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We perform a study of the effect of the high in-plane electric field on spin precession and spin dephasing due
to the D’yakonov—Perel’ mechanism mtype GaAs(100) quantum wells by constructing and numerically
solving kinetic Bloch equations. We self-consistently include all scattering such as electron/phonon,
electron /nonmagnetic impurity as well as electron—electron Coulomb scattering in our theory and systemati-
cally investigate how the spin precession and spin dephasing are affected by the high electric field under
various conditions. The hot-electron distribution functions and spin correlations are calculated rigorously in our
theory. It is found that the D’yakonov—Perel’ term in the electric field provides a nonvanishing effective
magnetic field that alters the period of spin precession. Moreover, spin dephasing is markedly affected by the
electric field. The important contribution of the electron—electron scattering to spin dephasing is also discussed.
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I. INTRODUCTION that spin polarization is not destroyed by the strong electric

Spintronics is an active field in which processes that mafi€ld applied in transport up to a few kV/cH:? It is re-
nipulate the spin degree of freedom of electrons, with the/€aled that under the right configurations the electric field
goal of developing new electronic devices with improvedcan drive the electrons toward a larger spin injection
performance and new functionality compared to traditionalength?2%-*°In Ref. 27, the spin dephasing in quantum wires
ones which are based on precise control of the charge distrbnder high electric field was studied through Monte-Carlo
bution of electrons, are studiéd. Understanding spin simulation. Electric manipulation of the spin of two-
dephasing is an important prerequisite for the realization oflimensiona{2D) electrons through Rash#aspin—orbital in-
such devices. As most of the semiconductor electronic deteractions using the in-plane ac electric field has also been
vices are very small and even a small applied voltage gives proposed® Nonetheless how the hot-electron effect affects
strong electric field, these devices usually work in the hotspin dephasing/transport is so far not fully investigated.
electron conditiorf:* Therefore understanding spin dephas-Complete understanding of the hot-electron effect on spin
ing in the presence of a strong electric field is of particulardephasing im-type GaAs quantum well@QWs) can be ob-
importance to spintronic application. tained by solving the many-body kinetic Bloch

Recent experiments have shown that the electron spiaquation§®1439which have been applied successfully to the
lifetime is very long in n-type zinc-blende study of spin dephasifgand spin transport recenth32
semiconductors:’ In theory spin dephasing in semiconduc- In this paper, we use many-body kinetic equations to
tors without a high electric field has been extensively studstudy the effect of high electric field on spin dephasing. The
ied. Three spin dephasing mechanisms have been proposegiaper is organized as follows: In Sec. Il we present the
the Elliot—Yaffet mechanisft® which is important in the model and construct the kinetic Bloch equations. Then we
narrow-band-gap and/or high impurity-doped semiconducshow the effect of the electric field on the spin dephasing
tors; the Bir—Aronov—Pikus mechanishwhich is important ~ problem by numerically solving the kinetic equations. In
in pure orp-type semiconductors; and the D’yakonov—Perel’ Sec. Il A we first discuss how the electric field affects spin
(DP) mechanisrt? which is the main spin-dephasing mecha- precession. Then we concentrate on understanding the effect
nism in n-type zinc-blende semiconductors such as GaA®f high electric field on spin dephasing under various condi-
and InAs. The DP mechanism originates from spin—orbit in-tions, such as at different impurity densities, temperatures,
teraction in crystal without an inversion center and results irand initial spin polarizations. We summarize the main results
spin splitting of the conduction band lat 0. This is equiva- in Sec. IV. In Appendix A we present the effect of the
lent to an effective magnetic field acting on the spin, with itselectron—electron Coulomb scattering on the spin dephasing.
magnitude and orientation depending on the electron wave
vector. Moreover, an important many-body spin dephasing
mechani_sm due to cqmbined effects of the inhomogenequs II. MODEL AND KINETIC EQUATIONS
broadening of the spin precession and the spin conserving
scattering by irreversibly disrupting the phases between spin We start our investigation with amtype (100) GaAs QW
dipoles has been proposed recetttlyand closely of width a with its growth direction along the axis. A
studied*-17 uniform electric fieldE and a moderate magnetic fisklare

