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Electric field dependence of spin coherence in (001) GaAs/Al,Ga;_,As quantum wells
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Conduction electron spin lifetimes (7;) and spin coherence times (T,) are strongly modified in semiconduc-
tor quantum wells by electric fields. Quantitative calculations in GaAs/AlGaAs quantum wells at room tem-
perature show roughly a factor of 4 enhancement in the spin lifetimes at optimal values of the electric fields.
The much smaller enhancement compared to previous calculations is due to overestimates of the zero-field spin

lifetime and the importance of nonlinear effects.
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The emerging field of semiconductor spintronics concerns
the encoding, manipulation, and detection of coherence in
the spin degree of freedom of mobile electrons in
semiconductors."? Configuring a semiconductor material in a
quantum well (QW) or other artificial structure can shorten
or lengthen both the decay time of a nonequilibrium spin
polarization (spin lifetime 7)) and the decay time of a coher-
ent phase relationship between spin-up and spin-down eigen-
states (spin coherence time 7T,).'** Electron spin coherence
times are sensitive to carrier densities’” and electric fields.®
A series of calculations has suggested that an electric
field (F) can dramatically lengthen spin lifetimes in (001)

QWSs for spins oriented along either the (110) or (110)
directions.’!? Similar considerations have led to the proposal
of coherent diffusive spin rotation in QWs.!'""!> These calcu-
lations rely on perturbative models of the spin precession
vectors in zincblende semiconductor QWs, where the F=0
splittings are the sum of linear and cubic terms in the elec-
tron crystal momentum K and the splitting proportional to
the electric field (Rashba Hamiltonian)'>'* is also linear
in K.

Here, we report detailed calculations of spin lifetimes (77)
and spin coherence times (7,) in several GaAs/AlGaAs
QWs at room temperature as a function of electric field.
These calculations are performed using a fourteen-band elec-
tronic structure theory'>!¢ which treats the spin precession
vectors nonperturbatively (to all orders in K). We find that
the Rashba spin splitting deviates from a linear dependence
on K for energies within about 100 meV of the band edge.
We also find that the room-temperature electric-field-induced
enhancement in the spin lifetime, for QWs between 50 A
and 150 10%, is only a factor of 4, which is much smaller than
that obtained from the previous calculations based on pertur-
bative, linear approximations.”'® We further find that the
electron spin lifetimes and spin coherence times can be
strongly influenced by an electric field, yet even for surpris-
ingly large electric fields (<100 kV/cm), the spin decoher-
ence is dominated by the effective internal magnetic field
from the bulk inversion asymmetry. This is a very different
result than has been obtained in earlier calculations that ig-
nore the nonlinear dependence of the pseudomagnetic fields
on crystal momentum.
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The Hamiltonian for bulk semiconductors in the presence
of an external electric field is

. P h
H: p_ + V(f-) + —ZZ[VV(f) X f)] ' 6’+ Vext(f)’ (1)
2m, 4mc

where m, is the free electron mass, c is the velocity of light,
e is the elementry charge, P is the electron momentum op-
erator, V(F) is the periodic crystal potential, & is the Pauli
spin operator, and V. (F)=eJF-T is the scalar potential gen-
erated by the external electric field . The Schrodinger
equation for heterostructure superlattices (SLs) is written as

HYr|£,8,K) = Es(K)(r|£,8,K), )
and the SL Hamiltonian A" is given by
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where H, is the crystal Hamiltonian of the ith layer [Eq. (1)]
with parameters tabulated in Ref. 16, Njyy, is the number of
layers in the SL unit cell, |£,S,K) is the SL eigenstate for a
carrier with wavevector K, pseudo spin quantum number S
€ {1, |}, and band index £, and E5(K) is the corresponding
SL eigenenergy. To obtain |£,S,K) and E;s(K), we first
solve the Schrodinger equation [Eq. (2)] at the zone center in
which the SL wave vector K=0. The solution,

(r|N,S$,0) = 2, Fygno(r)(x|n,a,0), (4)

no

where |n,0,0) are the corresponding zone-center Bloch
states of the constituent bulk semiconductors and the expan-
sion coefficients Fyg,,(r) are slowly varying envelope func-
tions on the scale of the constituent bulk semiconductor lat-
tice constant. The zone-center SL wavefunctions and
energies are found as described in Ref. 16, Sec. III B.

