PHYSICAL REVIEW B 92, 205311 (2015)

Spin relaxation in a quantum well by phonon scatterings
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The spin relaxation due to the spin-orbit interaction (SOI) is studied theoretically in a quantum well with
electrons occupying only the ground subband. First, it is shown that the coefficient of the Rashba SOI is
proportional to b — 1, in which the parameter by, determined by the band offsets and the band gaps, passes
through unity, for example, by changing x in Gag4;Ing s3As(well)/Al,Ga;_,As,Sb;_(barrier). Second, it is
derived that the transition matrix element of each spin-flip phonon scattering has the same proportionality factor
bor — 1, in addition to the impurity scattering previously studied by the same authors [Phys. Rev. B 89, 075314
(2014)]. These findings suggest the possibility of strongly suppressing the spin-relaxation rate by choosing

appropriate materials.
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I. INTRODUCTION

Controlling the spin relaxation is one of the challenges
in research toward the information processing with use of
spin. By suppressing the spin relaxation, the spin polarization
induced in nonmagnetic materials can be made larger and
maintained longer. Moreover, if we succeed in changing the
spin-relaxation rate in a wider range by the applied gate
voltage, the on-off current ratio in the proposed spin-lifetime
FET [1,2] is improved. In this paper we show theoretically
that the spin relaxation in a quantum well is significantly
suppressed even at room temperature by choosing appropriate
semiconducting materials for well and barrier layers.

The spin relaxation in quantum wells has been extensively
studied in a number of theoretical [3—14] and experimen-
tal [15-27] works. One of the major mechanisms of the
spin relaxation in n-doped quantum wells [28,29] is the
Dyakonov-Perel (DP) mechanism [3,30-32] which is due to
the spin precession around the effective magnetic field induced
by the Dresselhaus spin-orbit interaction (SOI) [33] and the
Rashba SOI [34-37]. Fortunately, it has been theoretically
shown [3] that the DP mechanism due to the Dresselhaus
SOI can be turned off in a quantum well parallel to the (110)
plane of the zinc-blende structure for the spin polarization
perpendicular to the well layer, which has been demonstrated
in several experiments [16-18,22]. If we make a symmetric
quantum well, the DP mechanism due to the Rashba SOI is
also turned off.

To further reduce the spin-relaxation rate, we move on
to suppressing another important mechanism of the spin
relaxation, called the Elliott-Yafet mechanism [38—40], which
is a spin-flip scattering process due to the SOI and the
scattering potential. Although the spin relaxation due to the
Elliott-Yafet mechanism has been theoretically studied in a
quantum well, most works considered only spin-flip scatter-
ing processes within the ground subband (see for example
Refs. [5,11]). Intersubband spin-flip scattering processes have
been taken into account in the spin relaxation only by a
few recent papers. Dohrmann er al. [19] have proposed a
spin relaxation due to an intersubband transition, which is
the spin-flip scattering induced by the Dresselhaus SOI and
the impurity potential, to explain their observed result of the
spin relaxation time in a (110) symmetric quantum well at
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higher temperatures such that electrons occupy the first-excited
subband. Zhou and Wu [12] have made a calculation of the
spin relaxation time by considering a virtual-intersubband
process through the first-excited subband, which consists of
an intersubband spin-flip process due to the Dresselhaus SOI
and an intersubband scattering process due to the impurity
potential, in a (110) symmetric quantum well with electrons
occupying only the ground subband. Although such theoretical
efforts have been made, there have been no reports on the
contribution from virtual-intersubband spin-flip scatterings by
the confining-potential-induced SOI to the spin relaxation
before our previous paper [14].

In the previous paper [14] we have studied the spin
relaxation in a quantum well with electrons occupying only
the ground subband for the spin polarization perpendicular
to the well. We have taken into account virtual-intersubband
spin-flip scattering processes through excited subbands as
well as intrasubband processes within the ground subband.
In the virtual-intersubband processes, we have considered
contributions from both the confining-potential-induced SOI
and the Dresselhaus SOI. By considering the case where
the scattering potential is given by a random distribution of
impurities, we have shown that the following two methods are
effective in suppressing the spin-flip scattering rate.

(A) Placing impurities in the center plane of a symmetric
quantum well with use of § doping [41,42]. Because both the
impurity potential and the confining potential in this case are
symmetric with respect to the center plane, all transition matrix
elements for spin-flip scatterings vanish.

(B) Tuning band offsets of the conduction and valence
bands so that intrasubband and virtual-intersubband processes
interfere destructively. This destructive interference has been
derived in the case where the scattering potential is the sum of
central-force potentials due to each impurity.