The study of the effect of electric fields on electron spin inapplied along thex axis (Moigt configuration. Due to con-
semiconductors is just beginning. Experiments have showfinement of QW, the momentum along thexis of electrons

0163-1829/2004/624)/24532)9)/$22.50 69 245320-1 ©2004 The American Physical Society



WENG, WU, AND JIANG PHYSICAL REVIEW B69, 245320(2004)

is quantized. Therefore the electrons are characterized by diffusion. The kinetic Bloch equations in such a system are
subband indexn and a two-dimensional momenturk constructed using the nonequilibrium Green function method
=(ky,ky), together with spin index(=+1/2). For simplicity, ~ with gradient expansiofl and can be written as
we only consider wells of small width so that the separation
of the subband energy is large enough and therefore only the ) )
lowest subband is populated and the transition to the upper Pr.oo’ ~ €E - Vipk 5or = Proorlcont Pr.oorlscar (3
subbands is unimportant. It is noted that due to the so called
“runaway” effect, the single subband model is valid only wherep,,, represents the single particle density matrix el-
when the electric field is less than a few kV/é?*This is  ements. The diagonal terms describe the electron distribution
because when the electric field is above the threshold valuéunctions py ,,=fy,. The off-diagonal elementgy 1/>-1/;
electrons gain energy from the field faster than they can dls-pk _1o17=px Stand for the interspin-band polarizations
sipate it by emitting phonons and therefore the transition tdspin coherence®® The second terms in the kinetic equations
upper subbands becomes significant. Consequently in th@escribe the momentum and energy input from electric field
present paper we only study the case with electric field up t&. pkeor
1 kV/cm which is sufficiently large to produce the hot- the coherent spin precession around applied magnetic field
electron effect. B, the effective magnetic field(k) from the DP term as well
For n-type samples, spin dephasing mainly comes fromas the effective magnetic field from electron—electron inter-
the DP mechanisfil? With the DP term included, the action in the Hartree—Fock approximatiqi,,|sca: denotes
Hamiltonian of the electrons in the QW is given by the electron—impurity, the electron—phonon, as well as the
electron—electron scattering. The expressions for these terms
are given in Appendix B.
H= > {(SK -€E -R)8,, The initial conditions at=0 are taken to bg,(0)=0 and
electron distribution functions are chosen to be those of the
steady state under the electric field but without the magnetic
field and the DP term. Specifically ,(0) is the steady solu-
tion of kinetic equationg3) with spin coherencg,, the mag-
netic field and the DP term set to zero. These initial distribu-
Heree, =k2/2m' is the energy spectrum of the electron with tion functions can be approached by assuming that at time
momentumk and effective mass'. o is the Pauli matrix. —to there is no spin coherengg(-to)=0 and the electron
R=(x,y) is the positionh(k) represents the DP term which distributions are just the Fermi distribution functions for
serves as an effective magnetic field with its magnitude an@ach spino at background temperatuiie
direction depending okR. It is composed of the Dresselhaus
tern?® and the Rashba terfi.For GaAs QWs, the leading fro(— to) = {exd(ex — u)/T]+ 1}72, (4)
term is the Dresselhaus term which can be written as

T ;5! +
2 Ck(rckﬂ'/ + H| " (1)

and then self-consistently solving kinetic equati¢8pswith
the magnetic field and the DP term turned @fferefore no

h,(k) = ykx(k§—<k§)); spin precession ang,=0). By taking t, large enough one
may get the steady state solution befted. In Appendix A
hy(k) = yky(<k§>—k§); we present a typical electron distribution function in the
steady state under the electric field. The imbalance of the the
h,(k)=0. (2)  chemical potentigly/»# u-1/, gives the initial spin polariza-
tion,
Here (k%) represents the average of the operat¢#/dz)2
z - - Ne1/2(0) B Ne—llz(o)
over the electronic state of the lowest subband and is there- P= , (5)
fore (/a2 y=(413)(m'Imy,)(1/\2m3E) (I V1-7/3) Nea/2(0) + Ne-1/2(0)

