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Anisotropic splitting of intersubband spin plasmons in quantum wells with bulk and structural
inversion asymmetry
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In semiconductor heterostructures, bulk and structural inversion asymmetry and spin-orbit coupling induce
a k-dependent spin splitting of valence and conduction subbands, which can be viewed as being caused by
momentum-dependent crystal magnetic fields. This paper studies the influence of these effective magnetic
fields on the intersubband spin dynamics in an asymmetricn-type GaAs/Al0.3Ga0.7As quantum well. We
calculate the dispersions of intersubband spin plasmons using linear-response theory. The so-called
D’yakonov-Perel’ decoherence mechanism is inactive for collective intersubband excitations, i.e., crystal mag-
netic fields do not lead to decoherence of spin plasmons. Instead, we predict that the main signature of bulk and
structural inversion asymmetry in intersubband spin dynamics is a threefold, anisotropic splitting of the spin
plasmon dispersion. The importance of many-body effects is pointed out, and conditions for experimental
observation with inelastic light scattering are discussed.
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I. INTRODUCTION

The field of spintronics1,2 is based on the concept of ex
ploiting the spin degree of freedom of carriers to deve
new features and functionalities for solid-state devices. M
of the proposed new applications rely, in one form or a
other, on manipulating nonequilibrium spin coherence. T
characteristic times,T1 andT2, provide a quantitative mea
sure for the magnitude and persistence of spin coherenceT1

describes the return to equilibrium of a nonequilibrium sp
population, andT2 measures the decay of transverse s
order.3,4

In this paper, we consider electronic spin dynamics
quantum wells notwithin onebut between twosubbands~we
will limit the discussion here to conduction subbands!. One
motivation for this work is that intersubband~ISB! charge
dynamics in quantum wells is currently of great experimen
and theoretical interest,5,6 since electronic ISB transitions ar
the basis of a variety of new devices operating in the te
hertz frequency regime, such as detectors,7 modulators,8 and
quantum cascade lasers.9,10 In view of this, it seems worth-
while to explore ISBspin dynamics as a possible route t
wards novel applications in the terahertz regime.

Characteristic times for ISB dynamics are also referred
as T1 and T2, whether or not decay of spin coherence
involved.11 Population decay from an excited to a lower co
duction subband is characterized by an ISB relaxation t
T1

ISB , and loss of coherence of collective ISB excitations
measured by a decoherence timeT2

ISB . Much has been
learned recently about ISB charge-density excitatio
~CDE’s, also called charge plasmons!. The two characteristic
times were measured experimentally for CDE’s in quant
wells,12,13 and were found to differ substantially at low tem
peratures,T2

ISB being three orders of magnitude smaller th
T1

ISB . The reason is that CDE relaxation characterized
0163-1829/2003/68~23!/235310~8!/$20.00 68 2353
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T1
ISB proceeds mainly via phonon emission and is th

slowed down by an energy bottleneck for acoustic phon
with small momenta and all optical phonons.

In contrast toT1
ISB , decoherence (T2

ISB) of collective ISB
CDE’s in quantum wells is determined by a complex inte
play of a variety of different scattering mechanisms, who
relative importance is nota priori obvious. In recent
experimental14 and theoretical15–17 work, it was found that
the linewidth of ~homogeneously broadened! ISB charge
plasmons in a wide GaAs/Al0.3Ga0.7As quantum well~where
phonon scattering is not important! is determined mainly by
interface roughness and electronic many-body effects.

The question now arises which physical mechanisms g
ern the decoherence of ISBspin-densityexcitations~SDE’s,
or spin plasmons!. Near room temperature theintrasubband
electron-spin decoherence in semiconductors is to a la
extent determined by the D’yakonov-Perel’ mechanism,18–20

which involves spin precession of carriers with finite crys
momentumk in an effectivek-dependent crystal magneti
field in inversion-asymmetric materials21,22 and implies that
T1 andT2 are comparable. Using this theory, Lauet al.23,24

achieved good agreement with experimental spin deco
ence times, without including electron-electron interactio
~see also Refs. 25–27!. Thus, it is clear that crystal magnet
fields are a fundamentally important factor in determiningT1
andT2 in intrasubband spin dynamics. However, the role
the crystal magnetic fields forT1

