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Temperature dependence of Dyakonov-Perel spin relaxation in zinc-blende semiconductor
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The Dyakonov-Perel mechanism, intimately related to the spin splitting of the electronic states, usually
dominates the spin relaxation in zinc-blende semiconductor quantum structures. Previously it has been formu-
lated for the two limiting cases of low and high temperatures. Here we extend the theory to give an accurate
description of the intermediate regime which is often relevant for room temperature experiments. Employing
the self-consistent multiband envelope function approach, we determine the spin splitting of electron subbands
in n-(001) zinc-blende semiconductor quantum structures. Using these results we calculate spin relaxation rates
as a function of temperature and obtain excellent agreement with experimental data.
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I. INTRODUCTION parameters. The spin splittings are obtained from self-

In the context of spintronic devices, the spin degree O1consist'ent palculations in the multiband envelope-function
freedom has recently attracted considerable intdrésong ~ aPproximation(EFA).* We compare the calculated results
spin-relaxation times are crucial for the operation of suchwith experimental data for symmetriedoped(001)-grown
devices. Therefore a quantitative understanding is required §¢aAs/AlGaAs QWs measured by Terauehial > and Ohno
how spin relaxation depends on the system parameters ad a** Theory and experiment agree very well. Our calcula-
operating conditions. It is generally accetedat in bulk  tions show that the anisotropy of the spin relaxation persists
semiconductors with a zinc-blende structure and in quanturop to room temperature.
well (QW) structures based on these materials the electronic
spin relaxation is dominated by the Dyakonov-P&ré(DP)
and the Bir-Aronov-Piku$® mechanisms. In the present
work, we considen-doped two-dimensional2D) systems,
where the DP mechanism becomes dominant. This mecha- In a single band approach, the DP spin relaxation is based
nism is intimately related to the spin splitting of the elec-on the time evolution of the electron spin polarization
tronic subbands in systems lacking inversion symmetpy.

The spin splitting can result from the inversion asymmetry of S=(Tr(eyo)) = 2 Tr(gco), (1)
the bulk crystal structure[bulk inversion asymmetry k

(BIA)]** and from the inversion asymmetry of the QW struc-\yherek is the electron wave vectou is the vector of Pauli
ture [structure inversion asymmeti§slA)].>" The interplay spin matrices, ang@, is the 2x 2 electron spin-density ma-

of BIA and SIA in asymmetrically doped QWs gives rise 10 ix. The dynamics ofS is ruled by a Bloch-like equation
anisotropic spin relaxatidf**for spins aligned along differ-  containing the spin-orbit coupling

ent crystallographic directions.
Previously, the DP theory has been formulated for the H _h oK) 2)
limiting cases of low and high temperature., for degen- so™ 20' :
erate and nondegenerate electron systEm&3 Here we _ _ _ o
extend the theory to arbitrary temperatures in between thesg'€ Spin-orbit coupling2) is similar to a Zeeman term, but
limiting cases. Our calculations show that often room tem-2(k) is an effective magnetic field that depends on the un-
perature falls into this intermediate regime. Therefore ougerlying material, on the geometry of the device, and on the
findings are particularly important for spintronic devices €lectron wave vectok. The vector Tfo,o) precesses about
working at room temperatufé.We discuss the details of the €(k) which results in spin relaxation. Howevespin inde-
temperature dependence and address the influence of variopgndent momentum scattering of the electrons with, e.g.,
momentum scattering mechanisms. The temperature depephonons, (nonmagnetig impurities or other electroA$?
dence of the spin relaxation is strongly affected by the temchangesk and thus the direction and magnitude@tk) felt
perature dependence of the momentum scattering mechhly the electrons. Therefore frequent scatteriiog the time
nisms, which are ruled by different power laws in the scale of |Q(k)|™}] suppresses the precession and the spin
electron energy. relaxation. This is the motional narrowing that is typical for
We present accurate calculations of the temperaturethe DP mechanisfaccording to which the spin relaxation
dependent spin-relaxation rates assuming realistic systenate T;lOCTp. Here 7, is the momentum scattering time.