and n=A/(E4+4A), in which Ey denotes the band galy  whereNg,(t) == f,,(t) is the number of the electrons with
represents spin—orbit splitting of the valence band;mgds  spin o at timet.
a constant close in magnitude to free electron mas¥ The
Rashba term is proportional to the total electric field. For
narrow band-gap semiconductors such as InAs, the Rashba IIl. NUMERICAL RESULTS
term dominates. For wide band-gap semiconductors like
GaAs, it is marginal in the regime of the applied electric field As one may notice, all the unknowns to be solved appear
we studied. The interaction Hamiltonidty is composed of in the coherent and the scattering terms nonlinearly. There-
Coulomb interactiorH,,, electron—phonon scatteririy,,, as  fore the kinetic Bloch equations have to be solved self-
well as electron—impurity scatterirtdj. Expressions for them consistently to obtain the electron distribution and the spin
can be found in textbook¥:38 coherence.

In order to study the hot-electron effect on spin dephas- We numerically solve the kinetic Bloch equations in such
ing, we limit our system to a spacial homogeneous one irself-consistent fashion to obtain temporal evolution of the
order to avoid additional complications such as charge/spielectron distribution function$,,(t) and the spin coherence
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TABLE |. Material parameters used in the numerical 0 T T T
calculations.
0.3
Ko 10.8 Ko 12.9
wo 35.4 meV m’ 0.067my o6l .
0.341 eV Eq 1.55 eV 3)
g 0.44 B o9
p(t). Once these quantities are obtained, we are able to de- L2 .
duce all the quantities such as electron mobifityand hot-
electron temperatur€, for small spin polarizatior® as well -15
as the spin dephasing rate for any spin polarizafoThe 0 0.2 0.4 0.6 08
mobility is given by u=3,,f,(0)k/(m'NE); the electron Va/Ve

temperature is obtained by fitting the Boltzmann tail of the

electron distribution function, whereas the spin dephasing FIG. 2. Net effective magnetic fie" from the DP term vs drift
rate is determined by the slope of the envelope of the incovelocity Vq at T=120 K with impurity densityN;=0. The solid
herently summed spin coherenggt)=3,|p(1)].133039 |t  curve is the corresponding result from Ed).

should be noted that the spin dephasing time obtained in this

way includes both the single-particle and the many-body;;;, spin polarizationP=2.5% under two electric fields,
spin dephasing contributions.

We include the electron—electron, the electron—phono £=0.5and ~0.5 kV/cm, ar=120 K.B=4 T for both cases.

; X ) %Fhe corresponding incoherently summed spin coherence is
an_d the electron—impurity scattering thro_ughout our compuy g, plotted in Fig. 1. One can see that the temporal evolu-
tation. For electron—phonon scattering, since we concentraig

th latively hiah t i ; v elect fons of the electron densities and the spin coherence are
on the relalively nigh temperaturé régime, only €lectron—7;;ia: {5 those in the absence of an applied electric fiéld.
longitudinal opticaLO) phonon scattering is important. The

numerical scheme for solution of the kinetic equations is laid 600 [~ ; . ' . '
out in detail in Appendix B. The total electron density, the (a) R
width of the QWa and the magnetic field applied are taken s00f 4 A 4 4
to be 4x 10 cm?, 15 nm and 4 T, respectively. The mate-
rial parameters of GaAs are listed in Table |. The numerical . R
results are presented in Figs. 1-5. z 400 ¢ . .
= *
o 300 . d
A. Electric field dependence of the spin precession frequency ¢ oK
In Fig. 1 we plot the typical temporal evolution of the 200 | . Ef;g?(y
electron densities of spin up and down for a GaAs QW with * e
1m 1 I 1 1 1 1
t (ps) 0 02 04 06 08 1 12
0 100 200 300 400 500 E (kV/cm)
z 600
o 10—1
& = s0F L, (b)
5 : © .
E] {102 £ a0} .
2 < &
T A
L l L L 10—3
80 200 T=200 K
[ B=4T
t (ps) 200 P=25 %
FIG. 1. Electron densities of spin up and down and the incoher- 100 L . . . . .
ently summed spin coherengevs timet for a GaAs QW with 0 02 04 06 08 1 12
initial spin polarizationP=2.5% under different electric field§ E (kV/cm)

=0.5 (solid lines and —-0.5 kV/cm(dashed lines Top panel:B

=0 T, bottom panelB=4 T. Note the scale of the spin coherenceis FIG. 3. SDTr Vs the electric field&e applied atT= (a) 120 and
on the right side and the scale of the top panel is different from thatb) 200 K for initial spin polarizatiorP=2.5% with different impu-
of the bottom one. rity densities:® N;=0; ¢ N;=0.6N,, and A N;=1.2 N,.
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FIG. 4. SDT7g Vs electron temperatufk, at lattice temperature 700 T T T
T=120 K with initial spin polarizatioP=2.5% forN;=0 (®) and
N;=0.6 N, (#). The curves are plotted as a guide to the eye.

