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Electron-spin decoherence in bulk and quantum-well zinc-blende semiconductors
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A theory for longitudinal (T1) and transverse (T2) electron spin coherence times in zinc-blende semicon-
ductor quantum wells is developed based on a nonperturbative nanostructure model solved in a fourteen-band
restricted basis set. Distinctly different dependences of coherence times on mobility, quantization energy, and
temperature are found from previous calculations. Quantitative agreement between our calculations and mea-
surements is found for GaAs/AlGaAs, InGaAs/InP, and GaSb/AlSb quantum wells.
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The recent observation of long-lived (.100 ns) spatially
extended (.100 mm) coherent spin states in semiconducto
suggests the possibility of manipulating nonequilibrium el
tron coherence to an unprecedented degree in a solid.1–4 The
magnitude and persistence of this spin coherence is gove
partly by the timesT1 andT2, describing the decay of lon
gitudinal and transverse spin order, respectively. Ultra
optical measurements have been made of bothT1 and T2,
although in different geometries.2–9

To guide further efforts in the controllable manipulatio
of room-temperature spin coherence it is essential to ha
quantitativetheory of spin decoherence. Direct quantitati
comparison of the current theory with experiment has b
rare for quantum wells, for an independent measuremen
the mobility of the quantum well is required. Recently suc
comparison was made for room-temperature electron
lifetimes in n-doped GaAs/AlGaAs multiple quantum wel
~MQWs!.7 In addition to measuredT1’s one order of magni-
tude longer than those predicted from current theory th
were discrepancies in the power-law dependences ofT1 on
mobility and confinement energy.

Here we provide the desired quantitatively accur
theory of spin decoherence for quantum wells and clarify
relationship betweenT1 andT2 in these systems. Our resul
are in excellent agreement with experimental measurem
on GaAs quantum wells,7 not only in the previously unex
plained general trends, but also in the absolute magnit
We also find excellent agreement with measurements
InxGa12xAs/InP ~Ref. 8! and GaSb/AlSb~Ref. 9! quantum
wells, whereas previous calculations disagree by an orde
magnitude. Finally we find unexpected trends in the s
coherence times with temperature which may explain ot
puzzling experimental results.

The mechanism of electron spin decoherence we cons
occurs via the spin precession of carriers with finite crys
momentumk in the effectivek-dependent crystal magnet
field of an inversion-asymmetric material. A signature of th
mechanism is that in the ‘‘motional narrowing’’ regime
where spin coherence times greatly exceed orbital scatte
times t, T1}t21. Thus cleaner samples have shorter s
coherence times. In III-V bulk10 and quantum-well
structures7 this trend has been observed in samples of va
ing mobility at and near room temperature.

D’yakonov and Perel’ have developed a theory forT1
based on this mechanism for bulk zinc-blende semicond
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s
-

ed

st

a

n
of
a
in

re

e
e

ts

e.
n

of
n
r

er
l

ng
n

-

c-

tors, assuming orbital coherence is lost after each scatte
event, and assuming a thermal distribution of electron11

This work was later extended~with further approximations!
to quantum wells12 by D’yakonov and Kachorovskii~DK!.
The two categories of approximation in DK theory are t
method of handling the orbital degrees of freedom and
quantum-well electronic structure. For example, if someor-
bital coherence or nonthermal occupation were maintai
after each scattering event, then because the electron’s or
degrees of freedom are entangled with its spin, only a n
equilibrium calculation of orbital degrees of freedom~e.g.
Monte Carlo13! would produce accurate results. We fin
however, that the sources of error are the approximati
pertaining to quantum-well electronic structure, and th
simpler, quantitatively accuratecalculations of spin coher
ence may be performed.

Our theory begins with the assumption of motional n
rowing. In the motional narrowing regime the electronic sp
system is subject to an effectivetime-dependent, randomly
oriented magnetic fieldH which changes direction with a
time t that is much shorter than the precession time of eit
the constant applied fieldHo or the random field. The coher
ence times depend on the transverse (H') and longitudinal
(H i) components of the random field, according to14

T1
21}~H'

2 !t, ~1!