II. DYAKONOV-PEREL MECHANISM AND SPIN
SPLITTING
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Due to time reversal invariance we ha@H0)=0, while 1
for finite k the spin-orbit couplindds, causes a spin splitting (k)
fi|Q(k)| of the electron states. In this article we focus on m

quasi-2D systems grown on(801) surface and made from \yherew(k,,k/) is the momentum scattering rate between the

semiconducto_rs W_ith a zinc-blende structure. In leading orgiatas with wave vectorl, andk/, calculated according to
der, the effective field in these systems reads Fermi's golden rulé> The symbolé denotes the angle be-

= >, W(k,k)[1 - cognd)], (8)

’
kH

K (k§ — (k) K tweenk; andk.
X Z y
2
Q) = % ky(<k§> - ki) + ?oz -k |. (3 Ill. DYAKONOV-PEREL THEORY FOR ARBITRARY
0 TEMPERATURE

The first term characterizes the BIA spin splitting of the elec- " the following we use the effective mass approximation

tron states. It is called the Dresselhauskdrterm1624 |t E(k) = k¥¢, (9)
exists already in bulk semiconductors with broken inversion _

symmetry. In quasi-2D systems only the in-plane wave vecWhere{=2m*/#%2 so that we can switch frork to E as the
tor k;=(k,,k,, 0) is a continuous variable. In first order per- integration variable in Eq(5). Assuming a sufficiently
turbation theory, the wave vector componekiteind powers smalf® difference Au=u,-pu., we have F.-F =
thereof are replaced by expectation values with respect to theAu(dFq/JE) andl can be simplified to

subband wave functions.

In asymmetric QWSs, SIA gives rise to the second term in 1f ~ 1 f dE<_ aFO)f(E) (10)
Eg. (3) which is frequently called the Rashba tetThe - dF, JE
coefficientsy anda depend on the underlying semiconductor JE dE
bulk material; buta depends also on the asymmetry of the
QW in growth direction. independent of\u. Here
Within the DP mechanism the relaxation of the compo- 1
nents ofS is ruled by Fo= PP = (1)
%S = 13, (4) is the equilibrium Fermi distribution with the temperature-
7i

dependent chemical potentja. For a 2D system with para-
bolic energy dispersio®) the chemical potentigk, can be

wherei=z, +,- corresponds to the componentsS#long exactly evaluated giving

[001], [110], and[110], and we haveS.=1/\2(StS,). The
-~ . 1
spin-relaxation rates aré o= In(eFF8 = 1), (12)
1 4. PALD) 1+77
== S| K(a?+ X0 — ki~ + Kk il whereEg is the Fermi energy at temperatuFe 0.
7, h 2 16 . . .
To proceed further, we must specify the scattering times
(58 7 andrs. Most scattering mechanisii€’ have a power-law
dependence of; and 73 on the energyE with the same

1 2- y characteristic exponent
— = n{hﬁta - A2+ KL (= HKE) _
7. h 2 n=EE", mxE, (13)
+ K8 1+m/n (5b) whereE is a constant independent &f (Note, however, that
! 16 ' in generalZ depends orT.) Then, 73/ 7; is a constant de-

~ scribing the angular scattering characteristics of the scatter-
The symboll denotes an integral operator which is acting oning mechanisni{see Appendix 2

functionsf(k;) according to A short calculation yields
PSS P e B0 »
If= f(F+ - F—)dzkﬂ f (Fs F-)f(kH)d kHv (6) ,8“(1 _e—EFB) !
where where
B 1 J@=| ——F———dx (15)
R e L ) 0 4 COSH(X;Z>
2

is the Fermi dis.tribution fgnctionﬂzll(kBT), and I and In particular, we find using Eq12)
u_ are the chemical potentials for up and down spins, respec-
tively. In Eqg. (5), the relaxation times; and =3 are given by Jo(Bug) =1 —e 578, (1638
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FIG. 1. (Color onling Spin-relaxation rates;l and 7-;1 as a function of carrier densityand for different temperaturdsin asymmetric
(001) grown Aly 35G& gsAs/ GaAs-QWgupper rowy and Al :G& ;Sb/InAs-QWs(lower row). The momentum scattering was assumed to be
isotropic (type |, see Table )land independent of.