Once the zone-center SL eigenstates and eigenenergies
have been determinted, the SL states for K# 0 can be ob-
tained by application of a generalized SL K-p theory. A SL
state |£,5 ,K) at finite K is expressed in terms of the zone-
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center SL states as (r|L,S,K)=exp(iK-r)ZysC sys(K)
X(r|N,S,0), where Csys(K) are the expansion coefficients.
By inserting (r|£,S,K) into Eq. (2), multipling the resulting
equation on the left-hand side by exp(-K-r){(N,S,0|r) and
integrating over a SL unit cell, we have

K>
> [ ( + Eps(0) — EKS(K)> Sy Oss!

N'S’ ¢

h
+ m_K'PNSN’S’(O)i|C£$N'S’(K) =O, (5)

where Pygyrgr ,S7,0).

Spin splitting at finite crystal momentum in zincblende
QWs occurs even without an external magnetic field due to
the combined effects of spin-orbit interaction and spatial in-
version asymmetry. This spatial inversion asymmetry can
arise from the bulk inversion asymmetry (BIA) of the con-
stituent semiconductors as well as the structural inversion
asymmetry (SIA) of the QWs. The effect of the spin splitting
on electrons can be described with an effective momentum-
dependent internal magnetic field acting on the spins. If the
bulk Bloch functions in Eq. (5) are inversion asymmetric (a
property the fourteen-band basis preserves, but the eight-
band basis does not), then both the BIA and SIA contribu-
tions to this internal magnetic field emerge naturally from
solving Eq. (5) without additional assumptions. The field
H(L,K)=Y""2Q(L£,K), where Y=(gugh)? up is the
Bohr magneton, and g is the electron g-factor. The compo-
nents of the spin precession vector (£ ,K) are given by the
following relations: '

0,(L,K) = Re[ZQE c. lNT(K)CmNT(K)}, (6a)
N

0,(L.K) = Im[2QE c; lNT(K)CmNT(K)], (6b)
N

QLK) = 2 Of|Con (K= [Co h (K], (6¢)
N

where the magnitude of the spin precession vector is given
by Q=h""|E;(K)-E. (K)|. The spm precessmn vector can
be decomposed into Q(L£,K)=QP(L,K)+Q®(L,K)
according to its symmetry, where Q®(L£,K) and
Q®(L£ K) are the momentum-dependent spin precession
vectors due to bulk inversion asymmetry and structural in-
version asymmetry, respectively. Although many analyses of
these spin splitting fields focus on the K-linear terms, here
we keep terms to all orders.

In the linear approximations, both [Q(D)(ﬁ E)]?> and
[Q(R) (L,E)]* are assumed proportional to E for all
energies.!” In addition, the nonlinear Q(D)(E E) and
Q(R)(E E), are neglected in other analyses. Depending on
the size of the quantum well, these two terms can become
dominant. The importance of these nonlinear effects was
pointed out in symmetric quantum wells.'> Multiband calcu-
lations for asymmetric quantum wells have been done, but as
a function of asymmetric doping, not as a function of an
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FIG. 1. (Color online) Energy dependence of electron spin pre-
cession vector for a 75 A and a 150 A GaAs/100 A Gao 6Aly4As
QW at 300 K. [Q(D)(l E)]? as a function of E for a 75 A QW (a),
and a 150 A QW (b) with F=0 kV/cm. [Q D)(l E)]? as a function
of E for a 75A QW (c), and a 150 A QW (d) with F
=100 kV/cm. [Q} R)(l E)]? as a function of E for a 75 A QW (e),
and a 150 A QW (f) with =100 kV/cm.

applied electric field,'”-18

spin lifetimes is limited to zero temperature.