ISB and T2
ISB has so far re-

mained an open question.
This paper addresses the influence of thek-dependent

crystal magnetic field in semiconductor quantum wells
ISB spin plasmons. Building on a formal framework intr
duced previously,28 we use ~time-dependent! density-
functional theory to describe static and dynamic many-bo
effects. We extend our previous result28 that due to their col-
lective nature the ISB spin plasmons are robust aga
©2003 The American Physical Society10-1
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C. A. ULLRICH AND M. E. FLATTÉ PHYSICAL REVIEW B 68, 235310 ~2003!
D’yakonov-Perel’ decoherence. The main reason for t
suppression is that thek-average of the crystal magnetic fie
vanishes for an electron occupation function symmetric ink,
due to time-reversal invariance. This result was previou
reported only for Rashba effective magnetic fields, and
now include effective magnetic fields arising from both bu
inversion asymmetry and Rashba effects.

The general structure of the ISB plasmon dispersions c
sists of a CDE branch above and three SDE branches b
the region of single-particle excitations.29,30In the absence o
any magnetic fields, the three SDE branches~one longitudi-
nal, two transverse! are degenerate. As we will show, th
crystal magnetic field further splits the three SDE dispers
relations in an anisotropic way. We will predict that this e
fect should be observable with inelastic light scatter
techniques.31–35 We mention that similar predictions wer
made, based on Fermi-liquid theory, by Mal’shuk
et al.,36,37 who discussed ISB spin dynamics for model III-
quantum wells without including the Rashba effect. In t
present paper, we will consider a realistic, asymmetrica
doped GaAs/Al0.3Ga0.7As quantum well system38,39 that fea-
tures an interesting interplay between bulk and structural
version asymmetry.21,22

This paper is organized as follows. In Sec. II we calcul
the electronic ground state in modulation-doped quan
well conduction subbands, including spin-orbit coupling a
many-body effects. In Sec. III we use a linear response
malism for the spin-density matrix, based on time-depend
density-functional theory, to calculate the ISB plasmon d
persions. We also discuss possibilities for experimental
servation of the spin plasmons with inelastic light scatteri
Sec. IV contains our conclusions.

II. CONDUCTION SUBBAND SPIN SPLITTING
IN QUANTUM WELLS

The first step is to calculate the momentum-depend
spin splitting of conduction subbands in a quantum well
the presence of bulk inversion asymmetry21 ~BIA ! and struc-
tural inversion asymmetry~SIA! or Rashba effect.22 A de-
tailed account of the method is given in Ref. 28. We us
232 conduction subband Hamiltonian, which can be o
tained by reduction from a multibandk•p Hamiltonian in a
standard way.40–48 This results in the following two-
component form of the electron wave function for thej th
subband:

C j quu
~r !5eiquur uuS c j↑~quu ,z!

c j↓~quu ,z!
D , ~1!

wherer uu andquu are in-plane position and wave vectors, a
z is the direction of growth of the quantum well. The env
lope functions c j s are obtained from a two-compone
effective-mass Kohn-Sham equation, which in its most g
eral form reads as follows:

(
b5↑,↓

@ ĥdab1vab
ext~z!1Ĥab

so ~z!1vab
xc ~z!#c j b~quu ,z!

5Ej quu
c j a~quu ,z!, ~2!
23531
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wherea5↑,↓, and

ĥ52
d

dz

\2

2m* ~z!

d

dz
1

\2quu
2

2m* ~z!
1vconf~z!1vH~z!. ~3!

We use here the simplifying assumption of energ
independent effective massesm* , which is sufficient for the
GaAs/AlGaAs system studied in this paper.vconf(z) is the
confining bare quantum well potential~e.g., a square well!.
The Hartree potentialvH(z) describes the classical Coulom
potential due to the electron ground-state densityn(z) and to
the density of positive donor impuritiesni(z):

d2vH~z!

dz2
524pe* 2@n~z!2ni~z!#, ~4!

wheree* 5e/Ae is the effective charge~the static dielectric
constant is taken ase513 throughout the system!.