The electron densities and the spin coherence oscillate as
electron spins and undergo Larmor precession around the
total (effective) magnetic field. Due to spin dephasing, the
amplitude of the oscillation decays exponentially. An inter-
esting effect of the high in-plane electric field on spin pre-
cession is that there is a marked difference in the precession
frequency under different electric fieldesven electric fields 300 ' ' !
of the same magnitude but in opposite directioAs shown 0 % 50 s 100
in Fig. 1, although there is almost no difference in corre- P (%)
sponding spin dephasing ratg, the periods of the oscillations FIG. 5. Spin dephasing ti ¢) vs the initial spin polarization
are 51.2 and 33.6 ps for applied ellectnc f|e_ld£9f—0.5 and ¢, =120 Kpande):O (a)%n?l\%li(:g)ﬁ N, (b) underpdif?erent elec-
0.5 kV/cm, respectively. Both periods deviate from 40.6 pSyic fields: ® E=0: O E=0.25 kV/cm: ¢ E=0.5KkV/cm: A E
which is the electric-field-free one of Larmor precession un-—q 75 kv/cm.
der magnetic field3=4 T.

Moreover, it is expected that gery lowtemperaturéi.e.,
a few kelvin where the momentum collision rate is small,

75 (ps)

the DP term can result in rapidly damped oscillations in the fdk(fk1/2_ fro2h(k)
spin signal wherB=0. At higher temperatures, due to the — * _
! . L ) Bo=B+B =B+ . ()
higher collision rates these oscillations disappear totally and Ous
the spin polarization decays exponentially over tithand Ak (a2 = fie-172)

the oscillations can only be seen when there is a magnetic

field applled in the VOglt Configuration. Nevertheless, it is of By taklng the electron distribution function as the drlftlng
particular interest to note in the top panel of Fig. 1 that evercami  function feo=texd (k—-mVg)2/(2m - u,)/ (keTo)]

at temperature as high as 120 K the Spif‘ s_ignal osgillate§1}_1’ the effective magnetic field for small spin polarization
with period 219.9 ps when there i® magnetic field applied can be roughly estimated as follows:

but an applied electric fiel&=0.5 kV/cm.

Both features above originate from the high electric field
E applied along the axis. With the applied electric field, the
electrons get a net center-of-mass drift velodiy and the
distribution function is no longer first-order momentum free,
ie., (1/Ne)2kkfk,,:m*vd¢0. From Eq.(2) one finds that with E; andE_ the Fermi energy and confinement energy of
there is a net effective magnetic fieRl along thex axis  the QW, respectively. In Fig. 2 the effective magnetic field
from the DP term which does not exist whEr0. From the B" deduced from the frequencies of our numerical result is
period of spin oscillation in Fig. 1, one can deduce effectiveplotted as a function of drift velocity, for the impurity-free
magnetic fieldB". When electric fieldE=+0.5 kV/cm, the  sample. The result predicted by E@) is also plotted Fig. 2
net effective magnetic fiel@ = +0.74 T. for comparison with the hot-electron temperatligobtained

The average of the total effective magnetic field the elecby fitting the Boltzmann tail of the calculated electron distri-
trons experience at low spin polarization can be given apbution functions. It is seen in Fig. 2 that E@/) gives a
proximately by reasonable estimate &f.