Electron spin relaxation near room temperature is domi-
nated by the D’yakonov-Perel’ (DP) mechanism.*>>?’ Rapid
scattering from K to K’ converts the K-dependent field of
Egs. (6) into a time-dependent, randomly oriented effective
internal magnetic field H(L,E) that changes direction with
an orbital scattering time 7(£,E). At any instant in time, a
spin polarization decays due to random precession in the
random effective magnetic field perpendicular to the spin
orientation. For a precessing population, that direction is not
fixed in time and it is helpful to express 7 and 7, in terms of
the components of the random magnetic field H, (£,E) and
H\(L,E), which are transverse and longitudinal to H, respec-
tively. Thus

and the approach used to evaluate
18

YE f dED(L,E)H* (L,E)7(L,E)h(L,E), (7a)

=Y fdED(ﬂ,E)[%Hi(ﬂ,E)+H2(£,E)
L

X HL,E)h(L,E), (7b)

where H, (L.E)= o, H(L,E)=
D(L,E) is the density of states, and h(L,E) is the electron
distribution function.!®
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FIG. 2. (Color online) Electric field dependence of electron spin
precession vector for a 75A and a 150 A GaAs/100 A
Gag gAly4As QW at 300 K. () D)(l E) as a function of F fora 75 A
QW (a), and a 150 A QW (b) Q(R)(l E) as a function of F for a
75 A QW (c), and a 150 A QW (d) (e) Q ) as a function of F for
a75 A QW. (f) Q%) as a function of F fora 75 A QW.

Now, we present the results of our quantitative numerical
calculations of the spin precession vectors, spin lifetimes,
and spin coherence times of (001) GaAs/AlGaAs QWs.
We find that the nonlinear effects are important and both
QgD)(ﬁ,E) and QgR)(ﬁ,E) are significant in these QWs. In
the absence of an external electric field, the effective internal
magnetic field in a perfectly symmetric QW arises entirely
from the BIA terms, and the SIA terms vanish identically.
Figures 1(a) and 1(b) show [Q(D)(l E)]? as a function of
energy E calculated usmg Egs. (6) fora 75 A and a 150 A
QW, respectively. [Q(D (1,E)7T? is proportional to E and E3,
while [Q(D (1,E)?is proportlonal to E3, consistent with the
analytical results.>!314 [Q (l E)]? decreases as the width
L,, of the QW increases; and it deviates from a linear depen-
dence on E within 50 meV for QWs between 50 A and
150 A indicating the importance of the nonlinear effects.

When an external electric field is applied along the
growth direction (1 Z), the breaking of structural inversion
symmetry results in modification of the effective internal
magnetic field through both the BIA and SIA terms [Figs.
1(c)-1(D)]. [Q)((Dl)(l ,E)]? increases as F increases, and it also
increases with’increasing L, [cf., Figs l(a) 1(d)]. For the
energy range of physical interests, [Q (1 E)]2 is approxi-
mately two order in magnitude larger than [Q (1 E)]?; and
[Q(R>(l ,E)T? deviates from a linear dependence on E for en-
ergies within 100 meV [shown in Figs. 1(e) and 1(f)].

We find that the electric field dependence of fol)(l LE) is
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FIG. 3. (Color online) Electron spin lifetimes, coherence times,
and decoherence rates as a function of applied electric field F for a
50 A, a 75 A, and a 150 A GaAs/100 A GaygAly,As QWs at
300 K with ©=800 cm?/V s assuming neutral impurity scattering.
(a) T, as a function of F with HylI[[001]. (b) T, as a function of F
with H,I[001]. (c) T as a function of F with H,I[110], H, I[110],
H,I[100], and H,II[010] for a 50 A QW. (d) T} as a function of F
with H,lI[110], H,lI[110], H,I[100], and H,I[010] for a 75 A
QW. (e) T} as a function of F with H,I[110], H,II[110], H,II[110],
and H,I[110] for a 150 A QW. (f) T;' as a function of F with
H,II[001].

linear, whereas that of Q(D) (1,E) is nonlinear. The electric
field dependence of Q (l E) is much weaker compared to
that of Q (1 E). To explore the electric field dependence
of the effectlve internal magnetic field, Q(D)( 1,E) and

xX,n
Q(R)(l E) as a function of F are calculated for various val-

ueASHOf E and the results for a 75 A and a 150 A QW are
shown in Flgs 2(a)-2(f). For a constant value of E, the mag-
nitude of Q (1 E) and Q (1 E) increases with increasing
JF; and the slope of the curves is positive for the BIA term,
while it is negative for the SIA term. The nonlinear effects
are also manifested in the electric-field dependence of
Q(D (1,E) [see Figs. 2(a) and 2(b)]; and therefore, although
cancellatlon of the BIA and SIA field is possible for any
individual K, cancellation of the BIA field and the SIA field
for all K at a single electric field is not possible.