In this paper, we consider the case without any extern
applied static electric or magnetic fields, so thatvab

ext(z)
50. As a consequence, the exchange-correlation~xc! poten-
tial becomes diagonal in the spins:vab

xc (z)5vxc(z)dab . We
take a standard local-density approximation~LDA ! for
vxc(z).28

Intrinsic conduction-band spin splitting is caused by sp
orbit interaction, but may originate from various sources.4 In
the following, we will consider BIA and SIA contributions
Ĥab

so 5Ĥab
BIA1Ĥab

SIA . The BIA term depends on the directio
of growth of the quantum well,20,42which we here take along
@001#.

The spin-orbit Hamiltonian can be written as

Ĥso5sW •Beff , ~5!

wheresW is the vector of the Pauli spin matrices, andBeff acts
as an in-plane effective magnetic field. Some simplificat
is achieved using a perturbative treatment,42 and one arrives
at

Beff5S ^g&qxqy
22^gq̂z

2&qx1^a&qy

2^g&qyqx
21^gq̂z

2&qy2^a&qx

0
D . ~6!

This leads to

Ĥ↑↑
so5Ĥ↓↓

so50, Ĥ↑↓
so5~Ĥ↓↑

so!†5\V, ~7!

where

\V5^g&qxqy~qy1 iqx!2^gq̂z
2&~qx1 iqy!1^a&~qy1 iqx!.

~8!

g and a are material parameters determining the BIA a
SIA effects, and are position dependent in a quantum w
Thus, we have

^g&5E dzg~z!uc j~z!u2, ~9!

the analogous definition for̂a&, and
0-2
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^gq̂z
2&52E dzc j~z!

d

dz
g~z!

d

dz
c j~z! ~10!

~note the dependence on the subband indexj ). Several
authors43–48 have pointed out the importance of a prop
treatment of the discontinuities at the left and right quant
well interfaces,z5zL,R . Thus, we take

2^gq̂z
2&5E 8

dzc j~z!
d

dz
g~z!

d

dz
c j~z!1GLc j~zL!

1GRc j~zR!, ~11!

where the prime on the integral means that infinitesimal
gions around the interfaces are excluded in the integrat
and the jumpsGL,R are defined as

GL,R5Fg~z!
dc j~z!

dz G
z
L,R
1

2Fg~z!
dc j~z!

dz G
z
L,R
2

. ~12!

A similar treatment is carried out for the jumps in^a&, where
the Rashba coefficienta is given as43,44

a5
d

dz

\2

2m*
F D

3Eg12D
2

~« j2V!~2EgD1D2!

Eg~Eg1D!~3Eg12D!G .
~13!

Here, V5vconf1vH1vxc is the total potential, and thej th
subband energy« j is defined as the energy above the mi
mum of V inside the quantum well (zL,z,zR). We take a
conduction-band offset of 257.6 meV between GaAs a
Al0.3Ga0.7As. All other material parameters determiningg
anda are summarized in Table I.

The two-component Kohn-Sham Eq.~2! thus becomes

S ĥ1vxc \V

\V* ĥ1vxc
D S c i↑

c i↓
D 5EiquuS c i↑

c i↓
D , ~14!

wherei 51,2,3, . . . , andĥ andV are given by Eqs.~3! and
~8!. Equation~14! is solved by the following ansatz:

cs j↑~quu ,z!5
1

A2
w j~z! ~15!

cs j↓~quu ,z!5
s

A2

V*

uVu
w j~z!, ~16!

where we replaced the subband indexi by the pair of indices
$s j%, such thats5(21)i and j 5( i 11)/2 for i odd and j
5 i /2 for i even. In the absence of the off-diagonal terms
Eq. ~14!, i.e., for inversion symmetry and hence spin deg

TABLE I. Material parameters for GaAs and Al0.3Ga0.7As.

