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Longitudinal spin decoherence in spin diffusion in semiconductors
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We set up a set of many-body kinetic Bloch equations with spacial inhomogeneity. We reexamine the widely
adopted quasi-independent electron model and show the inadequacy of this model in studying the spin trans-
port. We further point out a new decoherence effect based on interference along the direction of diffusion in
spin transport due to the so-called inhomogeneous broadening effect in the Bloch equations. We show that this
inhomogeneous broadening can cause decoherence alone, even in the absence of the scattering and that the
resulting decoherence is more important than the dephasing effect due to both the D’yakonov-Perel’ term and
the scattering.
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Study of spintronics has attracted tremendous attention in Recently, we have presented a many-body kinetic theory
recent years, both in theoretical and experimental circlesto describe the spin precession and dephasing in insulating
thanks to the discovery of the long-livedsometimes samples as well as-doped sample¥2%In this paper we
>100 ns) coherent electron-spin states intyped extend this theory to the spacial inhomogeneous regime and
semiconductord:’ Possible applications of spintronics in- obtain the many-body transport equations necessary to inves-
clude qubits for quantum computers, quantum memory deligate the spin diffusion im-doped GaAs. Here, we only
vices, spin transistors, and spin valves, etc. The last two agocus on the spin transport inside the semiconductor and

plications involve transporting spin-polarized electrons fromaveid the problem of spindlignjection at the boundary. Based
a place to another by means of an electrical or diffusive®’ the two-spin-band modelin the conduction bands, we

current. Therefore, it is of great importance to study the spir?onStruq[ the semmonductgr Bloch equatlons b.y using the
transport. Apart from the great number of works on Spinnonequmbnum Green function method with gradient expan-

S : sion as well as the generalized Kadanoff-Baym arf$ats
injection, there are only a few experimental reports on coher;

ent spin transport over macroscopic distahitéOn theoret- follows:

ical aspect, most works are based on a quasi-independent Ip(Rk,t) 1 _—

electron model and focused on the diffusive transport 2 VrRe(RKD, Vip(RK D}
regime®~'®where equations for spin-polarized currents can
be set up and the longitudinal spin-dephasing, generally re-
ferred to as spin diffusion length can be achieved. In these
theories, the mechanism for the spin relaxation is assumed to

be due to the spin-flip scattering. In the absence of the scat- _Ip(Rk,1) 1)

dp(R,K,t)

1 J—
+E{VkS(R,k,t),VRP(R,k,t)}_ ot c

tering, the spin polarization will not decay in a nonmagnetic at
o oot 2, Sl e S Here p(R ) represents o s parice densy
. P o 1€ Sp The diagonal elements describe the electron distribution
sion starting from the many-body kinetic equations. functionsp,,(R,k,t) = f, (R.k,t) of wave vectork and spin
Of particular interest to the spin transport theory in semi-a(: tl/Z)UZ\t positionlg and timet. The off-diagonal ele-
conductors has been the question as to whether the qua%’entSp(,_(,(R,k,t) describe the inter-spin-band polarization

independent electron model can adequately account for t'”@omponenticoherencesfor the spin coherence. The quasi-
experimental results or whether many-body processes are

. i particle energy .. (R,k,t), in the presence of a moderate

grepc?rréimé FIatteert] "’?'- ha\(tta conclltj)?ed fthat ?q '.ndependentrpagnetic field B and with the D’yakonov-Perel(DP)
pproach 1S quite capable ot expiaining MEasUrgs, q -4 njgp included, can be written as

ments of spin lifetimes in the diffusive regiméln this pa-

per, we reexamine this issue from a full many-body transport o

theory and show the inadequacy of the independent electrone ../ (R,k,t) =&, 8,4 +[gugB+h(k)]- ‘; —ey(R,t)

model in describing the spin transport. We also propose a

mechanism that may cause a strong longitudinal spin deco- +3 (R, 1), )

herence in addition to the spin dephasing due to scattering. 2y - )

The new mechanism is based on the interference effect duUdere ex=k/2m™ is the energy spectrum witm™ denoting

to the wave-vector dependence of the spin densities along thedectron effective mass; e is the electron charge ane are

spacial gradients in the spin diffusion. This wave-vector dethe Pauli matrices antd(k) originate from the DP mecha-

pendence can be considered as some sort of “inhomogetsm which contains both the Dresselh&snd the Rashba

neous broadening,” which can cause spin decay alone, everrms?® In this paper, we only consider the first one. For

in the absence of scattering. [001] quantum well, it can be written 2af‘shx(k):ykx(k§

