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We apply the D’yakonov-Perel’sDPd formalism to f111g-grown zinc blende quantum wellssQW’sd to
compute the spin lifetimes of electrons in the two-dimensional electron gas. We account for both bulk and
structural inversion asymmetrysRashbad effects. We see that, under certain conditions, the spin splitting
vanishes to first order ink, which effectively suppresses the DP spin relaxation mechanism forall three spin
components. We predict extended spin lifetimes as a result, giving rise to the possibility of enhanced spin
storage. We also studyf110g-grown QW’s, where the effect of structural inversion asymmetry is to augment the
spin relaxation rate of the component perpendicular to the well. We derive analytical expressions for the spin
lifetime tensor and its proper axes, and see that they are dependent on the relative magnitude of the BIA- and
SIA-induced splittings.
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I. INTRODUCTION

If the current pace of electronic device miniaturization is
to continue, it is reasonable to think that the good use of the
quantum properties of the electron will play a role in making
this possible. Traditionally it has been the wave character of
the electron that has been put to this use, resulting in devices
such as the resonant tunnel diode1 and the single electron
transistor.2

Another quantum property of the electron that only re-
cently has received attention for its potential for information
storage and processing is its spin. The study of spin dynam-
ics in two-dimensional electron gasess2DEG’sd is crucial to
the understanding of the operation of spin electronicsspin-
tronicd devices such as the Datta-Das transistor.3 A newly
proposed family of devices4,5 is based on the special proper-
ties of the spin lifetime tensor due to the interplay between
bulk inversion asymmetry6 sBIA d and structural inversion
asymmetry7 sSIAd in a f001g quantum wellsQWd, as pointed
out by Averkiev and Golub,8 and Kiselev and Kim.9 The
effects of SIA on the spin dynamics should always be kept in
mind, as it can be unintentionally present in any heterostruc-
ture due to uneven doping profiles,10 surface effects, different
interdiffusion at the boundaries, etc. Previous studies have
found analytical expressions for the D’yakonov-Perel’sDPd
spin lifetimes11 in quantum wellssQW’sd taking into account
BIA effects only,12 or considering both BIA and SIA for
f001g QW’s only.8,13 There have also been numerical-only
studies of the spin lifetimes inf110g QW’s.14 Experimental
studies inf110g structures have shown evidence of extended
spin lifetimes15 and lifetime modulation by the application of
a gate bias.16

In this work we investigate how the interplay between
SIA and BIA affects the spin lifetimes for electrons inf111g

and f110g QW’s. We start by computing the effective spin
Hamiltonians in a two-band model for thef111g and the
f110g cases. We then proceed to compute the ensemble life-
time of the three spin components as a function of the rela-
tive magnitude of BIA and SIA contributions following the
procedure from Refs. 17 and 18. We finally discuss the re-
sults and the device implications of our findings.

II. EFFECTIVE SPIN HAMILTONIANS

To find the effective two-band Hamiltonians for the zinc
blende QW’s, we start from theOsk3d spin part of the Hamil-
tonian for bulk zinc blendes19

HBIA = gfsxkxsky
2 − kz

2d + c.p.g , s1d

where si are the Pauli matrices,ki are the electron wave
vector components and c.p. stands for the cyclic permutation
needed to obtain the remaining terms of the Hamiltonian.

We first do a change of basis to expressHBIA in natural
coordinates for thef111g- and f110g-grown structures. Then,
following the procedure in Refs. 12 and 20, we quantizek
along the growth direction and, keeping only terms linear in
k i—second order terms ink i vanish because of time reversal
requirements for the expectation value ofkz

20— we arrive at
the following expressions for the BIA Hamiltonian off111g
QW’s:

HBIA f111g =
2gkk̂z

2l
Î3

skysx − kxsyd, s2d

and f110g QW’s sRef. 21d
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HBIA f110g =
gkk̂z

2l
2

kxsz, s3d

where the labelsx, y, z depend on the orientation of the
structuressee Table Id.

Upon inspection of the Hamiltonians in Eqs.s2d and s3d
we see that BIA causes ak-dependent effective magnetic
field pointing in-plane forf111g structures, while it points
along the growth direction forf110g structures. Note that
HBIA f111g is formally identical to the Rashba Hamiltonian7

HR = aRskysx − kxsyd, s4d

whereaR is the Rashba coefficient, whose value depends on
the particulars of the structural asymmetry present in the
sample. We shall now see that this has important conse-
quences in the values of the spin lifetimes.

III. [111]-GROWN STRUCTURES

We defineaBIA ;2gkk̂z
2l /Î3. At this point we drop the

f110g andf111g subindices where it is clear from the context
to which structure we refer. The combination of Eqs.s2d and
s4d yields the first order Hamiltonian forf111g structures

HIA,1 = saBIA + aRdskysx − kxsyd = aIAskysx − kxsyd, s5d

where we have introduced a parameteraIA =aBIA +aR de-
scribing the combined effects of BIA and SIA in the hetero-
structure.