Jl(ﬂlu/o) = EFB (16b) 1 4 BEF 2
RIS .fﬂra+¢wﬁﬁ
For arbitraryn, the integralsl,(Bug) can be represented in K2 23
closed form in terms of Lerch functio’8As this offers no - 14 Z><£> 2l Bio)
advantage with respect to the numerical evaluation, we cal- 2 Jv+l('3'“0)
culateJ,(Bug) by numerical quadrature. 1+ 7.3/71 33,2(BLio)
The transport relaxation time, can be obtained from + v , (199
16 Ju+1(Breo)
1_2 ,BEF a2l Y 2
— ~ — =Ty (Fa— KKD) =+ Z(xa— Kk
jETl( ) dE |EEV+1 E‘]wl(ﬁl-lzo) (17) 7 ﬁz —E BTU|:( ta ’)’< Z>) ( o ’y< Z>)
Tep = = = = e ,
! fEa—FOdE IE B Er X(é) Ju+2(Bro) + 1"'7'3/71( ) Ju+3(Bro)
JE B/ J1(Breo) 16 Ju+1(Bro)
(19b)
see Eq(A4) in the Appendix. Using These formulas generalize the hithéftdknown limiting
cases of the low and high temperature regime of the DP spin
frlE‘ _ B ir EE™ B B Er 3, Bso) 8 relaxation in quasi-2D systems.

J1(Bro) S 1-eFF J,1(Breo)

wherei=1,2,3, wesimplify Eq. (5):

IV. NUMERICAL RESULTS

To illustrate the theory developed in the preceding section
we show in Fig. 1 the spin relaxation ratés and 7,* cal-
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TABLE |. Measured carrier density, Hall mobility wy,;, and L= S I LI AL R =R
spin-relaxation timer, of the samples investigated by Teraueti r 1 —
al. (Ref. 20. The samplega), (b), and (c) were n-doped in the = 15;_ 175 <
barrier only, while(d), (e), and(f) weren-doped in the well only. % C 1 L
The samplesgg) and(h) weren- and(weakly) p-doped in the well. 2 14;- 1 =
All values refer to room temperature. > 131_ 170 &
Doping Sample n[10" cm™?]  ppa [cMP/V'S] 7, [ps] ) T N T B -1

0 0.5 1.0 1.5 2.0 2.5
Barrier (@ 1.4 4600 33 n [10'2 ecm™?2]
n-doped (b 2.6 4700 32

FIG. 2. (Color onling Calculated BIA spin splitting parameters

© 4.7 4200 37 y (left axis) and(kﬁ) (right axig as a function of carrier density
for symmetrically doped A)l,Ga, sAs/GaAs-QWs withL=75 A.
Well (d) 0.4 3500 35
n-doped (e 2.4 2800 43 the rater ! in the InAs system abh~0.4X 102 cm™2 is ap-
() 6.0 2500 49 proximately 50 times smaller tha(r;l or 7! even at room
temperature.
Well n- and () 4.7 800 105
p-doped W 98 1500 56 V. COMPARISON WITH ROOM TEMPERATURE

EXPERIMENTS

culated as a function of carrier densityand temperaturé
for asymmetric (001) grown AlGaAs/GaAs-QWs and
AlGaSb/InAs-QWs with well widthL=100 A. The spin

splitting was calculated self-consistently assuming that th%\nd Ohnoet al2! In both experiments the authors used a

samples weren-doped on one side only. We usef, _ hni ith circularl lari light. Th
=0.1 ps(Ref. 29 and we assumed that the momentum scat%lj;ngggfse/éi&: Igl\J/S xv;d ; I;Siléfhr_):/%o En?ride Is%nt{ple ©
tering was isotropic. The parameters are thus the same as Hérgmeters and measufd, for the eight samples investi-
Rbetf..lz dsp tlga} oluzr regultsthfd?]c—l Klrepfrodtjhcelthe tvalues gated by Terauchet al. are reproduced in Table I. For these
obtaned in Ret. 12 using the Tormuias for the low emper_a'systems we calculated the spin splitting and extracted the
ture limit of DP spin relaxation. At moderately high densi- values of the BIA spin-splitting parameteyzsand(kﬁ) as a