T2
21}~@H'

2 #/21H i
2!t, ~2!

where the constant of proportionality is the same for Eqs.~1!
and~2!. In a crystal with inversion asymmetry and spin-orb
coupling there is a spin splitting described by the Ham
tonian H5\V(k)•s/2, where V(k) is a momentum-
dependenteffective magnetic field. As the electron is sca
tered fromk to k8 via ordinary orbital~not spin-dependent!
elastic scattering, the effective magnetic field changes di
tion with time. If the crystal is cubic, thenHx

25Hy
25Hz

2 , so
H'

2 52H i
2 andT25T1. The relationship betweenT1 andT2

differs, however, for systems of lower symmetry.
Calculations of T1 require knowledge of botht and

V(k). The effective time for field reversal (t l) depends on
the angular indexl of the field component (V l). For ex-
ample, anl 51 component (V1) requires a 180° change i
the angle ofk to change sign, whereas anl 53 component
(V3) only requires a 60° change, so typicallyt3,t1. @Time
©2001 The American Physical Society01-1
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reversal invariance requiresV(k)52V(2k), soV l50 for
evenl.# Considering all componentsV l ,

1

T1
5

1

nE D~E! f ~E!@12 f ~E!#(
l

t l~E!V l
2~E!dE, ~3!

where f (E) is the Fermi occupation function,D(E) is the
density of states,n is the electron density, and the scatteri
rates t l

21(E)5*21
1 s(u,E)@12Pl(cosu)#dcosu for bulk

semiconductors andt l
21(E)5*0

2ps(u,E)(12cos@lu#)du for
~001! quantum wells. We assume that carrier-carrier inter
tions are negligible int l—thus we can determinet l from the
mobility. For both bulk and quantum wells the function
form of the scattering cross sections(u,E) is taken from
standard expressions for ionized impurity~II !, neutral impu-
rity ~NI—such as arises from quantum well interface roug
ness!, or optical phonon~OP! scattering. Thet l ’s differ for
different mechanisms~e.g., for a quantum wellt1 /t l5 l 2 for
II, t1 /t l5 l for OP, andt1 /t l51 for NI scattering!. The
magnitude oft1, and thuss(u,E), is obtained from the mea
sured mobility and the expression

m5~e/mn!E D~E! f ~E!@12 f ~E!#t1~E!EdE. ~4!

We obtainV l(E) from a nonperturbative calculation in
fourteen-band basis.15 This basis, which is the minimum re
quired to generate spin splitting nonperturbatively, cons
of two conduction antibondings states (s̄), six valence
~bonding! p states, and six antibondingp states (p̄). Such a
basis has, for example, been used to analyze spin-splittin
heterostructures.16 The Hamiltonian can be found in Refs. 1
and 15. The parameters, obtained from experiment with
alteration, include the zone-center energies of the constit
bulk semiconductors and the momentum matrix elements
tween bands~extracted from the conduction-band mass,
heavy-hole mass, and theg factor!.

For quantum wells the electronic structure is obtained
expressing the electronic states as spatially dependent l
combinations of the basis states. The full Hamiltonian is p
jected onto this restricted basis set, which produces a se
fourteen coupled differential equations for the spatially d
pendent coefficients of the basis states~generalized envelope
functions!. These equations are solved in Fourier space
similar method to that of Winkler and Ro¨ssler.18,15

For bulk semiconductors the relevant electronic states
spin decoherence are near the bulk band edge, and thus
turbative expressions forV l

2(E) for these bulk semiconduc
tors @V1

2(E)50, V3
2(E)}E3# ~Ref. 11! are identical to those

obtained from a full fourteen-band calculation within n
merical accuracy. Shown in Fig. 1 are calculatedT2’s for
GaAs, InAs, and GaSb assuming II scattering. The ag
ment with experimental measurements3 for GaAs at the
higher temperatures is good, whereas for low temperat
other spin relaxation mechanisms may dominate. The sm
T2’s in InAs and GaSb are due partly to the larger conduct
spin splitting, which originates from a larger ratio of th
spin-orbit coupling to the band gap~see Ref. 19 for pertur-
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bative expansions of spin splittings!. The agreement betwee
calculated and measuredT2’s in Fig. 1 indicates that the spin
splitting of bulk GaAs is well described by our model.

We now contrast our results for quantum wells with tho
of DK theory. The DK approach to the electronic structure
~001! quantum wells is as follows. Negligible penetration
states into the barriers is assumed, soE1!DEc , whereE1 is
the confinement energy of the first quantum well state a
DEc is the conduction-band offset. The perturbati
expressions20 V1

2(E)}E(4E12E)2 and V3
2(E)}E3 are

used. Furthermore the energies of relevant states are ass
to be !E1, and thus~i! the contribution fromV3(E) is ig-
nored, and~ii ! it is assumed thatV1

2(E)}E. It is not gener-
ally recognized that the conditionskT!E1!DEc are restric-
tive and difficult to satisfy at room temperature.