Since Eq.s5d is formally identical to the Rashba Hamil-
tonian, all the results that have been derived for the case of
SIA only8,18 will also hold even when BIA is accounted for,
just by making the substitutionaR→aIA:

t̃x = t̃y = 2t̃z =
"2

2aIA
2

1

k2t̃1

, s6d

where the tilde indicates a magnitude that is evaluated at a
given energy andt̃1 is the effective time for field reversal
due to the harmonicl =1 of the scattering cross section, and
in general18,22 t̃l

−1sEd= rssf ,Eds1−coslfddf . The spin di-
rections will be perpendicular to the wave vector and in
plane.23,24

Doing the thermal average of the corresponding scattering
rates18 and assumingt̃1~En, we obtain the spin lifetimes for
a nondegenerate 2DEG population

tx = ty = 2tz =
"2

2aIA
2

1

ku
2tp

, s7d

kt̃1k
2nlu =

sn + nd!
sn + 1d!

tpku
2n, n ù 1, s8d

with tp=sn+1d! t̃1skud being the transport time, the symbol
k¯lu meaning a snondegenerated thermal average,ku

2

=2m*kBT/"2 is a thermal wave vector,T is the electron tem-
perature,kB is the Boltzmann factor, andm* is the electron
effective mass. For the degenerate case the thermal averag-
ing is trivial and one obtainsti = t̃iskFd, with kF being the
Fermi wave vector. We see that, as usual in the DP mecha-
nism, the spin lifetime is inversely proportional to the mo-
mentum lifetime.

A most interesting configuration forf111g-grown samples
occurs whenaBIA =−aR. Then, aIA =0 and the conduction
bands become spin degenerate to first order ink. The most
significant consequence of this configuration is that the spin
lifetimes would be extended forany spin direction, as op-
posed to spins alongf110g for s100d structures andaBIA
=aR,8 or spins perpendicular to the plane well fors110d
structures andaR=0.12 Control ofaR can be achieved by the
application of a gate bias23,25or by sample design with com-
positional asymmetry, providing a nonzeroaR at zero bias.
Thus, properly biaseds111d QW’s could act as spin reser-
voirs, or form the basis of a resonant spin lifetime transistor
as has been recently proposed forf100g sRefs. 4 and 5d and
f110g structures.26

We have performed eight-bandk ·p calculations that show
the validity of our treatment. Figure 1sad shows the conduc-
tion band spin splitting as a function of the angle ofk i with
respect to kx for zero applied perpendicular bias and
−0.38 V, where we find thataBIA <−aR. It is clearly seen
that forV=0 V si.e.,aR=0d the splitting is fairly independent
of the angle, an indication of the predominance of the linear
regime. On the other hand, forV=−0.38 V we see a much
smaller splittingsnote the logarithmic scaled with an oscilla-
tory character indicative of higher order ink terms dominat-
ing the Hamiltonianfsee Eq.s9d belowg. Plot sbd shows the
calculated dependence ofaIA sthrough aRd on the voltage
applied, illustrating the control ofaIA with a gate voltage.
We believe that the high values ofaBIA are due tof111g
being the direction of maximum asymmetry in the zinc
blende structure.

We can find the limitation that higher order terms impose
upon these resonant spin lifetimes by following the proce-
dure of Averkievet al.18 For s111d structures, the effective
CB Hamiltonian will be

HIA,3 =
g

2Î3
fk2s− kysx + kxsyd + Î2s3kx

2 − ky
2dkyszg . s9d

If we add Eq.s9d to Eq. s5d, we obtain the following results
for the spin lifetimes:

TABLE I. Correspondence between growth orientation-
dependentx, y, z labels and crystallographic orientations

Growth plane

s001d s110d s111d

x f100g f110g f112g
y f010g f001g f110g
z f001g f110g f111g
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t̃x = t̃y =
6"2

k2t̃1

1

12aIA
2 − 4Î3gaIAk2 + s1 + 2t̃3/t̃1dg2k4

,

s10d

t̃z =
3"2

k2t̃1

1

sgk2 − 2Î3aIAd2
.

Since the scattering rate is proportional tosHIAd2, the k6

terms in Eq.s10d are not correct in general because terms
arising from the combination ofHIA,1with fifth order contri-
butions toHIA are missing. However, we have kept thek6

terms here because they are correct in the special case where
aIA =0, giving the lowest order contribution to the spin scat-
tering rate.

Figure 2 shows the calculated lifetimes in the present
treatment for the two structures under study, and previous
f001g results5,8 are provided for convenience. Equations10d
is plotted in Fig. 2scd for typical valueskF=0.01Å−1, tp
=1ps,g=186 eV Å3,27 aBIA =11310−10 eV cm sRef. 28d as
a function of the ratioaR/aBIA. Plot sad shows thef001g case
for comparison. The three spin lifetime components show the
predicted resonant spin lifetime whenaR=−aBIA. Equation
s10d by itself limits the lifetimes at the resonances to finite
but very large values. In practice, other mechanisms29–31will
effectively limit the value of the resonant spin lifetime.

Therefore,f111g-grown heterostructures provide DP suppres-
sion on par withf110g-grown structures, with the added ad-
vantage the suppression is forall spin components, as op-
posed to one component only.