ties, the calculated rates usually increase with increasin%:nction of the carrier density (see Fig. 2 The details of
temperature by less than an order of magnitude. In Fig. 1 w is procedure have been described in Ref. 12. Due to the

have assumed thaf, does not depend oh. In real systems, : . .
7, can decrease by more than an order of magnitude for suc?yr(;];n:g'c doping of the samples, there is no Rashba effect

an increase in temperature. Therefore we can usually expe . . .
- - Th in-relaxation r in E nd on the trans-
smaller spin relaxation rates at room temperature as com- e spin-relaxation rates (19) depend on the trans

Next, we calculate the spin-relaxation timesof sym-
metrically n-doped(001)-grown QWs and compare our re-
sults with the experimental data obtained by Tera@tfsil 2°

pared to low temperatures. E_(I)_rt relaxation timer, which is related to the transport mo-
The largest variation of the spin-relaxation rates with tem- ity puyr Via

perature occurs in the low density range. Here, the thermal er,

energykgT and the Fermi energly: are of the same order of Mir = e (20)

magnitude for lowT. On the other hand, at higher tempera-
tures the spin relaxation is no longer controlledBybut by ~ Terauchiet al?° determined for their samples the Hall mo-
kgT. This results in the pronounced temperature dependendglities uy,;, see Table I. These Hall mobilities are equal to
at low densities which is visible in Fig. 1. The weaker tem-the transport mobilities only if the dominant scattering
perature dependence obtained for the InAs-based systemsnmechanisms are isotropjce., W(k;,k/) does not depend on
comparison with GaAs-based systems can be related to thie angled]. If small-angle scattering predominates the trans-
term proportional tar in Eq. (19), which dominates at low port mobility u, and the Hall mobility uy,, differ by the
temperature for GaAs due to its larger effective massaind  Hall factor ry,;.>> A more detailed discussion of the effects
smaller(kﬁ). of various scattering mechanisms is given in the Appendix.
The strong anisotropy of the spin-relaxation times, i.e.For the samples investigated by Terauehial,?° the domi-
the difference betweer, and 7~ and the nonmonotonous nant scattering mechanisms were not known. Therefore we
behaviot? persist up to temperatur@s~ 100 K for the GaAs have considered three categories of scattering mechanisms
system and even far beyond room temperature for the InABsted in Table Il and denoted as types |, Il, and Ill. Calcu-
system. The huge difference, previously predicted for lowlated values of the Hall factor,,, are given in the same
temperaturé? which is seen for densities arournt~0.6  table.
X 102 cm? in the systems considered here, is therefore re- Taking into account these effects and using the bulk GaAs
markably stable with increasing temperature. For examplegffective masgm*/my=0.0663, we obtain the transport re-
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TABLE II. Energy dependence, scattering angle characteristic, and Hall factor for various scattering
mechanisms. We have listed the exponents for the power-law behavior of the momentum relaxatj&ojtime
(13)] for bulk (Refs. 25, 27, 35, and 361°°) and 2D system&2P) based on Eq(A7). The scattering angle
characteristic is specified by the ratio of the scattering timés; (cf. Sec. A 3. The Hall factorry, is the
ratio of Hall and transport mobilitycf. Sec. A 3.