The resultingT1
21 @Eq. ~3!# under the DK assumptions i

proportional to the mobilityindependent of the dominan
scattering mechanism@see Eq.~4!#. In addition,T1

21 is pro-
portional to E1

2. These trends are not supported by rec
experimental measurements7,21 on 75-Å n-doped
GaAs/Al0.4Ga0.6As MQWs at 300 K@shown in Fig. 2~a,b!
~filled circles!#. In both cases the experimental trends a
weaker than the predicted theoretical ones. Calculations
shown in Fig. 2~a,b! based on our more general theory usi
OP~solid line! and NI ~dashed line! as the dominant process

Our results agree with experiment if a shift from OP to
scattering occurs as the mobility drops—this is the origin
the unusual experimental dependence ofT1 on the mobility.
The weaker dependence ofT1 on E1 in our theory versus DK
theory in Fig. 2~b! is due to wave-function penetration int
the barriers and nonperturbative effects~the spin splitting for
damped waves in the barrier is of the opposite sign as tha
propagating waves in the well!. We emphasize the key rol
of temperature studies of the mobility in analyzing the te

FIG. 1. T2 in bulk III-V semiconductors as a function of tem
perature. Solid with squares and solid lines, respectively, repre
the results of experiments~Ref. 3! and the nonperturbative theor
for bulk GaAs at the electron densityn51.031016 cm23. Calcula-
tions for bulk InAs atn51.731016 cm23 and bulk GaSb atn
51.4931018 cm23 are indicated with dashed and dot-dashed lin
respectively. The difference in slope between GaSb and GaAs
curs because GaSb is degenerate for this density. Tabulated m
ties ~Ref. 24! for InAs and GaSb extend only to 77 K, so at low
temperaturest3(E) was assumed to have the 77 K value.
1-2
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perature dependence of spin coherence. In Fig. 2~c! the cal-
culatedT1 for one sample with a given room-temperatu
mobility is presented as a function of temperature for NI a
OP scattering. The OP results appear insensitive to temp
ture from 100—250 K—this is due to the rapid decrease
the mobility from OP scattering with increasing temperatu
This may play a role in the weak temperature depende
seen in Ref. 2.

Figure 3 compares the energy dependence ofV1
2(E) and

V3
2(E) for several additional material systems. The cu

dependence ofV3
2(E) for the three bulk semiconductors

confirmed in Fig. 3~a!. Figure 3~b!, however, shows that fo
quantum wellsV1

2(E) is only linear ~short dashed line for
the GaAs MQW! for a small energy range (;20 meV)
above the band edge. More energetic states than this
tainly contribute to the spin coherence times at room te
perature. The wider the well the lower the energy wh
V1

2(E) deviates from linear behavior, as it approaches
bulklike E3 behavior.V3

2(E) for these structures is shown i
Fig. 3~c!, and is comparable in magnitude toV1

2(E). As the

FIG. 2. T1 as a function of~a! mobility, ~b! confinement energy
and ~c! temperature, for 75-Å GaAs/Al0.4Ga0.6As MQWs at room
temperature. Closed circles represent the results of experim
~Ref. 7!. The nonperturbative theory results with OP scatter
~solid lines! and NI scattering~dashed lines! are shown, as well as
the DK theory results~dot-dashed lines!.
16130
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wells become narrower, even the perturbative expression
V3 and V1 break down. Figure 3~d! shows V1

2(E) and
V3

2(E) for a thin-layer InAs/GaSb superlattice, indicatin
behavior poorly reproduced by even the general forms of
perturbative expression.