B" = ym3V{E{/[2(1 - e E*6Te)] - E Mg, (7)
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B. Electric field dependence of the spin dephasing time creases, the hot-electron effect is also reduced. Therefore, in
of electrons with small spin polarization the high temperature regime the drift effect becomes impor-

In addition to affecting the spin precession frequency, thdant even for low e_Iectric fields and itis then' po_ssible that the
high electric field applied also changes the spin dephasingPT may drop with an increase of electric field even for
time (SDT), i.e., the inverse of the spin dephasing rate, al-mpurity-free QWs. Moreover, the change in the-E curve
though the electric field does not couple to the electron spift high temperatures is smaller than that at low temperatures
directly. In Figs. 3a) and 3b), we plot the SDT of the elec- s shown in Fig. 3. o .
trons with initial spin polarizatioP=2.5% as a function of e note that the electric-field dependencergive obtain
electric fieldE for different impurity densitiesN; at T=120 IS different from that of quantum wires where the SDT de-
and 200 K, respectively. It is seen from Figagthat for the ~ Creases with the electric fiefd. This difference may come
impurity-free sample, the SDT first increases with the e|eCJ‘rom_ different contributions of drift ant_j the hot-electron _ef-
tric field from 7,=175 ps atE=0 and then saturates tq fect in quantum wells and quantgm wires. In quantum wires
=300 ps, 70% higher whek is close to 1 kV/cm. For the electrons are much more easily accelerated by the glectrlc
samples with impurities, the SDT also increases with thdield toward higher momentum states. Therefore the drift ef-
electric field but at a decreased rate of increase for highgfct is more pronounced and it is possible that the SDT is
impurity densities. When the impurity density rises toN,2 reduced by the el_ectnc field. The_ competing effeqt of drift
7 first increases for a small electric field and then decreasedNd hot electrons in QWs results in a more complicated de-
when the electric field is higher than 0.75 kV/cm. MoreoverPendence of the SDT on the electric field. _ _
the change of SDT with the electric field is much smaller  In order to further elucidate the effect of the high electric
than that of the impurity-free sample. The electric field de-field to the SDT, we replot the the SDT as a function of
pendence of the SDT varies as the background temperatufdectron temperaturg, with T=120 K for N;=0 and 0.IN,
changes. When the temperature is raised to a relatively hight Fig. 4. It is seen that the SDT increases with electron

one, sayT=200 K in Fig. 3b), the SDT increases slightly temperaturde, similar to in the electric-field-free case where

E>0.25 kV/cm even for the impurity-free sample. shows that the impurities reduce the hot-electron effect and
The electric field dependence of the SDT is understoodncrease the SDT. These results indicate that for the electric

due to the concurrent effects of the high electric field and thdi€lds in our study, the electric field dependence of the SDT
DP term. The most obvious effect of the electric field is thatiS affected mainly by the hot-electron effect not the drift
the electrons get center-of-mass drift velocity and the cente®ffect.
of the distribution functions drift away frork=0. One con-
sequence of drift is that the DP term gives a net effective
magnetic field as discussed above. This field is moderate and
hence has little effect on the SDT. Another effect is that
because more electrons are distributed in the large momen-
tum region, the contribution from the DP term with large  We now turn to studying the effect of the electric field on
momentum is enhanced and the SDT can be reduced. Nesgpin dephasing with high initial spin polarization. A similar
ertheless, in addition to drift, the high electric field also hasproblemin the absencef electric field has been studied in
another countereffect: As the high electric field gives theour previous work’
hot-electron effect with electron temperaturghigher than The numerical results are presented in Fig. 5 where the
T, the scattering is strengthened. This can enhance th8DT is plotted as a function of the initial spin polarization
SDT&17 In short, drift of the center of mass in momentum under different electric fields. It is seen that for all the elec-
space tends to reduce the SDT while the hot-electron effedtic fields we study, the SDT increases with the spin polar-
helps to enhance it in the regime of our study. With these twazation as in the case &=0.!" However the speed of the
effects considered, the electric field dependence of the SDihcrement drops with an increase of electric field. It is inter-
can be understood. esting to see that the electric field dependence of the SDT is
When the electric field is small, its effect on the DP termquite different for different initial spin polarizations. In the
due to drift is marginal. Therefore the SDT increases with thdow polarization regime, the SDT increases with the electric
electric field due to the hot-electron effect when temperaturdield while in the high polarization one, it decreases with the
T is relatively low. As the electric field increases, the effectelectric field. For moderate spin polarized electrons, the SDT
of drift becomes important and the SDT saturates as a coris insensitive to the electric field.
sequence. It should be noted that the hot-electron effect is The rise of the SDT with the initial spin polarization is
more pronounced for the system with smaller impurity den-understood by the effective magnetic field from the Hartree—
sity under a given electric fielth. As a result, the SDT in- Fock (HF) term. Since one component of this effective field
creases more slowly with the electric field when the impurityis along thez axis, it removes “detuning” of the spin flip
density is higher. For high impurity-doped samples, the hotbetween the spin-up and -down bands and consequently sup-
electron effect is markedly smaller than that for pure onespresses spin precession around the magnetic field and greatly
therefore the SDT only increases slightly in the low electricreduces spin dephasid§Therefore, all the factors, such as
field region and then decreases as the effect of drift becomdhe magnetic field, temperature, impurity, electron density,
more dominant. Moreover, when lattice temperatlirén-  and applied electric field which can change the HF term,