Both T and T, are more responsive to the electric field
for wide QWs [i.e. (dT,/dF) increases as L, increases],
and this can be seen by examining the change in € ,(1,E)
with F [cf., Figs. 1(a)-1(d)]. For example, the change in
Q(D)(l E) from zero field to 100 kV/cm is much larger for
the 150 A QW than for the 75 A QW. The calculations of
electron spin lifetime and electron spin coherence time are
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performed using Egs. (7). To examine the electric field de-
pendence of spin lifetime and spin coherence time with ap-
plied magnetic field along the growth direction, 7 and T, as
a function of F are calculated for a 50 A, a75 A, and a
150 A QWs at 300 K, and the results are shown in Figs. 3(a)
and 3(b), respectively. For the DP mechanism, the spin life-
time, and spin coherence time are inversely proportional to
the square of the effective internal magnetic field;*® and con-
sequently both the spin lifetime and the spin coherence time
decrease with increasing electric field due to the increase of
the total effective internal magnetic field with electric field.

We find that the spin-lifetime enhancement originates
from the destructive interference between the BIA and SIA
effective internal magnetic fields due to the symmetry break-
ing of structural inversion symmetry in the presence of an
electric field. We also find that the calculated enhancement of
the spin lifetime is much smaller than that of the previous
calculations based on perturbative approaches,'” in which the
zero-field spin lifetime is overestimated and the nonlinear
effects are not taken into account. To investigate the electric-
field-induced enhancement in the electron spin lifetime,’ T,
as a function of F for three QWs of different thickness is
calculated for an applied magnetic field parallel to the in-
plane direction and the results are shown in Figs. 3(c)-3(e).
As expected the calculated spin lifetime is identical for
H,lI[100] and H,|I[010] due to the crystal symmetry of (001)
QWs, and T decreases with increasing F. The electric field
dependence of T, for HyII[110] is similar to that for
H,|I[100], and the spin lifetime is shorter for H,[I[110] than

for H,|I[100]. For H,I[110], T, increases as F increases,
reaching a maximum value (Tgmax)) and then it decreases as
F further increases; i.e., BIA dominates at low field while
SIA dominates at high field. Tgmax) sets the upper limit for
electrical tuning of spin lifetime; and 7"<]max)—>oo as
Q,(L,E)—0. The spin-lifetime enhancement factor
[T,(F)/T,(0)] decreases as L,, increases, and the maximum
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enhancement factor for a 50 A, a 75 A, and a 150 A QW is
approximately 3.8, 2.0, and 1.2, respectively.

In the presence of an electric field, we find that spin de-
coherence depends on both the BIA and SIA effective inter-
nal magnetic fields, and the spin decoherence is dominated
by the BIA terms at low field, while it is dominated by the
SIA terms at high field. To study the effects of the BIA and
the SIA effective internal magnetic fields on spin decoher-
ence (as opposed to spin lifetimes), the decoherence rates
(Y;l) as a function of F for a 75 A QW due to BIA and SIA
are calculated separately, and the results as well as the total
decoherence rate are plotted in Fig. 3(f). It can be seen that
the spin decoherence is dominated by the BIA effective in-
ternal magnetic field for an electric field as high as
100 kV/cm, and crossover occurs at approximately
150 kV/cm. The value of the crossover decreases as L,, in-
creases, and the crossover for a 50 A and a 150 A QWs oc-
curs at approximately 250 kV/cm and 120 kV/cm, respec-
tively (not shown).

In summary, we have studied quantitatively the electric
field dependence of room-temperature electron spin coher-
ence in (001) GaAs/AlGaAs QWs using a nonpertubative
14-band electronic structure theory. We find that both the
BIA and SIA effective internal magnetic fields are electric-
field dependent. The electron spin lifetime and spin coher-
ence time are strongly influenced by an electric field. Even
for moderate (<100 kV/cm) electric fields, the spin deco-
herence is dominated by the BIA effective internal magnetic
field. At optimal electric fields, the enhancement factor of
spin lifetime for GaAs/AlGaAs QWs between 50 A and
150 A is approximately four. Finally, a technique developed
by Kato et al.?! can be used to observe the predicted en-
hanced spin lifetime, in which the in-plane spins are gener-
ated using current-induced spin polarization and the spin
characteristics are probed by time-resolved Faraday or Kerr
rotation.
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