Eg ~eV! D ~eV! g ~eV Å3) m*

GaAs 1.519 0.34 24.12 0.067
Al0.3Ga0.7As 1.921 0.322 18.03 0.092
23531
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eracy at eachquu , j simply labels the spin-degenerate pai
ands labels the eigenfunctions within each pair.

w j (z) are the solutions of a spin-independent effectiv
mass Kohn-Sham equation:

F2
d

dz

\2

2m* ~z!

d

dz
1vconf1vH1vxcGw j5« jw j , ~17!

where« j are the energy levels of the associated, doubly
generate, parabolic subbands. The presence of the
diagonal BIA and SIA terms in Eq.~14!, however, lifts the
spin degeneracy forquuÞ0. Ignoring the slight nonparabolic
ity that comes from thez dependence ofm* , we obtain

Es jquu
5« j1

quu
2

2m*
1s\uVu, s561 ~18!

for the energy eigenvalues associated with the soluti
~15!,~16! of Eq. ~14!, wherem* is the GaAs effective mass

Figure 1 shows the conduction-band edge and subb
levels of an asymmetrically doped, 180 Å wide,@001#-grown
GaAs/Al0.3Ga0.7As quantum well. The carrier sheet densi
is taken asNs5831011 cm22, and the same number o
positive donor impurities is evenly distributed betwe
50 Å,z,200 Å, which definesni(z) in Eq. ~4!. It is seen
from the figure that only the lowest subband is occupied

The conduction subband splitting in the same quant
well system was studied before by Jusserandet al.38 using
intrasubband Raman scattering, and theoretically by W
ingeret al.39 using more sophisticated 838 and 14314 band
models. Our results, obtained with the simpler 232 model,
agree very well with these previous works.38,39 We illustrate
in Fig. 2 the splitting of the lowest conduction subband at
Fermi level, whereqF50.02 Å21. There is a pronounced
anisotropy: the spin splitting is 0.34 meV along@100#, 0.23
meV along@110#, and 0.20 meV along@11̄0#.

Figure 3 shows the crystal magnetic fieldsBeff @Eq. ~6!#
for the first and second subband of our quantum well. It c
be seen how magnitude as well as direction ofBeff strongly
depend on the in-plane momentumquu , which illustrates the

FIG. 1. Total potentialV and conduction subband levels« j of an
asymmetrically doped 180 Å GaAs/Al0.3Ga0.7As quantum well,
with electron densityNs5831011 cm22. The dashed line indicate
the conduction-band Fermi level.
0-3
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physical origin of the D’yakonov-Perel’ decoheren
mechanism:20 carriers with different momentum, initially in
phase, precess at different rates, thus losing coherence
our system, it appears as if the crystal magnetic field in
lowest subband is dominated by the Rashba effect, whe
the second~lowest unoccupied! subband is dominated by th
Dresselhaus bulk term.

FIG. 2. Spin splitting at the Fermi level of the lowest conducti
subband of the quantum well from Fig. 1.

FIG. 3. Momentum-dependent crystal magnetic fieldBeff @Eq.
~6!# for the first~a! and second~b! subband of the quantum well o
Fig. 1, for in-plane momentaquu,qF .
23531
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III. INTERSUBBAND SPIN DYNAMICS

A. Formal framework

Having calculated the subband energy levels and enve
functions, we now consider ISB excitations. Formal basis
the linear response theory for the spin-density matrix t
was developed earlier.28 ISB charge and spin plasmon
emerge as solutions of the response equation correspon
to collective CDE’s and SDE’s.

We denote the first-order change of the spin-density m
trix by nss8

(1) (kuu ,z,v), and define mj
(1)5Tr@s j n(1)#, j

50,1,2,3, wheres0 is the 232 unit matrix, ands1 ,s2 ,s3

are the Pauli matrices.m0
(1)5n↑↑

(1)1n↓↓
(1) describes a collec-

tive CDE, andm3
(1)5n↑↑

(1)2n↓↓
(1) is a longitudinal SDE with

respect to thez axis. In terms of this choice of global spi
quantization,m1

(1)5n↑↓
(1)1n↓↑

(1) and m2
(1)5 i @n↑↓

(1)2n↓↑
(1)# ap-

pear as transverse SDE’s~or spin-flip excitations!.
The spin-density-matrix responsenss8