S
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—2), hy(k)=yky(«k5—K2), with x5 denoting the average v_,=V,e, (R,k,t), wheree,,(R,k,t) is given by Eq.(2)

of the operator—(d/Jz)? over the electronic state of the but without the DP termh(k). By applying the relaxation-
lowest subband. v=(4/3) (m*/mcv)(1/\/2m*3Eg) time approximation to describe the momentum scattering and
X(nly1—7/3) and n=A/(E4+A). Here Ey denotes the keeping terms of the the lowest ordée., neglecting terms
band gapA represents the spin-orbit splitting of the valencecontainingp,,.,) and carrying out the summation overone
band, andm,, is a constant close in magnitude to the free-obtains the expression for the current in the steady state,

| 2% The electri ialy(R isfi
electron massn, e electric potentialy(R,t) satisfies 3. (R)=n.(R.t)exE(R 1)+ eDVen,(R.1). ®)

the Poisson equation
2 Here u and D represent the electron mobility and diffusion

VrR#(RD)=—¢e[n(R,)—no(R) /e, 3 constant, respectively. Equatiof® and(8) are the diffusion
wheren(R,t) ==, f,(R,k,t) is the electron density at posi- equations in the independent electron apprdddh*-1°
tion R and timet, and ny(R) is the background positive  One can see from the derivation of the above diffusion
electric charge density.% .,/ (R,k,t)=—2Vyp,,(R,K  equations that, by summing ovker thek dependence of the
—q,t) is the Hartree-Fock self-energy, with, denoting the  coefficients ofVzp(R,k,t) in the Bloch equatior(1) is re-
Coulomb matrix element. In a two-dimensional cagg,is  moved. This will not cause any problem when there is no

given by spin precession. However, when the electron spin precesses
Amre? along with the diffusion, e.g., in the presence of a magnetic
V. = Lh(iq )2 (4) field or of an effective onéi.e., the DP term this kind ofk
q 20 424 .2 zZte i
a9, €(q°+qs;+«°) dependence may cause additional decoherence.

in which x=2e?m*/€,=,f ,(K=0) is the inverse screening To reveal this effect , we apply the above kinetic equation
length, withe, being the static dielectric constant. The form to study the stationary state in the plane oframoped GaAs
factor |1 (iq,)|2= #2siryl[y2(y*— 7)?] with y=q,a/2. It is qugntum WgII(QW), with |t.s growth direction along the
noted that when one takes only the diagonal elemeptsof axis. The width of the QW is assumed to be small enough so

Eq. (1) and neglects all off-diagonal ones, ., the first that only the lowest subband is important. We assume one

three terms on the left-hand side of the equation corresponfﬁide of the samplex(=0) is connected with an Ohmic con-

to the drift terms in the classical Boltzmann equation, modi-taCt which gives constant spin-polarized injection. In this

fied with the DP terms and self-energy from the Coulombswdy' we assume the electric fieHi’i=-0._ Th.e diffusic_)n Is
Hartree term.dp(R,k,t)/dt|. and dp(R,k,t)/dt|< in the along thex direction. The electron distribution functions at

Bloch equationg1) are the coherent and scattering terms,the interface are assumed to be the Fermi distributions

respectively, with the symbolg and|s standing for “coher- £, (0D =F2(K)={ex (sx— po)/T1+1}"L,  (9)
ent” and “scattering”. The components of the coherent terms , 7 .
can be written &2 with T being the temperature ang, representing the elec-

tron chemical potential of spir. The spin coherence at the
interface is assumed to be zero,

o

= —2me, o), (5)

c pu—-a'(oik!t)Eo' (10)
It is understood that the boundary condition here is an ap-
=i[eys—£—0.olPeoticss f_s—f,]. (6)  Proximation to describe the distributions just after the injec-
c tion of the spin polarizationfrom the Ohmic contact. There
is no net charge injection into the QW and the well is kept
charge neutral everywhere. Actually, this boundary condition
does not necessarily come from the injection at the interface.
can also be produced in the center of semiconductors by a
ircularly polarized continous-wave laser.
We first consider a much simplified case by neglecting the
P termsh(k), the self-energies as well as the scattering

IWPo—q
ot

While the scattering term&p(R,k,t)/dt|s are given in detail
in Egs.(5) and(7) of Ref. 20.