C. Electric field dependence of the spin dephasing time
of electrons with high spin polarization
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affect spin dephasing in the high spin polarization case dra- In the small spin polarized regime, the hot-electron effect
matically. These factors except that of the electric field havaends to enhance the SDT since an increase in scattering rate
been discussed in detail in our previous wéflds for the reduces inhomogeneous broadening. Therefore in the small
applied high electric field, both the drift and the hot-electronelectric field regime where the effect of drift is marginal, the
effects affect the HF term. Drift of the center of mass inSDT increases with the electric field due to the hot-electron
momentum space provides two competing effects on the HEffect. For a larger electric field, the effect of drift become
term: One is to enhance the HF term through the net effecstronger. Therefore the SDT saturates under joint action of
tive magnetic field8" discussed above. The other is to de-drift and the hot-electron effect. When the impurity density
stroy the HF term by increasing the DP effect. Meanwhileor background temperatuie increases, the hot-electron ef-
the hot-electron effect tends to soften the HF term througtiect is reduced and the effect of drift becomes relatively im-
increases of electron temperature and the scattering rate. Oportant. As a result, the increase of the SDT with the electric
results indicate that the electric field tends to reduce the effield is reduced. For some regimes, the SDT decreases with
fective magnetic field from the HF term in the high spin an increase of electric field when the drift effect is dominant.
polarization regime and as a consequence reduces the SDT. In the high spin polarized regime where the HF term plays
an important role in spin dephasing, the hot-electron effect
tends to reduce the SDT since both the increase of electron
IV. CONCLUSION temperatureT, and increase of scattering reduce the HF

We have performed a systematic investigation of spif€m. Therefore, in the high spin polarization regime, the
dephasing due to the DP mechanism in the presence of highPT decreases with an increase of electric field.
electric fields by constructing a set of kinetic Bloch equa-
tions for n-type semiconductor QWs based on the nonequi-
librium Green function method with gradient expansion. In
our theory, we included the in-plane electric field, the mag- ACKNOWLEDGMENTS
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able to study in detail how spin precession and spin dephas-
ing are affected by the electric field in various conditions,
such as the impurity, temperature, and spin polarization.