When we consider the spin relaxation at room temperature,
we must take into account spin-flip scatterings by phonons. The
suppression by the symmetry of the potential is not applicable
to phonon scatterings. However, the suppression by the
interference between intrasubband and virtual-intersubband
processes is worth being investigated in phonon scatterings.
The contribution from virtual-intersubband spin-flip scatter-
ings by phonons and the confining-potential-induced SOI to
the spin relaxation remains to be studied theoretically.
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In this paper we theoretically study the spin relaxation
in a quantum well due to the Elliott-Yafet mechanism as
well as the DP mechanism by including the contribution
from virtual-intersubband spin-flip scatterings by phonons and
the confining-potential-induced SOI. We show that the spin
relaxation by the Elliott-Yafet mechanism is suppressed for
both impurity and phonon scatterings by tuning band offsets
to the position of the destructive interference in the case where
the spin polarization is perpendicular to the well and electrons
occupy only the ground subband. In addition we show that
the spin relaxation by the DP mechanism, which appears in
an asymmetric confining potential, is also suppressed for the
same values of band offsets. This suppression, which is made
by choosing appropriate constituent semiconductors, does not
require the symmetry of the confining potential. A reduction
of the spin-relaxation rate by orders of magnitude is expected
by the present method of controlling the spin-relaxation rate
by the band offset (depending on constituent semiconductors),
which is waiting for an experimental realization.

We present our Hamiltonian in Sec. II for an electron
in the conduction band of a quantum well, which interacts
with phonons as well as impurities. Here we assume that the
impurity potential is a slowly varying electrostatic potential
with arbitrary spatial dependence, which is more general than
that in our previous theory [14]. An important feature of the
SOI in a quantum well is that there is an additional factor
bogr in the SOI induced by the band offset between well and
barrier layers. The factor by, which is determined by the band
offset of each of the conduction band and split valence bands
as well as the band gaps, varies widely with the constituent
compounds in well and barrier layers.

We find in Sec. III that the effective magnetic field induced
by the Rashba SOI in the presence of the gate voltage is
proportional to by — 1. The resulting spin-relaxation rate is
proportional to (bg — 1)* and is therefore reduced in quantum
wells with small |bog — 1].

We show in Sec. IV that the same reduction factor
(boit — 1)* appears in the spin-flip scattering rate for both
impurity and phonon scatterings, which means that the spin
relaxation in the Elliott-Yafet mechanism is also suppressed
in quantum wells with small |bog — 1|. The suppression here
is due to the interference between intrasubband and virtual-
intersubband processes. In this paper we do not consider spin-
flip scatterings induced by the Dresselhaus SOI which gives
only a virtual-intersubband process [12]. The contribution
from the Dresselhaus SOI has been estimated to be only 1%
of the total spin-flip scattering rate in the case of impurity
scatterings in a GaAs/AlGaAs quantum well [14].

II. HAMILTONIAN

We consider an electron in the conduction band of a
quantum-well structure which is formed by two different
semiconductors with the zinc-blende structure. The Hamil-
tonian Hqow describing an electron confined in a quantum well
perpendicular to the z axis is

132
How = — + V5 , 1
Qw =5 + Vw(2) (1)
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where p = (py,py,p;) = —ihV = —i(V,,V,,V,) and m is
the effective mass of the conduction band. The confining
potential Vi (z) is

V(@) = Vio(2) + Ves(2). ©))

Here V (z) is the potential due to the conduction-band offset
at two interfaces between constituent semiconductors and is
given for the well width W and the potential height V(> 0)
by

0

Ve @ = { (12l < W/2), )

Vo (z|l > W/2).
The second term V s(z) is the electrostatic potential, which
is caused by the charge density within the quantum-well
structure and by the applied gate voltage. The z dependence
of Vis(2) is not restricted to being symmetric with respect to
z = 0. We apply the periodic boundary conditions in the x
and y directions. Then each eigenstate of Hqw is labeled by
the subband index n = 0,1,2, ..., the wave vector in the xy
plane k = (k,,k,), and the z component of spino = 1,. The
corresponding eigenvector |nko) satisfies

Howlnko) = eukqInko), “
where the eigenenergy is
Enko = &n + h2k2/2m, (5)

with k = |k|. Here ¢, is the eigenvalue of the Hamiltonian
associated with the motion along the z direction,

]32
[—Z + Vw(Z)}Iﬂ) = &|n), (6)
2m

where |n) is the corresponding eigenvector.

The perturbation we consider consists of the SOI caused
by the quantum-well potential V35, the Dresselhaus SOI H?,
the impurity potential Vinp, its associated SOI V37, and the
electron-phonon interaction with the induced SOI H,,. The
SOI Vi is induced by the band offsets and the electrostatic

potential, and is derived in Appendix A to be
Vo = —h"'no [V (o Vi, + Ves) x ]
=1 (bof‘fvz Vbco + Vz Ves)(axk}* - Gykx)» @)

which is of the form of the Rashba SOI. Here o = (0%,0,,0;)
is the Pauli spin matrix, while 5 is the effective coupling
constant of the SOI for an electron in the conduction band
of the semiconductor in the well layer (|z] < W/2), given by
Eq. (A10). Since Vi does not have a term with o, non-spin-
flip matrix elements are absent: (n'ko |V |nko) = 0.

