silsbee, Phys. Rev. 83, 155305(2001).

18H.X. Tanget al, Phys. Rev. B61, 4437(2000.

AA. Kiselev and K.W. Kim, Phys. Rev. B1, 13 115(2000.

18A. Bournelet al, Eur. Phys. J.: Appl. Phys, 1 (1998; Physica
B 4, 272(1999.

19y, Avishai and Y. Mier, cond-mat/010759unpublished

203 M. Kikkawa et al, Science277, 1284 (1997; J.M. Kikkawa
and D.D. Awschalom, Phys. Rev. Le80, 4313(1998.

241305-4