3D 2D

i i 3D 3D 2D 2D
Scattering mechanism v IAal v 73l 1y IGall

acoustic phonongleformation potential
optical phonongdeformation potential
ionized impurities(screene
Type I: fmpurt R o -1/2 37/8 0 1 1
neutral impurities
alloy scattering

interface roughness

Type Il:  acoustic phonon@olar, piezoelectric +1/2  457/128 1 1/3 7/5
optical phonongpolar

Type lll:  ionized impurities(weakly screened +3/2  4157/512 2 /9  99/35

laxation timer, from Eq.(20). For the samples in Table | the samples. This reasoning is supported by the fact that the
mobilities were measured only at room temperature. In ordesamples(g) and (h) have the smallest mobilitiesee Table
to derive the results shown in this section, we have thus useldl) which we attribute to the additional scattering mecha-
in EQ.(19) the same value of,, for all temperatures. Accord- nism.
ingly, the temperature dependence of the spin-relaxation In summary, we have achieved quantitative agreement be-
rates is determined only by the Fermi distribution. A differenttween theory and experiment for the spin-relaxation rates of
experiment, where this restriction does not apply, will beeight different samples. A similar EFA-based approach was
discussed below in Sec. VI. applied by Lauet al!* for the samples discussed here with
The calculated results are shown in Fig. 3 together withcomparable results. However, the previous work did not take
the experimental data of Terauddti al. For comparison, we into account the doping self-consistently and no explicit for-
also show the results based on the formulas for the low anthulas were given for the treatment of the temperature depen-
high temperature limit, respectively. It can be seen that Eqdence of the spin relaxation. Furthermore, we would like to
(19) reproduces the results obtained with the simplified for-emphasize that it is important to take into account the differ-
mulas for the corresponding limits. For most of the system®nce between the Hall mobility usually measured in experi-
investigated by Terauclet al, room temperature falls into ments and the transport mobility, which governs the spin
the nondegenerai@igh temperaturelimit. However, in the relaxation. To the best of our knowledge, so far this aspect
more heavily doped samples a significant deviation appearsias not been taken into account in the context of spin relax-
For samplgh) the value ofr, predicted by the theory for the ation.
nondegenerate limit is approximately 60% larger than the

value obtained using Eq19). o VI. COMPARISON WITH TEMPERATURE-DEPENDENT
In GaAs at room temperature, the mobility is limited by MEASUREMENTS
scattering at the deformation potential of acoustic phonons
(type I) and at polar optical phonorig/pe Il). The scattering The spin-relaxation time depends on the temperature via

at ionized impurities(weakly screened: type Il; screened: the Fermi distribution function and the variation of the trans-
type ), which usually dominates the mobility at Ioly is not ~ port mobility. To get a more detailed understanding of the
relevant here. Therefore the results calculated for scatterinigiterplay of these quantities we compare our theoretical re-
mechanisms of type Il do not apply in the present case. sults with the spin-relaxation times measured as a function of
The experimental values for the spin relaxation time ardemperature by Ohnet al?! The sample used in their ex-
between the theoretical results obtained for scattering mechgeriment corresponds to samith of Table I. The measured
nisms of type | and Il. For the samplég) and(h) the mea- values of the spin-relaxation timg, and the Hall mobility
sured values are significantly closer to the theoretical valuegyy, are reproduced in Fig. 4. Once again, the spin-
obtained for type | scattering than for all other samples. Thigelaxation timer, has been calculated as a function of tem-
agrees well with the fact that only these two samples wergerature. But in contrast to Fig. 3, we have used here the
codoped with donors and acceptors. The scattering at neutre#mperature-dependent transport relaxation time obtained
acceptors makes type | scattering more important for thestsom the Hall mobility measured as a function Bf Figure
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S 102
f
10!
FIG. 3. (Color onling Calcu-
lated spin-relaxation timer, of
— different samples(a—(h) as a
8 102 function of temperatur& in com-
o parison with room temperature
measurementsquaresfrom Ter-
101 auchiet al. (Ref. 20. The theoret-
ical results refer to the degenerate
limit (dotted line$, to the nonde-
generate limit(dashed lines and
- to the generalized theoryfull
RN 102 lines). For each set of curves, the
o upper curve corresponds to scat-
y [ tering at weakly screened ionized
10k | X i impurities (type IllI), while the
L E L . middle and lower curves represent
- -~ (q) b SESsT () momentum scattering of types ||
and |, respectivelysee Table I\
[/}
. 102
(y
101 , 1k . 3
101 102 103 101 102 103
T [K] T [K]