The factor bogr, which appears in front of V. in Eq. (7), is
given with band offsets AE., AE,, and AE, by

AE,/|Ey(Eg — AE\)] — AE/[ES(E} — AE)]
AE(1/(Eg? —1/(E3)’)

bott =

’

®)
where E, = E. — Ey, E; = Eg + Ay With Ay, = Ey — Ej,
AE.,=E)—E.=Vy, AE,=E?—E,, and AE, = E" —
E, with E. (E E) the energy of the conduction-band bottom, E,
(E'V’) that of the valance-band top, Ej (EE) that of the split-off-
band top in the well layer (the barrier layers). Figure 1 presents
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FIG. 1. The factor by, defined by Eq. (8), as a func-
tion of the Al fraction x in a type-ll quantum well
Gag 47Ing s3As(well)/Al,Ga,_,As,Sb,_(barrier) lattice matched to
InP. We have used band parameters in Ref. [43] and employed
the linear interpolation of band offsets between x =0 and x =1
to obtain AE;[eV] = 0.436 4 1.43x, AE,[eV] = 0.444 — 0.354x,
and AE[eV] = 0.373 — 0.371x. Corresponding to Gag47Ings3As,
E,[eV] = 0.816 and Ay [eV] = 0.330.

bosr as a function of the Al fraction x in a type-II quantum well
Gag 47Ing s3As(well)/Al,Ga;_,As,Sb;_ (barrier), where y is
determined so that Al,Ga;_,As,Sb;_, is lattice matched to
InP. The curve by(x) and the line by = 1 cross between
x =0 and x = 1. The exact value of x, at which b is
unity, may deviate from that indicated in Fig. 1 because of
the uncertainty in the values of band parameters. On the
other hand, b,y = —0.68 < 0in a typical type-I quantum well
GaAs/Al,Ga;_,As at x = 0.4. The sign of by is determined
by that of AE,/AE. [negative (positive) for type-I (type-II)
quantum wells] in the case where AE, ~ AE; and A, is
large enough that the first term in the numerator of Eq. (8) is
dominant over the second one.
The Dresselhaus SOI Hf is given by

so __ 14
HY = —ﬁﬁ -h, 9)

where y is the coupling constant of the Dresselhaus SOI. In
(110) quantum wells & = (hy,hy,h;) is given by

he = (=p; = 2P} + P2) b

hy = 4pxpyp:,

he = pa(p2 — 297 — 57, (10)
where the Cartesian unit vectors are taken as

ex = (—epio0] + €10/ V2,

e, = e[l 11

e. = (epio0 + €fo10)/ V2,
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with ej100), €[o10], and eoo1; the unit vectors along the crystal
axes.

The impurity potential Vigp(r) with r = (x,y,z) is an
electrostatic potential, which originates from charges due to
ionized impurities and to spatial variations in the electron
density by the screening. We assume that ionized impurities
are randomly distributed over the cross section at each z, while
their distribution along the z direction may be nonuniform
such as in the modulation doping. We define Vipp(r) so
that f Vimp(r)dxdy = 0, that is Viyp(r) does not include the
average over the cross section at each z of the electrostatic
potential due to ionized impurities and the screening. This
average is the electrostatic potential independent of x and
y so that we include it in Ves(z). Since [ Vimp(r)dxdy =
0, the matrix elements diagonal in momentum are zero:
(n'ko |Vimplnko) = 0. The SOI originating from Vimp(r),
denoted by Vi | is given by

imp?

n = =70+ (VVinp X ). (12)
which satisfies (n'ké | Vif1‘1’p|nk0) = 0 with & the spin opposite
to o. Furthermore, we assume that Vi, () is a slowly varying
function of r so that the effective-mass approximation is
applicable. We impose no additional restrictions on the r
dependence of Vinp(r). When we calculate the spin-relaxation
rate in the lowest order of the SOI, we neglect non-spin-
flip matrix elements (n'k’c|V;) [nko ), since they only give
corrections of higher orders in the SOL.
The electron-phonon interaction Hep, is given by

Hep =Y gulby + b1, (13)
qir

where ¥y, is the potential induced by a bulk phonon mode with
wave vector ¢ = (¢x,qy,q;) and branch A plus its associated
SOI:

Ugr = Vo + U3 (14)