Table I presents calculations and experimental meas
ments ofT1 for these material systems. The order of mag
tude discrepancy between DK calculations and meas
ments occurs here as well. The agreement for both NI
OP scattering in the full theory is good for all systems, and
much better than DK theory. OP and NI scattering calcu
tions in the full theory differ by factors of up to 2@due to
differences int l(E)#, whereas all scattering mechanisms pr
duce the same result in DK theory. As expected, for sev
systems theT1’s are much shorter at higher electron den
ties, for as the carrier distribution is spread further from zo
center the effective crystal magnetic fields increase. The
approximation~i! can be evaluated by comparing OP1 to OP
and NI1 to NI, where calculations using all terms up tol are

nts

FIG. 3. V1
2(E) andV3

2(E) for several structures.~a! V3
2(E) for

bulk GaAs ~solid!, InAs ~dashed!, and GaSb~dot-dashed!. ~b!
V1

2(E) for GaAs ~solid!, InGaAs ~long dashed!, and GaSb~dot-
dashed! quantum wells described in Table I. The short-dashed l
is the DK approximation for the GaAs quantum well.~c! V3

2(E) for
the same three structures as~b!. ~d! V1

2(E) ~solid! and V3
2(E)

~dashed! for a thin-layer InAs/GaSb superlattice.
3

TABLE I. Experimental~Exp! and calculated spin coherence timesT1 ~ps! at 300 K for, I: a 75-Å
GaAs/Al0.4Ga0.6As MQW ~Ref. 7!, II: a 70-Å In0.53Ga0.47As/97-Å InP MQW ~Ref. 8!, III: an 80-Å
GaSb/80-Å AlSb MQW~Ref. 9!, IV: a 51-Å GaAs0.19Sb0.81/80-Å AlSb MQW ~Ref. 9!, and V: a 21.2-Å
InAs/36.6-Å GaSb superlattice. Calculated times are shown for a given total electron density~n.d. indicates
nondegenerate! using DK theory~DK!, and the nonperturbative theory with optical phonon~OP! and neutral
impurity ~NI! scattering. The subscriptl indicates that only terms up toV l were used in the calculation.

System Density (cm23) m (cm2/Vs) Exp DK OP1 OP NI1 NI

I GaAs/AlGaAs 2.731017 800 100 27 237 167 162 111
II InGaAs/InP n.d. 6700 1.45 68 44 52 32

3.031018 6700 2.6 0.21 9.1 6.5 6.9 4.0
III GaSb/AlSb n.d. 2000 0.59 2.1 1.9 1.5 1.4

2.831018 2000 0.52 0.09 2.3 1.4 0.88 0.53
IV GaAsSb/AlSb n.d. 2000 0.09 0.53 0.52 0.44 0.4

3.431018 2000 0.42 0.01 2.0 1.4 1.7 0.87
V InAs/GaSb n.d. 3000 0.38 0.77 0.77 1.7 1.6
1-3
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designated OPl and NIl . The difference is up to 40%, and fo
systems I-IV comes almost entirely from thel 53 term. Ap-
proximation ~ii !, however, produces a discrepancy betwe
the DK result and both NI1 and OP1 which can greatly ex-
ceed an order of magnitude.

We now return to the relationship betweenT1 andT2 for
quantum wells. For a~001! grown quantum well, perturba
tive arguments suggest12,20that the fluctuating field along th
growth direction vanishes. From this one can conclude t

T1
21~a!5T1

21~a50!~11cos2a!/2, ~5!

T2
21~a!5T1

21~a50!~21sin2a!/4, ~6!

wherea is the direction betweenHo and the growth direc-
tion. By similar arguments, for~110! grown quantum wells
the effective crystal magnetic field is entirely along t
growth direction, and

T1
21~a!5T2

21~a50!sin2a, ~7!

T2
21~a!5T2

21~a50!~11cos2a!/2. ~8!

Thus althoughT1
21(a50) vanishes,T2

21 does not for anya.
We find numerically that Eqs.~5! and~6! are valid to within
ci

n.

16130
n

t

1% for all systems except system V. For this systemT2(a
50)/T1(a50) is 1.8 for OP and 1.6 for NI scattering.

These calculations consider decoherence arising from
bulk inversion asymmetry~BIA ! of the constituent materials
We have considered symmetric wells, so structural invers
asymmetry~SIA!, does not play a role in single-interfac
heterostructures SIA may dominate.22 Native interface asym-
metry ~NIA !, could play a role in the non-common-ato
systems II, IV, or V. For system II, by comparing with a
estimated NIA~Ref. 23!, we find the spin splitting is domi-
nated by BIA.

We have presented aquantitatively accuratenonperturba-
tive nanostructure theory for electron spin relaxation in b
and quantum-well zinc-blende semiconductors based o
fourteen band model. The calculated electron spin lifetim
in III-V semiconductor bulk and quantum well materials a
in agreement with experimental measurements, indica
the importance of accurate band structure calculations
zinc-blende–type nanostructures.
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