The m-p_lane electric f|eld_ has two competing effects for APPENDIX A: EEEFECT OF COULOMB SCATTERING ON
electron spin. The most obvious one is that the electrons get SPIN DEPHASING
a center-of-mass drift velocity and the center of the distribu-
tion functions drifts away fronk=0. One consequence of It should be stressed that electron—electron Coulomb scat-
drift is that the DP term contributes a nonvanishing net eftering is of particular significance in this investigation. It is
fective magnetic field which changes the period of spin pretnot only because the Coulomb scattering is crucial in buildup
cession. The larger the electric field, the larger the drift ve-of the hot-electron temperature and the hot-electron distribu-
locity and consequently the net effective magnetic field. Fottion functions, but also because it strongly contributes to spin
the electric fields we studied, the net effective magnetic fieldlephasing with or without an electric field. With Coulomb
is up to the order of 1 T. This moderate magnetic field has a&cattering, the electron distribution functions become
marginal effect on the SDT although it results in a distinctsmoother in momentum space and electrons are distributed
change in the spin precession period. Another consequeneceore uniformly around the drift center as shown in Fig. 6.
of drift is that because more electrons are distributed in the We note that treatment of electron—electron scattering in
large momentum regime, the contribution of the DP termthe present paper takes account of fileeffectof Coulomb
with large momentum is enhanced. Therefore drift can rescattering which is different from in our previous wéfk
duce the SDT. In addition to drift, the high electric field also where Coulomb scattering was evaluated by replacing the
introduces another countereffect on spin dephasing: The scalistribution functions and the spin coherence in scattering
tering, which tends to drive the electrons to the steady stateyith corresponding isotropic averages along the angle. In
is enhanced because the hot-electron effect brought about lolyis way we are able to compute the electron distribution
the high electric field with electron temperaturgis higher  function more accurately under high electric field and to
than background. That is, the high electric field can also have the hot-electron effect included in our calculation. In
affect spin dephasing through the hot-electron effect. Withthe absence of an applied electric field, the approximation we
these two effects of the electric field on spin dephasing, theised before greatly reduces the CPU time and gives good
electric field dependence of spin dephasing is very rich imualitative results. However, this approximation is not good
detail. if one tries to get the results quantitatively.
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polarized system, as discussed earlier, the effective magnetic
field along thez axis from the HF term plays a crucial role in
spin dephasing and Coulomb scattering tends to reduce this
effective magnetic field. Therefore the SDT becomes smaller
when Coulomb scattering is included.

APPENDIX B: NUMERICAL SCHEME FOR KINETIC
BLOCH EQUATIONS

Here we describe the scheme for numerical solution of the
Bloch equations, Eq(3). We first rewrite the Bloch equa-
tions as follows:

FIG. 6. Typical distribution function of spin-up electrons in the
steady state with electric field=-0.75 kV/cm andP=2.5%.

We further show the importance of Coulomb scattering in

fi.o = €E - Vicfi o + fic ocont Fi oscan (B1)

Pk = €E - Vipk + pilcont Pilscar (B2)

spin dephasing by plotting the SDT as a function of the elecTne coherent terms are

tric field applied with and without Coulomb scattering in Fig.
7. As shown in Fig. 7, for electrons with small spin polariza-

tion, Coulomb scattering tends to drive the electrons toward ~— dfy,|
the equilibrium state whefE=0 or the steady state when ot | 20{[gueB + h(k)Jimpy + hy(k)Repy}
applied with a finite electric field, and hence greatly reduces .
the inhomogeneous broadening that originated from the DP +4glimY, VaPi+gPks (B3)
term. As a result Coulomb scattering increases the SDT with q
/without application of an electric field. For the high spin
ap 1. .
e = = SligueB +iy(k) +hy(k)1(fiarz = fia)
It |eon 2
300F (a) . )
. * +1 2 Vol (fraquiz = fregq-12)Px
q
g WF * . = praq(Frae = fcu) ] (B4)
- ) ° In these equationqu=qu{47-re2/;<0[q2+q§+ 21H1(igy) 2
° 120K with «q the static dielectric constant and=6mwN.*/(aE;)
100 ¢ o Cani the screening constant. The form facto'h(iqz)|2
° Ni=0 =msirty/[y?(y?— 7%)?] with y=g,a/2. The scattering terms
are
0 1 1 1 1 1 1
0 02 04 06 08 1 12
E (kV/cm) dfy,
%9 =9\ 2772 9§x5(8k T &k—q~ Qqqz}\)[quz)\(fka
1500 = scat qaz
o] *
= = frgo) T fio(l—fr_gs) = R
1200 b Eiggf’i ] k qU) kol k qo) e(PkPk—q)]
. =0 - 27N> Uz 8(ey — ex-g) fio(L = frogo)
900} ] 9
8-4 *
= . . ~ Relpypy-o) = 27 2 Vad(ex—q = ex+exr
) . ] qK' o’
[ ]
300 (b) 5 1 - 8k’—q) |: (1 - fk—q(r)fk(r(l - fk’(r’)fk’—q(r’
0

0 02 04 06 08 1 12
E (kV/cm)
FIG. 7. Spin dephasing time in GaAs QWSs wittiosed circlep

and without(open circles Coulomb scattering under different spin
polarizations:P= (a) 2.5% and(b) 97.5%.
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= {772 géqzx5(8k = ek-q = Qag)lPk—q(fraz * fie1r2) + (Frequiz+ frog-112= 20k = 2Ngg 1 (P = pr—g)]
scat