Here by, and b Tk are the annihilation and creation operators,
respectively, of a bulk phonon gA. Since only phonons
with small |g| contribute to phonon scatterings, the complex
coefficient vy, is a slowly varying function of r and can be
treated within the effective-mass approximation [44]. Then
the associated SOI is given in the same form as the impurity-
potential-induced SOI:

Ne

n N
Ugs, = —7—16 - (Vg x p). (15)
For He, to be Hermitian, the following relations hold:

x sof __ . so
Ugr = V=qir Vgp = Vogp> (16)

where the Hermitian conjugate of an operator A is denoted by
Al

III. SPIN RELAXATION IN THE DP MECHANISM

The effective magnetic field leading to the spin relaxation in
the DP mechanism is proportional to (O|[V(boss V5, + Ves)]10)
for the Rashba SOI in Eq. (7). The effective magnetic field
of the Rashba SOI is absent in a symmetric quantum well,
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since @o(z) = (z|0), V5 (z), and Ves(z) are even functions of z,
leading to

(OI[ V2 (bof Vs, + Ves) ]10) = 0 (symmetric wells). — (17)

Even in an asymmetric quantum well, the effective magnetic
field is zero when by is equal to unity:

(OI[ V= (Vigo + Ves) ]10) = 0, (18)

as shown by Ando [45,46]. This is because, for any bound
eigenstate |n) of the Hamiltonian ﬁzz /2m + V(z) with arbitrary
potential V(z), the expectation value of the force —V,V(z)
is zero, that is (n|(—V,V)|n) = 0. When by # 1, we obtain
using Eq. (18)

(O1[ Ve (Boit Vi + Ves) ]10) = (borr — D{OI(= V. Ves)[0). (19)

This indicates that the effective magnetic field due to the
Rashba SOI is proportional to byt — 1. Therefore, we find
that the spin-relaxation rate in the DP mechanism due to the
Rashba SOI is proportional to (b — 1)* and is significantly
reduced in quantum wells with small |bog — 1].

The other effective magnetic field, which is induced by the
Dresselhaus SOl in Eq. (9), is proportional to (0|/]0). In (110)
quantum wells with & given by Eq. (10), the effective magnetic
field is along the growth (z) direction [3,10]:

(07x10) = (0]hy10) = 0O, (20)

even in asymmetric quantum wells, since (0]|p.|0) =
(0|ﬁz3|0) = 0 in any Vw(z) if |0) is a bound state. This leads
to the absence of the spin precession for the spin polarization
in the z direction. Therefore, the DP mechanism due to the
Dresselhaus SOI does not work in (110) quantum wells for
this spin direction.

IV. SPIN RELAXATION BY SPIN-FLIP SCATTERINGS

The spin-relaxation time 7, and the spin-relaxation rate 7,”',

for the spin polarization along the z axis, are obtained from
ds. S
T @1
dt T,
where S, is the spin polarization of electrons, which is defined
by the sum of the spin angular momentum of each electron in
the z direction (7, is the longitudinal spin-relaxation time 7
since it describes the relaxation of S, after S, is created). We
derive the equation of motion for S, from that for the density
operator in the presence of spin-flip scatterings.

A. Spin-flip scatterings by impurities

We first review the equation of motion for the density
operator in a general system of noninteracting electrons, which
we later apply to electron spin-flip scatterings at impurities. We
divide the Hamiltonian H into the unperturbed Hamiltonian
Hj and the perturbation H;:

H = Hy + H,, (22)

and denote the eigenvalue and the eigenvector of Hj by ¢, and
[v), respectively:

Ho|v) = &,v). (23)
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The perturbation H; causes the transition between different
eigenstates of Hy. With use of H,,, = (v|H|v'), the Hamilto-
nian in the second quantization H is written as

H = Z H,yala,, (24)

v,V

where a, and a:[ are the annihilation and creation operators,
respectively, of an electron in an eigenstate v. A wave function
for such a system of electrons is written as

(W) =Y cald)]m), (25)

where n is a collection of the occupation numbers n,(=
0,1) for all one-electron states v and |m) represents the
corresponding many-electron state. With use of the coefficient
cn(t), the many-electron density matrix is defined by

P = (c;kl/(t)c,,(t)), (26)

where brackets denote the statistical average. With use of gy,
the statistically averaged expectation value of an operator A
of the form A = )", A,vala, is given by

(Wl A|We)) = Tr(pA), 27

where Tr(- - -) is the trace operation with respect to |r). The
temporal evolution of the corresponding density operator g is
described by

LA~

According to Kohn and Luttinger [47], we introduce a density
matrix p,,, which is defined, for one-electron states v and v/,
by

po = Tr(pal,a,). (29)

Such a density matrix can be used to calculate [47]
({(We|A|W,)) by virtue of

Ti(pA) = tr(pA), (30)

where the second trace operation tr(---) is with respect to
one-electron states |v), and A is the one-electron operator
corresponding to A. When A = 1, this formula reduces to the
normalization condition tr(p) = N, where N is the number
of electrons. The corresponding density operator satisfies the
following equation of motion [47]:

L dp
lhE =[H,p]. 31

Here we assume that the electron system is in an incoherent
state such that

P =0 (n # n/) (t =0), (32)
when the perturbation H, is turned on. This leads to
po =0 (#£V) (t=0). (33)

(When an electron is injected from an external lead to the
quantum well and enters a superposition state ¢, |v) + ¢,/ V'),
we have p,, # 0. However, the presence of dephasing pro-
cesses in the quantum well turns ¢, |v) + ¢,/[v') into |v) and
[v') and therefore gives p,,» = 0.) On the other hand, each of
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diagonal elements p,,, represents the occupation probability of
eigenstate v and its value at t = 0 is denoted by f,:

pv = fu (1 =0). (34

We assume that the perturbation H, is independent of ¢ after
it is turned on. Then we obtain the time evolution of the
occupation probability from Eq. (31) in the lowest order of
H, as

dpyy
dt

=Y W fur = Wun f0), (35)
V' (#v)

with the transition rate from v to v’
2 2
Wv’v == ?'(Hl)v/” 8(‘91)’ - 8v)~ (36)

Equation (35) shows that the population change of noninter-
acting electrons does not include the factor 1 — f, expressing
the Pauli exclusion principle, which has already been proved
by Kohn and Luttinger [47].

Now we calculate the time derivative of S, in the lowest
order both in the SOI and in the impurity potential by choosing
the following Hy and H;:

H0=HQw+V\§;), le‘/imp+vso

imp*

(37

The Rashba SOI Vi appearing as the second term of Hp
conserves the in-plane momentum %k but mixes states with
different subband indices and different spins. Then each
eigenstate of Hy in a linear combination of eigenstates of
How, |nko), becomes up to the first order of Vi

'k | Vyy Ink
= |nko) + Z |n/k5>w, (38)

n'(n) Enko — En'kc

|lv_nko)

which is denoted by |v_nko) to indicate the corresponding
unperturbed state. In the above expansion we excluded terms
due to intrasubband matrix elements (n" = n) of Vi3 since they
were already taken into account in the DP spin relaxation in the
previous section. We neglected second-order terms of |v_nko)
with respect to V37, which are products of two spin-flip matrix
elements of Vi, since they only give corrections of higher
orders in the SOI to the spin-relaxation rate just as non-spin-flip
matrix elements, which are absent for V33, would do.
The spin polarization S, is, using Eq. (30),

Zpu o!, (39)

h
S, = tr(pa, =

with an abbreviation

Py = Povs 0, = (0. (40)

Here we have used p,,, =0 (v # V') by assuming that the
system is in an incoherent state with g,,y = 0 (n # nr’) at the
time when the spin polarization is measured, just as at t = 0
[Eq. (32)]. In this paper we consider the case where electrons

occupy only the ground subband: p,_,x, = 0 for n > 1. Then
we have for its time derivative
dp,
_:_Z Pv_Oko \)Oka“‘ @1)

PHYSICAL REVIEW B 92, 205311 (2015)

Here
0% = o (1 — woko), (42)

with

(kG| VP 0ko) |*

E0ko — En'kc

(43)

Woke = Z

n'(£0)

When we expand d S, /dt = (h/2)tr[(dp/dt)o.] in a perturba-
tion series with respect to Vi’ and H,, each term includes an
even number of spin flips. Since terms with no spin flips do not
contribute to dS,/dt, the lowest-order terms giving the spin
relaxation are of the second order in the SOI. In this order of
the SOI, the contribution from —o wog, in Eq. (42) to d S, /dt
is absent, as is shown in Appendix B, and we have

dS _dekaU_ (44)

With use of Eq. (35) we obtain

ds

—5 =D (o) Wy ok ok fioko (45)
kk'c

which shows that the change of S, is generated only by
transitions with a spin flip, as expected. The transition rate,
given by Eq. (36), becomes

2

Wy ok'6.0.0k0 = 7|(H1)U,0kfg,,v,0ka|26(80k/f, — &oko ),  (46)

where we substituted ¢, oxe = €0k Since we give the transition
rate in the second order of the SOI. In the first order of the
impurity potential and of the SOI, the transition matrix element
is obtained to be

(H1)v.ok5,v.0k0 = (0k'G| Vi |0ko)

n Z (OK'G | Vimp|n'k& ) (n k& | Vi |0k o)

E0ko — En'kc

n'(#£0)
. Z (Ok/6|VVi§’|n’k/G)(n’k/a|Vimp|0ka).