The Bloch equation$l) can be reduced to their counter-
part in the independent electron approach as follows. The D
term forms an effective magnetic field. It can flip the spin-up
electrons to the spin-down ones, and vice versa. Combinin%
the DP term with the scattering will result in a longitudinal terms in the Bloch equationd). The simplified equations
spin dephasing®®?° By applying the relaxation-time ap- are therefore as f0||0\(/:I\IS : P q
proximation to describe this dephasing and discarding the
spin coherences,.,(R,k,t) as well as the DP terrtio avoid

double counting and carrying out the summation ovkr m—iﬁfo(X,k)—QMBBW[PW,G(X,k)]:O, (11)
one obtains the the continuity equation for electrons
of spino k B
B Pk i BE AT (xk)=0. (12
an,(R,1) 1V L(RY) n,(R,t)—ngy(R,1) @ m 2
- .5 = R' g il = H
ot e s Here we take the magnetic fiel@ along the x axis.

in which ng(R,t)=[n,(R,t)+n_,(R,t)]/2 is the total elec- Af_(x,k)="f (x,k)—f__,(x,k). The solution for these sim-
tron number atR. J (R,t)=2(—e)v,f,(R,k,t) is the plified equations with the boundary conditiof® and (10)
electric current of spinr. The spin-dependent velocity is can be written out directly,

235109-2



LONGITUDINAL SPIN DECOHERENG . . . PHYSICAL REVIEW B 66, 235109 (2002

gugBmM*x 2.05 2x10?
Afg(x,k)=Af°(k)cosk—, (13
X
i Bm* x
Pra(X,K) = 5 AFO(K) SN e (14
2 Ky

Equations(13) and(14) clearly show the effect of thk de-
pendence to the spin precession along the diffusion direction.
For each fixedk,, the spin precesses along the diffusion
direction with fixed period without any decay. Nevertheless,
for differentk, the period is different. The total difference of
the electron densities with different spin is the summation
over all wave numberaN=3,Af _(x,k). It is noted that 195 ‘ ‘ ‘ ‘ Ox10°

the phase at the contact0 for differentk, is all the same. o 2 4 6 3 10

However, the speed of the phase of spin precession is differ- x (um)

en_t for Qiffer_enth. Consequently, wher is large enoug_h, FIG. 1. Electron densities of up spin and down spolid
spins with different phqses may cancel each other. This Ca,rves and incoherently summed spin coherepctdashed curve
further be seen from Fig. 1 Where_the electron denshigs versus the diffusion lengtk. B=1 T. Note the scale of the spin
=2 fo(x,k) for up and down spin are plotted as func- coperence is on the right side of the figure.

tions of position x. The boundary electron densities at

x=0 are N;,,(0)=2.05<10" cm 2 and N_;,,(0)=1.95 , o

<108 em 2. We takeB=1 T andT=200 K. In order to  "espectively. They are ak dependent. Hence, similar to the
show the transverse spin dephasing, we plot in the sam%’mplified_ quel, the_interferenge e_ﬁect is f_;llso important in
figure the incoherently summed spin coherenpét) the_ full k|net|c_equat|0n. The k_|net|c equatiols) and fthe
=Ek|p(1,2)(_1,2)(x,k)|. It is understood that both the true Poisson equatiofi3), together Wlt!’] the _boun(_jary _cond|t|0ns
dissipation and the interference among khﬂates may con- (9) and(lO) can be solved numenca“y In an iterative manner
tribute to the decay. The decay due to interference is causd@ achieve the stationary solutiéh® The numerical results
by the different precessing rates of electrons with differenfor a typical QW with widtha=7.5 nm, boundary spin po-
wave vectors. For finite system, this leads to reversible loskarization N,(0)=2.05x10" cm™2 and N_;,(0)=1.95

of coherence among electrofs® We refer to this kind of X 10" cm™? at temperaturd =200 K are plotted in Fig. 2.
loss of coherence as decoherence. Whereas for the true dis-this computation, we only take into account the scattering
sipation, the coherence of the electrons is lost irreversiblylue to longitudinal-optidLO) phonon. It can be seen from
through the coupling to the environméeft"**The irrevers-  the figure that the surplus of the spin-up electrons decreases

ible loss of coherence is termed dephasing in this paper. Theypidly along the diffusion direction, similar to the simplified
incoherent summation is therefore used to isolate the irremodel shown above.