4(a) shows the theoretical results of the extended theory foexperiment forT=20 K, a discrepancy arises at low tem-
the three types of scattering mechanisms together with thperaturesT <20 K. As the Hall mobility was not measured
results assuming the degenerate and nondegenerate limit. for T<13 K this deviation cannot be examined more closely.
Once again, an excellent quantitative agreement betwedhcould be caused by approximations in the scattering theory.
theory and experiment can be achieved at room temperatuféor example, at low temperatures the simple power-law de-
assuming that the dominant scattering mechanisms are g@endence in Eq.13) becomes incorrect for ionized impurity
type Il (e.g., polar optical phononsThe measured decrease scattering?® In samples with high mobilitiesmobilities
of the Hall mobility at high temperatures is a signature oflarger than the mobilities of the samples studied in this work
phonon scattering’ which agrees well with this interpreta- the electron-electron collisions neglected here constitute a
tion. further possible source of systematic errors. Such processes
In the low temperature rang@p to about 100 Kthe  conserve the total momentum of the electron system so that
experimental data are well explained by type lll scatteringthey do not affect the mobility. The DP spin relaxation, on
(i.e., by scattering at weakly screened impuritiés samples  the other hand, is reduced by any kind of scattering. We
which are not modulation doped, like the ones consideredherefore have a correction due to electron-electron scatter-
here, this scattering mechanism usually limits the mobility ating, which is particularly important in high mobility
low temperatures and leads to a characteristic increase of tleamples23233Finally, it is possible that in the pump-probe
mobility with increasing temperatuigig. 4(b)]. experiment by Ohnet al?! the laser beam heated up the
The temperature dependence of the Hall mobility at interelectron system so that the electron temperature was indeed
mediate temperaturd80 K=< T =200 K) indicates that ion- higher than shown in Fig.(4).%*
ized impurity scattering becomes less important with increas-

ing temperature. Instead, phonon scattering becomes the VIl. CONCLUSIONS
dominant scattering mechanism. As expected, the measured '
values ofr,(T) depart from the calculated curve for type I Based on the self-consistent multiband envelope function

scattering with increasing temperature and approach thapproximation, we obtain an accurate description of the spin
curve for type Il scatteringpolar phonon scatteringWhile  splitting and Dyakonov-Perel spin relaxation in quasi-2D
we have a remarkably good agreement between theory argystems. In the present work, we extend the theory of DP

195322-6



TEMPERATURE DEPENDENCE OF DYAKONOV-PEREL PHYSICAL REVIEW B 70, 195322(2004)

10-"E ——rrr electron momentum scattering mechanisms. As commonly
i done in the literaturé3?"35-3’we assume that the electron
" n system is nondegenerate and that the scattering is quasielas-
T tic, i.e., the scattering does not change the kinetic energy. We
= 102 start by considering bulk systems. Then we discuss the modi-
& fications necessary for 2D systems.
1 [ 1. Relaxation times
10 L 1 . . .
10 T T o) In this work we treat scattering based on Fermi’s golden

rule, where the transition ratd/(k,k’) between states with
wave vectork andk’ is?®

2
W(K,K') = fmifz‘lzé[ak’) ~EK)],  (Ala)

Mo [103 cm2/Vs]
[+,]

1 . .
s 161 s 1.02 Hi?:tt: afg e—|k -ruscattr)e|k.rd3r (Alb)
T [K]
with the crystal volume() and the scattering potential
FIG. 4. (Color onling (a) Spin-relaxation timer, and(b) mea-  yscatfr) Using the effective mass approximati), we ob-
sured(Refs. 21 a;d |3)11)H|a” m?b;'ity '“lHa'; asda function of tlem' tain for the scattering rate out of the stée into any other
peratureT. In () the labeling of the calculated curves is analogous '
to Fig. 3 and the measured valu@Ref. 21 are represented by State|k ) of a nondegenerate electron SyS%ém

squares. The sample parameters are those of sadypie Table I.

1 ~
In the very low temperature rande< 13 K, no theoretical evalua- — => W(k,k'). (A2)
tion of 7, is possible due to lack of experimental data for the Hall (k) K’

mobility.