Eok's — En'k'o

n'(0)
47)

In the previous paper [14] we have made a perturbation cal-
culation with unperturbed Hamiltonian Hqw and perturbation
VW + Vimp + Vi, and obtained the same transition matrix
element as Eq. (47). The reason for this coincidence is that
in both calculations the spin-flip scattering takes place in the
same time domain of t > 0 with scattering potential turned on,
and that both calculations take terms of the same order of the
SOI and the scattering potential.

Substituting the time derivative of S, given by Eq. (45),
and

h
Se=)_ 500 (48)

ko

into Eq. (21), we obtain the spin-relaxation rate in the lowest
order of the SOI and the impurity potential. The spin-relaxation
rate thus obtained, in general, depends on the electron distri-
bution fo. . If we employ an equilibrium distribution with the
temperature 7 and the spin-dependent chemical potential 1,
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satisfying kpT < er — go and |y — )| K e — &9 (¢F: the
Fermi energy), the spin-relaxation rate becomes independent
of T and puy — p [14].

B. Spin-flip scatterings by phonons

To obtain the rate of spin relaxation due to phonon
scatterings, we employ the equation of motion for the density
operator given by Argyres [48], which is derived in the
lowest order of the electron-phonon interaction and for the
equilibrium phonon distribution at t = 0. We again assume
that the initial state of electrons is incoherent [Eq. (32)].

We consider a system of electrons and phonons with a
Hamiltonian in the second quantization written as

Hy = I:IO + I:Iep + Hp- (49)

Here H, represents a Hamiltonian of noninteracting electrons,
given by

Hy = Zevalav. (50)

The second term in Eq. (49), I:Iep, is the second quantized form
of Hep, in Eq. (13) written as

I:IBP = Z [Z(ﬁqk)vv’aiav}(qu + qu)\). (5])

qi v,V

The explicit form of ¥, is not used in the derivation for a
while. The third term H,, is given by

1

T

Hy =" hog (qubqA + 5), (52)
qr

where w,; is the angular frequency which satisfies wg) =

W_g.-
qir

A wave function describing such a system of electrons and
phonons is written as

(Wep) = Y dum(t) ), (53)

where n (m) is a collection of the occupation numbers n,, (1)
for all one-electron states v [all phonon modes i = (q,A)]. The
corresponding density matrix is defined by

R = (@, () aum (D). (54)

We introduce the reduced density matrix for electrons gy,
defined by

Pun = Y R (55)

m

and employ the same definition of the density matrix p,, given
in Eq. (29). Then we can express the statistically averaged
expectation value of an electron operator A of the form A =
> Avwalay, with use of Gy and p,y,

((Wep| A|Wep))
The equation of motion for the density operator p(t) is derived,
according to the Argyres theory [48], to be [49]
dp(t)
dt

=Tr(pA) = tr(pA). (56)

1
= %[Ho,p(t)] +C@). 67
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The collision operator C(t) is given by [50]

1
Ct)=— /d‘cz Z( o+ +a>U;A[qu,ﬁqA]

gh a=+I1

+Hec, (58)

where H.c. denotes the Hermitian conjugate « = +1 (—1) for
the electron scattering with emission (absorption) of a phonon,

Nys. = lexp(hiwg, /kgT) — 117" (59)
is the average number of phonons in equilibrium, and
U® o= = exp[—iawg(t — 7)]. (60)
The operator By, is given by
= Uoll — p(0)]3,5 p(O)U; (61)
with
Uy = exp[—i Hy(t — T)/R]. (62)

The time derivative of the diagonal element p,,, is derived
from Eq. (57) in the lowest order of the electron-phonon
interaction as

d vV €] €]
= 3 WA = ffe = WA = S (63)
V()

where the factor 1 — f, expresses the Pauli exclusion principle
and the transition rate is given by

=y whe (64)
qgr a==*1

with
a 1+«
W;I’ﬁ = _|(qu)V v| ( qr + T)(S(SU/ + o{hqu — 8\))

(65)

Now we consider electrons in a quantum well with Hy
in Eq. (37), and choose ¥y, in Eq. (14) for the electron-
phonon interaction. We again employ the formula for the
time derivative of S, in Eq. (44) and substitute Eq. (63) into
dpy_oks /dt in Eq. (44). Then we obtain

ds,
dt

=Y (oW, sy ok (1 = froka) fuoks-  (66)
kk'c

In the first order of the electron-phonon interaction and of the
SOI, the matrix element of ﬁq&(=f1_qk) in Eq. (65) becomes

(¥, )vowsvoke = (0KG V)5 T0ko)
N Z (Ok/6|v;‘x|n/k6)(n/k6|V\i})|0ko)
n'(0) E0ko — En'ke

>

n'(£0)

(OK'5 |V In'k'o)(n'k'o| vg110ko)
EO0k'sc — En'k'o '
(67)

Here we have considered transitions with initial and final
states in the ground subband and neglected those from a
state in the ground subband to a state in excited subbands
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because the energy separation between the ground and the first
excited subbands is 300 meV for a quantum well with width
of 7.5 nm (as the quantum well used in the spin-relaxation
experiment [16]), while the maximum phonon energy is only
about 30 meV.