(1) couples to spin-
dependent potentialsvss8

(1) , which we can again combine a
Vj

(1)5Tr@s j v
(1)#. Thus, the CDE couples to an oscillatin

electric field polarized along thez-direction, associated with
V0

(1) . The longitudinal SDE is excited by an oscillating ma
netic field alongz associated withV3

(1) , and the transverse
SDE’s are excited by oscillating magnetic fields alongx and
y, associated withV1

(1) and V2
(1) , respectively. We will dis-

cuss the corresponding selection rules for inelastic light s
tering below.

In terms of these quantities, the linear response equa
takes on the following 434 matrix form:

mj
(1)~kuu ,z,v!5 (

k50

3 E dz8P jk
KS~kuu ,z,z8,v!Vk

(1)~kuu ,z8,v!.

~19!

P jk
KS is the noninteracting~Kohn-Sham! charge-spin respons

function, which was given in Appendix B of Ref. 28. Th
Vk

(1) , in turn, are sums of external perturbations and line
ized Hartree and xc terms:

Vk
(1)~kuu ,z,v!5Vk

ext~kuu ,z,v!

1(
l 50

3 E dz8F2pe* 2

kuu
e2kuuuz2z8udk0d l0

1 f kl
xc~kuu ,z,z8,v!Gml

(1)~kuu ,z8,v!. ~20!

The xc kernelsf kl
xc are given in Appendix A of Ref. 28. Equa

tion ~19! can be rewritten formally exactly as

mj
(1)~kuu ,z,v!5 (

k50

3 E dz8P jk~kuu ,z,z8,v!Vk
ext~kuu ,z8,v!,

~21!
0-4
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which defines the full charge-spin response function

P5
PKS

12PKSFHxc
. ~22!

The elements of the matrixFHxc are given by

Fkl
Hxc~kuu ,z,z8,v!

5
2pe* 2

kuu
e2kuuuz2z8udk0d l01 f kl

xc~kuu ,z,z8,v!. ~23!

The poles ofPKS yield the single-particle excitation spec
trum, whereas the poles ofP are the charge and spin pla
mons.

Experimental observation of ISB plasmons can
achieved with various methods of optical spectroscop49

Consider the following expression:

P̄ jk~kuu ,v!5E dzE dz8zz8P jk~kuu ,z,z8,v!, ~24!

which entails the proper ISB dipole selection rules for int
action of the quantum well carriers with electromagne
waves. CDE’s can be observed using photoabsorp
spectroscopy11–13 or inelastic light scattering31–35 in the so-
calledpolarizedgeometry, with cross sections given in bo
cases by

sc~kuu ,v!;ImP̄00~kuu ,v!. ~25!

SDE’s, on the other hand, are seen with inelastic light s
tering in thedepolarizedgeometry, with cross sections

ss~kuu ,v!;Im (
i , j 51

3

PiP̄ i j ~kuu ,v!Pj* . ~26!

This expression implies orthogonal polarization vectors
the incident and scattered light,eW i ,s , through PW 5eW i3eW s* .
We also note that no definite selection rules exist for in
herent single-particle excitations,50 which thus show up in
both sc andss .

Finite linewidths of collective CDE’s and SDE’s i
weakly disordered systems enter through the structure
P i j : either in the form of phenomenological scattering tim
~which can essentially be put in by hand!, or through micro-
scopic approaches such as the memory-function formalis15

However, in the calculations presented in this paper we h
not included dissipation mechanisms such as impurity, in
face roughness, phonon or electron-electron scattering.