Here the tilde indicates that the sum is restricted to final
spin relaxation in order to connect the previously knownstatesk’) with the same spin orientation as the initial state,
results for the limiting cases of low and high temperaturesi.e., we have assumed that the scattering processes do not
Therefore our realistic theory renders considerations with reehange the spin. The scattering tim&) is the average time
spect to the degeneracy or nondegeneracy of the electrgfetween scattering events, i.e., it can be identified with the
system unnecessary. time during which the electron is in the stdke.

_ We demonstrate the strengths of our approach by compar- For nonisotropic scattering mechanisms the information
ing with spin-relaxation times, measured by Terauchit 54t the initial momentum is not lost after the tin&), but

20 21 H H
al=" and Ohnoet al™ for a large variety of different —yocavs on the time scale of the momentum relaxation time
samples. Using a simple modethe latter authors obtained 7,(K), which is defined 28

theoretical estimates far, that differed by an order of mag-
nitude from the experimental values, whereas we are able to ~
obtain excellent quantitative agreement between experiment = > W(k,k')(1 - cosb). (A3)
and theory. nk)

Up to now, the spin-relaxation times could not be de- E lasti tteri d herék) d d |
termined experimentally. We corroborate here the or €lastic scattering, as assumed nhej epends only

predictiod12 that one of the times., or 7 increases non- ©°" the energ¥(k) (see Sec. A R The timer; determines the

monotonously as a function of electron density. Ourtransport mobility via Eq(20) and2°
temperature-dependent calculations show that this feature is
o . o dFg
remarkably stable with increasing temperature and that it is dEZE)E—71(E)
connected with a huge anisotropy of the spin relaxation. T = JE _ (A4)

JF
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with M. Oestreich and D. Hagele. This work has been suptional to VE in 3D systems and it is independent®fin 2D
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Halbleiter-Nanostrukturerand by BMBF. _ i
2. Scattering angle characteristic

APPENDIX: SCATTERING THEORY In the framework of the aforementioned approximations,
In this appendix we give a short overview of the energythe transition raté\V(k k') can be expressed for many scat-
dependence and scattering angle characteristic of variousring mechanisms as a power f&w
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1 2-v)(3-v)

WI(k,k'") o« —-, A5 —, v<3/2

ek (A% Bol 2-vee (A9)
T

whereq is the momentum transfer ! 1/9, v>3/2.

a= [k -k'|=2ksin(6/2) (AGa) The values for the ratia;/ 7, obtained by means of EGA9)
— are listed in Table Il. They are identical with the values used
=2V{E sin(6/2). (ABb) by Lauet all* as far as they are given there.

Combining these equations with E@) we get Eq.(13). In
Table Il we have compiled from the literatéereé’3>36the
exponentsy for various scattering mechanisms. The scatter-
ing mechanisms of type | are isotropic, while for types Il and N general, the mobilityu, determined from Hall mea-
Il small angle scattering is increasingly predominant. Thesurements differs from the transport mobility, (obtained
values ofv for 2D systems are derived from the values for from, e.g., the experimental conductancey the Hall

3. Hall and transport mobility

3D systems, using the fact that the momentum scatterinffcto

rates 1/ are proportional to the density of staf@Assum-
ing that the remaining contributions to the exponeilo not

depend on the dimensionality of the system, we thus have

1PP=13P+1/2. (A7)

For some scattering mechanisms, values/8t have been
given explicitly in the literaturé®3® They agree with our
values in Table II.

Using Eqgs.(8), (A5), and(A6) we have in 2D systems

1 2m 1 -co$nd
_“f 49 £no)
Th 0

sirt(612) (A8)

Thus we ge¥

125.27

MHall
Man=— -

tr

(A10)

The values ofr,,, in Table Il have been obtained from the
exponenty (for 3D and 2D systems, respectivelysing®?’

_T(2v+5/2T(5/2)
MHal = e+ 52

(A11)

whereI" denotes the gamma functiéhWe have kryy,
S99/35, i.e.,,u,trg,LLHa”.
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