C. b, dependence of spin-flip scattering rate
Here we show that
Tysko = (Ok'G |vgo|Oko)
(0K’ |v|nka ) (nka |V |0ko)
Y

n(20) €0 = &n
0k'c |V nk'c)(nk'o|v|Oko
N Z (Ok'G |V |nk'c) (nk'c |v|0ka)
n(£0) 0= &n
o bofr — 1, (68)

where v is an arbitrary function of r, which is in general
complex, and

Veo = —%a (Vv x p). (69)
Twske with a substitution v(r)=Vinp(r) becomes
(H1)v.ows,v.0ke in Eq. (47), while Tpsr, with v(r):v:;k(r) is

(ﬁqi)vfokrgﬁ,,fokg in Eq. (67). Since these matrix elements are
found to be proportional to by — 1, the spin-flip scattering
rate for both impurities and phonons vanishes when bog = 1
if we neglect terms of the order higher than nv(r) and those
due to the Dresselhaus SOI. The same proportionality relation
Eq. (68) was derived in our previous paper [14] for impurity
scatterings in the case where the impurity potential is the
sum of central-force potentials due to each impurity and the
electrostatic potential is absent, Ve(z) = 0. According to
the proof presented below, Eq. (68) is true for any spatial
dependence of the scattering potential v(r) in the presence of
Ves(2).

To prove Eq. (68), we divide the matrix element of v(r)
between |k’) and |k), denoted by v, (2), into the real part v(‘; (2)

and the imaginary part v; (z) as

(K'[vlk) = vq(2) = v (2) + ivy(2), (70)
with ¢ = k' — k. Since we have (0k'G |vs|0ko) = (n/2)K 1,
(01(V.v)[0), (OK'G|vInk&) = (Olvg|n), (nkd|Vy|0ko) =

n(ky - is(rkx)<n|[vz(boffvbc0 + Veo)1l0), where K, = (ky +
k;) —isy(ky + k) withs, = 1(oc =1)ands, = —1 (0 =),
Tvsks in Eq. (68) becomes

Teske = ng{F[vf(z)] +iFl@]),  an

where the functional F[7(z)] of a real function 7(z) is defined
by

Flo(2)] = (0I(V; v)IO)
ofbeO + Ves)]|n><n|ﬁ|0>
+2 . (72
; pom— (72)

Here we introduce a wave function |v) for the ground state
of the following Schrodinger equation with an additional
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potential #(z),

|:2pz + Vbo(z) + Ve@(z) + U(Z)] |w()> 88|¢/6))’ (73)

where g; is the corresponding eigenvalue. The potential
¥(z) [= v, (2),v/(2)] can be thought of as an effective potential
which the electron, in its motion along z, feels at a scattering.
Since [v) is given, up to the first order of #(z), by

) = 10+ 3 gy 210 74)

we have

FI5()] = (¥ |[ V= (boit Vigy + Ves + 0) ] |¥5)
in the first order of #(z). (75)

The same argument, which leads to Eq. (18), shows that
(YEIV, (Vs + Ves + D)]19y) vanishes in any order of 9(z).
This means that all the forces acting on the electron are
balanced because |/5) adjusts itself to the additional potential
9(z). Such a force balance gives

FI5(2)] = (botr — D{ye |(V.ViE) | wd)
in the first order of #(z). (76)

Since F[0(z)] o bogr — 1, we finally obtain Eq. (68) which
states that the transition matrix element Ty/54, is proportional
to by — 1. The disappearance of the transition matrix element
for all spin-flip scatterings at b, = 1 means that the spin-flip
scattering process within the ground subband [the first term
of Eq. (68)] and those through one of excited subbands
(the second and third terms) interfere destructively for every
spin-flip scattering at the same value of b = 1. Interestingly,
the zeroth-order term of the right-hand side of Eq. (76), which
becomes (boit — 1){0|(V,V;;)|0), coincides with Eq. (19),
which determines the effective magnetic field due to the
Rashba SOL

V. CONCLUSIONS

We have theoretically investigated the spin relaxation in
(110) quantum wells for the spin polarization perpendicular to
the well with electrons occupying only the ground subband.
We have taken into account two major mechanisms of the spin
relaxation, the Dyakonov-Perel mechanism as well as the spin-
flip scattering (the Elliott-Yafet mechanism) due to impurities
and phonons. We have shown that the spin-relaxation rate is
proportional to (bo — 1)? in both mechanisms, with use of the
additional factor b of the SOI caused by the band offset, if
the spin relaxation due to the Dresselhaus-SOI-induced spin-
flip scattering is neglected. The factor b,g depends on the
band offset of each of the conduction band and split valence
bands as well as the band gaps. Since the dependence on
the constituent semiconductors of the spin-relaxation rate is
largely determined by its proportionality factor (b — 1), the
spin-relaxation rate can be orders of magnitude reduced by
choosing appropriate constituent semiconductors.
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APPENDIX A