+ WNZ UZ (e — ex-g) (fraiz+ fue12)Pkoq = (2 = Fueqria = fieq-112P]~ > V2 qO(ek—q = &k + &K' ~ Ek—q)

ak’

X ((Fe—quizpk + Pr—qfk-12) (Fr12 = fr—quiz + firma2 = furmge12) + ol (X = Fio ) fr—qare + (L = fo_1d fio—g-1r2

— 2REpy prcr—q)] = Pr-al fior1ia L = Fir—quia) + fior-1ald = fier—q1s2) = ZRE(P;/Pk/—q)]> —{k—k-q,k"—~k'"-q},

in which {k—k-qg,k’<k’—-q} stands for the same
terms previously in{ } but interchangingk —k-qg and
k'—k’'—q. In these equationsgqq}\ are the matrix
elements of electron phonon Couplmg for modeFor LO
phonons, gquO {4maQ321[\2u(P+aD)I(ig,)>  with
a=€\ul (20, 0) (kK - kyY). k., is the optical dielectric
constant and(,o5 is the LO-phonon frequencquqZA
=1/[exp(€2qq/ksT)~1] is the Bose distribution function of
the phonon with mode\ at temperature T. U2
=3 {4nZ;€?] [ ko(of +g9)11?I(igy)|? is the electron— |mpur|ty
mteractlon matrix element witl; the charge number of the

impurity. Z; is assumed to be 1 throughout our calculation.

(B6)

P .
Knm= v2m E,(cos 6, sin 6y,), (B7)

with E,=(n+1/2AE and 6,,=mAé§. Heren=0,1,... N-1
andm=0,1, ... M—1 with Ey_1=E., the truncation energy,
and Oy-1=(M-1)27/ M.

In order to carry out integration of thé& function in the
scattering termAE has to be chosen to satisfy,=n, oAE
[or Qo= (nLo+ )AE]. In this scheme, the coherent terms and
the scatterlng terms of electron—impurity and electron-
phonon scattering can be divided into discrete ones directly.
Nevertheless, . andp, in the Coulomb scattering terms are
not all on the grid points we choose. We approximate them to

For numerical calculation, one first turns the Bloch equabe interpolation of the nearest grid points with the same en-
tions into discrete ones. To facilitate evaluation of the energyrgy-

conservation, i.e., thé function in the scattering terms, we

divide the truncated 2D momentum space iNt& M control

The driving terms should be treated with caution because
the equations are stable only for some finite differential

regions, each with equal energy and angle intervals as shovg¢hemes, such as forward differencing and center differenc-
in Fig. 8. Thek-grid points are chosen to be the center ofing schemes. In this study, we use the forward differencing

each control region and therefore are written as

ky

FIG. 8. Discrete momentum space.

scheme. However, the usual expression for this scheme is
based on Taylor series expansion and is difficult to apply to

the polar coordinate system which we use in this work. This

difficult can be circumvented by the so-called discrete con-

servation principlé?

0%keE - Vi fy o
eE - Viefi olk=k,, = Qnymm*AEAﬁ
_ m fm dseE -Af,
m AEAO E QnmN 7y Ao Ml

(B8)

Here Q) , and ), , are control regions which contain grid
pointk, , and the corresponding boundary. In the last step of
the above equation, integration of the boundary is replaced
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by summation over the first-order quadrature on the four

three if the control region is a neighbor lbf0) sides of the
boundarydQ),, ,, with sn”r? andﬁﬂfrrn”', respectively, the length
and the outward normal to bounday,,,N Q. IN order to

satisfy the need for numerical stabilitk; , is chosen
to bek, n, if —eE-ﬁﬂ;nm'>0 andk,, ,, otherwise.

We note that this choice & makes our approach identi-
cal to the forward differencing scheme. The time evolution is
computed by the fourth-order Runge—Kutta metfb@om-
putation is carried out in a parallel manner in the “Beowulf”
cluster. For a typical calculation, it takes about 7.5 h to get
one SDT with 16-node AMD Athlon XP2800+CPUs when
bothN andM are chosen to be 32.
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