FIG. 1. sad CB splitting as a function of angle atki=0.005Å−1

for an 8ML AlSb/GaSb/AlSb quantum well. Shown are results for 0
and20.38 V of applied biassnote the logarithmic scaled. sbd Value
of aIA as a function the perpendicular bias.

FIG. 2. Spin lifetimes for the three spin components forf001g-,
f110g- and f111g-grown QW’s as a function of the ratio of the SIA
and the BIA parameters. Note the resonance for all components for
in the case of af111g structure, as opposed to a single component
resonance forf001g and f110g structures. The labelstj,h,z for the
f110g orientation refer to the spin relaxation tensor proper axes as
defined in Eq.s13d.

SUPPRESSION OF THE D’YAKONOV-PEREL’ SPIN-… PHYSICAL REVIEW B 71, 045313s2005d

045313-3



IV. [110]-GROWN STRUCTURES

We also apply the present formalism to derive analytical
expressions for the spin lifetimes inf110g QW’s under the
combined action of BIA and SIA. Here we defineaBIA

;gkk̂z
2l /2, and the effective Hamiltonian due to inversion

asymmetry is

HIA,1 = aBIAkxsz + aRskysx − kxsyd, s11d

which induces a spin splittingDIA,1 equal to

DIA,1 = 2kÎaR
2 + aBIA

2 cos2f, s12d

wherek andf are defined bykx=k cosf andky=k sin f.
Figure 3 shows the spin splitting and directions for the

lower conduction band of af110g-grown QW for different
values ofr ;aR/aBIA andk fixed to 0.01Å−1. In plot sad, the
distance from the line to the center indicates the amount of
splitting, and the angle corresponds tof. For r =0 we see
that spin splitting is highly anisotropic, coming from the BIA
contribution of Eq.s11d. As the SIA effects, which are inher-
ently isotropic, grow, the splitting becomes more and more
isotropic. The spin directions forr =0 fplot sbdg have very
interesting behavior. The effective magnetic field always
points along ±z, independently ofk.12 This will result in
absence of precession for spins alongz, and the DP mecha-
nism for spin relaxation will be suppressed for that compo-
nent of spin.12

The proper axes of the spin lifetime tensor are dependent
on the value ofaR and aBIA. Their orientationi and their

corresponding lifetimest̃i are found by diagonalizing the
spin scattering rate tensor

t̃j =
"2

2saR
2 + aBIA

2 d
1

k2t̃p

, j → x̂, s13d

t̃h =
"2

2s2aR
2 + aBIA

2 d
1

k2t̃p

, h → aBIA ŷ + aRẑ

ÎaR
2 + aBIA

2
,

t̃z =
"2

2aR
2

1

k2t̃p

, z → − aRŷ + aBIA ẑ

ÎaR
2 + aBIA

2
.

Equations13d is plotted in Fig. 2sbd for the same values as
in Fig. 2scd. Thetj andth components show regular behav-
ior, while thetz component shows the resonant spin lifetime
whenaR=0 sRefs. 12 and 23d that has been justified above.
If aR is due to some external bias, we see from Eq.s13d that
the spin lifetime along directionz will decrease proportion-
ally to E−2, whereE is the applied electric field perpendicular
to the QW plane. In practice, this resonance will have a finite
peak height due to the other mechanisms29–31starting to kick
in. In principle, higher order ink terms might also limit the
spin lifetime at the resonance. However, we see that thek3

terms that should be added to Eq.s11d are given by

HIA
3 = gs− kx

2/2 + ky
2dkxsz. s14d

The direction of the effective magnetic field is stillz irre-
spective of the value ofk. As a consequence, the resonance

FIG. 3. Spin splitting and di-
rections for the lower conduction
subband of af110g-grown QW.
Plot sad shows the value of the
spin splitting from Eq.s12d for
states lying on a circle in thekx

−ky plane with k=0.01Å−1 for
various values of the ratio
aR/aBIA. Plots sbd and scd show
the spin eigenstates for Eq.s11d
for aR/aBIA =0 and aR/aBIA

=0.35, respectively. Note that
when aR=0 all spins are aligned
with the z axis. In that case, no
spin direction is specified for they
and −y directions because the
states are spin degenerate. The
value assumed for aBIA is
10−9eV cm.
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is not destroyed by the inclusion of thek3 terms, as noted by
Hall et al.26 As for the case off111g structures, the possible
effect of higher thank3 terms in the Hamiltonian would be
shadowed by the onset of the other spin relaxation mecha-
nisms.

V. SUMMARY

In conclusion, we have calculated and given analytical
expressions for the electron spin lifetime forf111g andf110g
QW’s including both BIA and SIAsRashbad effects. We find
that the D’yakonov-Perel’sDPd spin relaxation mechanism
can be effectively suppressed forall spin components in
f111g QW’s at a resonance condition through appropriate
sample design or the application of a suitable gate bias. The

z spin component off110g QW’s can be made to show the
same level of suppression of the DP mechanism, but the
other two components will always have the non-resonant dy-
namics. This effect inf111g QW’s can lead to the relaxation
of design constraints in devices such as the spin-LED or the
resonant spin lifetime transistor. Also, these structures may
act as a spin storage stage.
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