B. Results and Discussion

Figure 4 shows the wave-vector dispersions of the C
and the SDE in our GaAs/Al0.3Ga0.7As quantum well. The
direction of the plasmon wave vector is taken along@100#.
The overall qualitative picture of the ISB plasmon disp
sions is well known.29,30 The shaded region indicates th
particle-hole continuum: if the collective modes enter t
region, they rapidly decay into incoherent single-particle
citations~Landau damping!. The CDE lies above the single
23531
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particle region, and the SDE’s lie below. We mention that
inelastic light scattering experiments, ISB plasmon disp
sions can be measured up to a maximum wave-vector tr
fer of kuu;0.002 Å21, by rotating the sample with respect t
the incident and detected wave vector of the light.35

Despite the presence of the crystal magnetic field~Fig. 3!,
the spin plasmons emerge as distinct collective excitatio
i.e., sharp lines with long lifetimes~limited only by other
scattering mechanisms such as impurities or phonons!. Thus,
the D’yakonov-Perel’ decoherence mechanism does not
rectly affect the spin plasmon lifetimes. However, the crys
magnetic fields cause a broadening of the particle-hole c
tinuum, as evident from its finite width atkuu50 ~a similar
effect would be caused by including band-nonparabolicity41!.
This broadening of the particle-hole continuum has an in
rect effect on the spin plasmon lifetimes, in the sense tha
may slightly enhance the effectiveness of extrinsic or phon
scattering. Note that in our system the plasmon frequen
are comparable to the LO phonon frequency in GaAs~35.6
meV!. In practice, a somewhat wider quantum well may th
be preferable to reduce line broadening due to phonon s
tering.

A much more pronounced signature of the BIA and S
crystal magnetic fields appears in the spin plasmon dis
sions themselves, in the form of a splitting into thr
branches, for finite in-plane wave vector. This is shown
detail in Fig. 5, whereDv denotes the difference of the sp
plasmon frequencies with and without the crystal magne
fields ~in the latter case, the three spin plasmon branche
one longitudinal and two transverse—are identical!. We de-
note the three branches bym1

(1) , muu
(1) , andm2

(1) . The muu
(1)

branch has an essentially flat dispersion, after pass
through an avoided crossing for smallkx . The splitting be-
tweenm1

(1) andm2
(1) is very nearly linear inkuu , and reaches

values of about 0.3 meV shortly before them2
(1) branch en-

ters the particle-hole continuum.
The splitting of the spin plasmon dispersions turns out

be highly anisotropic, as shown in Fig. 6~a! for in-plane
wave vectors of magnitudekuu50.0005 Å21 and different
directions. The radial distance between the three concen
curves represents the splitting betweenm1

(1) , muu
(1) , and

m2
(1) . The splitting is maximal~0.22 meV! along the@110#

FIG. 4. ISB charge and spin plasmon wave-vector dispersion
the quantum well of Fig. 1, forkuu@100#.
0-5
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and @ 1̄1̄0# directions, and minimal~0.06 meV! along @ 1̄10#

and@11̄0#. In the latter cases, we observe an avoided cro
ing between themuu

(1) andm1
(1) branches.

The selection rules for inelastic light scattering, see
~26!, are tied to the polarizations of the three spin plasm
modes. Figures 6~b!–6~d! illustrate the polarization of the
muu

(1) branch for different directions ofkuu , in the case of~b!
both SIA and BIA@which corresponds to Fig. 6~a!#, ~c! SIA
only, and~d! BIA only. In the limiting cases~c! and~d!, muu

(1)

is a linearly polarized, purely in-plane mode, andm1
(1) and

m2
(1) are out-of-plane, circularly polarized modes~the SIA-

FIG. 5. Splitting of the ISB spin plasmon dispersion, f
kuu@100#. Dv denotes the difference of the spin plasmon frequ
cies with and without crystal magnetic fields. The dots indicates
the plasmons enter the particle-hole continuum and become su
to Landau damping.