versible decay from the decay caused by interferéfiég.
From the figure, one can see clearly the longitudinal deco-
herence caused by the interference effect. It is also noted 209 K- __ 1x10*
from the figure thap does not decay with the distance. This I AREN
is consistent with the fact that there is no scattering in Egs. e / N
(13) and(14) and the decay comes only from the interference
effect.

Facilitated with the above understanding, we turn to the
spin-diffusion problem with the DP terms, self-energies, and ‘
scattering included. We takB=E=0. By substituting the |
quasiparticle energy, ., (R,k,t) [Eq. (2)] into the Bloch b
equations(1), one immediately finds that the corresponding ;' S
coefficients ofdyp o'y Ixp— o' » ANA Iyp .o IN the Bloch h
equations are T

1x102

p (arb. units)

N (10"em™?)

,/ <1 sx10?

N (10"cm™)
p (arb. units)

1.95 - ‘ ‘ 0x10°
0 0.5 1 15

ko 1
F‘F E&kx[EUU(R,k,t)+20101(R,k,t)], (15 x (pm)

FIG. 2. Electron densities of up spin and down spin and the
incoherently summed spin coherence versus the diffusion leagth
Solid curves and dashed cuni¢, andp from the full Bloch equa-

1 tions; Dash-dotted curves and dotted curk, and p from the
o {Tho(K) +ia ho(K)T/2+3 o (R.KDY, 1 equations without the interference effect. Note the scale of the spin
2 kLK) +iohy(K) )2+ 2 o1 o1( )} (A7) coherence is on the right side of the figure.

%%{[hx(k) —ioh,(K]2+X, ,(Rkb}, (16
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The fast decay above is understood mainly generated bieir decay rates are comparable whenl wm. This fur-
the decoherence from the interference effect due to the inhaher justifies what mentioned above that the fast decay of the
mogeneous broadening. Other dephasing effects such apin polarization is mainly due to the interference effect.
those caused by the DP terms in E(®.and(6) as well as In conclusion, we have set up many-body kinetic Bloch
the spin-conserving LO phonon scattering also contribute t@quations with spacial inhomogeneity. We reexamined the
the decay. Besides, we pointed out that the inhomogeneougildly adopted quasi-independent electron model and
broadening effect combined with spin-conserving scatteringyointed out an important many-body spin decoherence effect
can also cause spin dephasiigTherefore, the above- which is missing in the single-electron model. The new de-
mentioned inhomogeneous broadening may also cause spioherence effect is based on an interference effect along the
dephasing in the presence of the LO phonon scattering. Tdiffusion direction in spin transport due to the so-called in-
compare the decoherence due to interference and the deph&®mogeneous broadening effect. We have shown that this
ing due to the DP term together with the scattering, we reinhomogeneous broadening effect can alone cause spin de-
move the interference effect in the transport equations byoherence, even without the scattering and that the resulting
replacingk in the coefficient§ Egs. (15)—(17)] with k=kg . decoherence is more important than the dephasing effect due
Herekg represents the Fermi wave vector. Therefore, if thereo both the DP term and the scattering. Our study shows the
is any decay of spin polarization along the diffusion direc-inadequacy of the quasi-independent electron model. There-
tion, it comes from the spin dephasing. The numerical resulfore, it is important to use the full many-body theory to study
is plotted in Fig. 2. It is shown clearly that the decay of spinthe spin transport.
polarization due to the dephasing effect alqdash-dotted MWW is supported by the “100 Person Project” of Chi-
curves is much slower than that due to the decoherencanese Academy of Sciences and Natural Science Foundation
(interference effect. In the figure we also plot the corre- of China under Grant No. 10247002. He is also partially
sponding incoherently summed spin coherenge®ne can supported by Cooperative Excitation Project of
see from the figure that both coherengedecay slowly and ERATO (JST).
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