Here we derive V3, given by Eq. (7), with the factor by,
defined by Eq. (8), on the basis of the k - p theory developed
for heterostructures [51-53]. Our system is a quantum well
with width W, which consists of two different semiconductors
with the zinc-blende structure, Sw and Sg: the semiconductor
Sw is in the well layer (|z| < W/2), while the semiconductor
Sg is in the barrier layers (|z| > W/2).

The SOI induced by the band offsets and the electrostatic
potential V.s(z) is given, for an electron with momentum
(ky,ky) in the conduction band, by [51-53]

PZ
Vw = ?G(Z)(kay — oyky), (AD)
with use of the Kane matrix element [54] P given by
cho
P = —i—(S]p«|X), (A2)
mo

where my is the electron rest mass, while |S) and | X) are the
s-type wave function at the conduction-band bottom and the
p-type wave function at the valence-band top, respectively. In
the above equation for Vg7,

G(z) = Vz< (A3)

1
E—E, E-E, )
where E is the energy of the electron, while E, (E)
is the diagonal element of the 8 x 8§ Kane Hamiltonian,
corresponding to the heavy-hole plus light-hole bands (the
split-off band). They are given by

E, = Exo — Eg + vao(z) + Ves(2),

: (A4)
Es = EKO — E; + VbSD(Z) + Ves(z)ﬂ

where

h? n
Exo = z— (ki + k; + k2).

e (AS5)

with k; = —iV_, E, is the band gap of Sw, Ej = E, + A,
with A, the spin-orbit splitting of Sw, and V, (2) (V;,(2))
is the potential due to the band offset for an electron in the
heavy-hole plus light-hole bands (the split-off band). These
potentials together with that for the conduction band, VS (z) in
Eq. (3), are expressed by

Vio(2) =AEh(z), Vi (z) =AEh(2), Vi(2) =AEh(2),
(A6)
where
[0 (zl < W/2),
M= {1 (2] > W/2),

while AE.(=Vy), AE,, and AE; are the band offsets
introduced in Eq. (8).

(A7)
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Here we neglect Exg, E, and V (z) in G(z), compared to
E, and E;, while we take into account the contribution of
V. Ves(z) to G(z). Then we obtain an approximate expression
for G(z),

G(z) = Gy + G5 + G, (AB)

with
G, = Vz(Eg - vao)717
Gy =—V.(Es - V),
Ges = [(Ee — Vi) = (B3 = V) *]VoVes.  (A9)

Furthermore, we neglect Vi and V, in G since they are
nonzero only in the barrier layers where the absolute value
of the wave function is small. Using (E, — Vp)™' = [(E, —
AE,)™' —(Eg) " "h(z) + (E)~! and a similar equation for
(Eq — V)™, we finally obtain the expression for Vi in

Eq. (7) with
_ P_2 1
n= 3 (Eg)2 (Eg)z ’

and with the formula for b in Eq. (8).

In our previous paper [14] the formula for by was
derived with an additional approximation: E; — AE, ~ E,
and E; — AE; ~ E,. This approximation is found to be not
accurate, in particular, in quantum wells with large positive
values of AFE, and AE;. In fact, for a type-Il quantum
well Gag 47Ing s3 As(well)/GaAsg sSbg s(barrier), the additional
approximation gives a value of b, = 1.2, while the present
formula Eq. (8) gives a larger value of by = 3.2.

(A10)

APPENDIX B

We here show that the contribution from —o wox, in Eq. (42)
to dS;/dt is absent in the second order of the SOI. First we
note that wog, = Ak?, where A is a constant independent of k
and o, since

(n'ka |V |0ka) = nky — isehke)(n'[[ V2 (boft Vg + Ves)]10),
(BI)
with s, = 1 (0 =1) and s, = —1 (0 = ). Because wog, is

of the second order of the SOI, we evaluate dp, ok, /dt in front
of woge in the zeroth order. Then we obtain
2m dE,

dpv,Ok(r
; (o) = (—0)AT— 2, (BY)

where E, =Y, pokoh*k*/2m is the sum (with respect to
spin-o electrons which occupy the state in the probability
poks) Of the energy relative to 9. E, does not change at
any elastic impurity scattering. In the presence of phonon
scatterings we also have dE, /dt = 0 when each of electron
and phonon systems is in an equilibrium state with the common
temperature.
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