FIG. 6. ~a! Splitting of the ISB spin plasmon energies as
function of the direction ofkuu for kuu50.0005 Å21, given as the
distance between the inner, middle, and outer curves, represe
the m1

(1) , muu
(1) , andm2

(1) branches. The splitting is maximal~0.22

meV! along @110# and @ 1̄1̄0#, and minimal ~0.06 meV! along

@ 1̄10# and @11̄0#. The polarization of themuu mode for different
directions ofkuu is shown in~b! ~both SIA and BIA!, ~c! ~SIA only!,
and ~d! ~BIA only!. In the latter cases, themuu mode is strictly
in-plane linearly polarized.
23531
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only case was discussed in Ref. 28!. In case~b! where both
SIA and BIA are present, themuu

(1) branch is no longer purely
in-plane linearly polarized, but features some admixture
circular polarization~we only plot the in-plane linearly po
larized component!. This admixture is very small~less than
1%! for most orientations, but becomes substantial in
vicinity of the avoided crossings along@ 1̄10# and @11̄0#.
The other two modes,m1

(1) andm2
(1), are again orthogonal to

muu
(1) , i.e., mostly out-of-plane, circularly polarized.
The splitting at finitekuu between them1

(1) andm2
(1) modes

can be explained by aprecessionin two opposite directions
of the magnetization orientation of the SDE about a unifo
effective magnetic field,DBeff(kuu). In the limiting cases~c!
and ~d! ~SIA and BIA only!, the direction of this effective
field is determined by the difference of the crystal magne
fields of the first and second subband,DBeff(kuu);Beff,2(quu
1kuu)2Beff,1(quu). Case ~b! ~both SIA and BIA! is more
subtle sinceBeff,22Beff,1 now depends on bothkuu andquu . Of
course, a uniformDBeff(kuu) can still bedefinedfrom the
polarization and the splitting of them1

(1) and m2
(1) modes.

Compensating thequu dependence ofBeff,22Beff,1 therefore
requires an additional, quu-dependent contribution to
DBeff(kuu), which is provided by collective~dynamical xc!
effects.

IV. CONCLUSIONS

In this paper, we have studied ISB spin dynamics in
quantum well in the presence of bulk and structural invers
asymmetry~BIA and SIA!. We have found that there is
unique signature of inversion asymmetry and spin-orbit c
pling: the ISB spin plasmons exhibit a threefold splittin
The magnitude of this splitting depends both on the mag
tude and orientation of the in-plane wave vector associa
with the spin plasmons. As a result of the interplay of B
and SIA, we find a pronounced anisotropy of the ISB sp
plasmon splitting. This anisotropy is of a different natu
than the anisotropy that was previously seen in the spin-
Raman spectra of intrasubband spin excitations38 ~see Fig.
2!, since it arises from the difference of the crystal magne
fields of two subbands. Thus, the predicted anisotropic I
spin plasmon spin splitting should be a sensitive test
many-body theories of electronic and spin excitations
semiconductor nanostructures.

Another conclusion of this paper points to the domina
role of collective effects in the ISB dynamics in quantu
wells. It turns out that the D’yakonov-Perel’ decoheren
mechanism is not effective in limiting the lifetime of ISB
spin plasmons, which are expected to be rather long live
the absence of other efficient scattering mechanisms. In
previous paper28 we had come to the same conclusion for t
more specialized case of Rashba splitting only. We ha
therefore, extended that result in this paper to both BIA a
SIA.

To resolve the predicted spin plasmon splitting in a lig
scattering experiment requires quantum wells with very l
intrinsic and extrinsic scattering. In the system studied he
the splitting can reach on the order of;0.4 meV, which is
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comparable to the linewidths of 1ISB charge plasmons
cently observed in wide GaAs/Al0.3Ga0.7As quantum wells,
where the plasmon frequency was below the LO phon
frequency.14 In practice, an asymmetric quantum well su
as in Fig. 1 would require interfaces of the highest poss
quality, since interface roughness scattering is expected t
the dominating line broadening mechanism.15

In materials such as InAs and AlSb, spin-orbit coupli
effects are much stronger than in GaAs. Since this will le
to a more pronounced spin plasmon splitting, experime
observation should be possible under less stringent req
ments for sample quality. However, the 232 conduction-
S.
.

ya
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le
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d
al
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band Hamiltonian used in this paper can no longer be
pected to be accurate enough for InAs or AlSb: for instan
band nonparabolicity will become important. Thus, a mo
detailed treatment of band structure will be needed to pre
the spin plasmon splitting and anisotropy. This will be t
subject of future studies.
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