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Spin-orbit interaction and spin-charge interference in resonant Raman scattering from III-V
semiconductor quantum wells
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Due to the spin-orbit interaction inA3B5 semiconductor quantum wells, the resonant Raman scattering
amplitude from the charge density excitations~CDE! interferes with that from the spin density excitations
~SDE!. This spin-chargecoupling manifests itself in an asymmetry of the non-spin-flip Raman spectrum with
respect to directions of circular polarizations of incident and scattered photons. Consequently, the difference
spectrum obtained by subtracting the spectra taken at reversed polarizations has a band in the region of
single-particle spin conserving transitions. Since CDE are involved, Coulomb screening effects are expected to
have strong influence on the intensity of this band. We have calculated the difference spectrum, taking into
account the long range Coulomb interaction in the random phase approximation. We have found that this
interaction does not destroy the spin-charge coupling. Our calculations suggest that the experimentally ob-
served non-spin-flip band in the Raman difference spectrum of a GaAs/AlGaAs heterostructure serves as an
evidence of the CDE-SDE interference.
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Spin-orbit interaction~SOI! of conduction electrons in
low dimensional III-V semiconductor structures are of mu
interest recently because of the possible spintronic app
tions ~for a review see Ref. 1!. In zinc blende semiconduc
tors, the spin-orbit Hamiltonian derived with thek•p method
has the formh(k)•s. At a given direction of the electron
wave vectork, the electron spins precesses around the ve
tor h~k!, which plays the role of an effective magnetic fiel
This leads to a number of experimentally observed phen
ena, such as the D’yakonov-Perel’ spin relaxation,2 the beat-
ing patterns in Shubnikov–de Haas oscillations,3 and the
specific antilocalization shape of the weak localizati
magnetoresistance.4 In addition, the spin precession, SO
also gives rise to a splittinguh(k)u of the electron conduction
band which can be observed directly in electron Raman s
tra. Such splitting in the low frequency electron Raman sp
trum of ann-type modulation-doped GaAs/AlGaAs quantu
well, observed by Jusserandet al.5,6 gives a valueuh(k)u
.0.4 meV.

In electron Raman scattering the most detectable SO
fects appear in quantum interference phenomena which
be observed with circularly polarized photons. These effe
are seen in difference spectra obtained by subtraction of
man signals measured at reversed polarizations of both
dent and scattered photons. Without SOI one would exp
the difference spectra to be zero in nongyrotropic mater
such asA3B5 semiconductors. In the presence of SOI, t
intensity of difference spectra is produced by the spin-s
interference and the spin-charge interference. The spin-
interference is due to the entanglement of light waves ine
tically scattered from the spin-density fluctuations para
and perpendicular to the quantum well interfaces. This in
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ference gives rise to two bands of opposite signs in the
ference spectrum in the region of spin-flip electronic exci
tions, as predicted theoretically7 and observed in a GaAs
AlGaAs heterostructure.8 The spin-spin coupling appears i
both resonant and non-resonant Raman spectra.9 On the other
hand, the spin-charge interference can be detected only u
a strong resonance condition, when the incident photon
ergy is very close to the transition energy to one of the sp
split states.9 The spin-charge interference produces a th
band in the difference spectrum. This band correspond
single particle excitations in which the spin projection on
the electron momentum is conserved. The energies of S
and CDE of this sort do not differ much, and they can
coupled to each other due to SOI. Consequently, amplitu
of light scattered inelastically from the spin and the cha
fluctuations can interfere.

The difference spectrum due to the spin-charge inter
ence was calculated in Ref. 9 where the Coulomb interac
is ignored. However, the Coulomb effects play an import
role because the charge fluctuations are involved. The C
lomb interaction can screen out the single-particle CDEs,
so can shift their Raman intensity towards collective plas
modes. This screening, however, is not complete for the c
of resonance Raman scattering.10 The purpose of our presen
work is to find out whether the Coulomb interaction c
destroy completely the spin-charge interference, or some
tensity can still remain in the difference spectrum. We w
use the standard random phase approximation11 ~RPA! to
treat the Coulomb screening effect. Our calculations sh
that under certain resonance conditions the band which
mains in the difference spectrum corresponds to the s
conserving single particle transitions. In the Raman diff
©2001 The American Physical Society09-1
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ence spectrum of a GaAs/AlGaAs heterostructure,8 a broad
band in the region of the spin conserving single particle
citations was observed when the incident and the scatt
photons have same circular polarization. This band was
terpreted as an experimental artifact in the original work R
8. However, assuming the same experimental conditions,
theoretical analysis on the spin-charge interference prod
a band in the same frequency range where this band
observed. Therefore, our conclusion is that in the experim
Ref. 8 the spin-charge interference was observed.

We consider a degenerate electron gas in ann-doped
quantum well with the growth direction along thez axis. For
the assumed electron density, the Fermi energy lies in
lowest subband. The Hamiltonian of such an electron sys
can be divided into two parts asH5H(k)1Hso(k), where
k5(kx ,ky) is a two-dimensional electron wave vector. T
first part H(k) describes the electron gas in a rando
d-correlated impurity potential, and the second part is
spin-orbit interactionHso(k)5h(k)•s. The effective mag-
netic field h~k! contains the Dresselhaus12 term hD(k) and
the Rashba13 term hR(k).

Let e(k) be the electron energy in the absence of sp
orbit interaction. The spin-orbit interaction splits this ener
into a ‘‘1 ’’ and a ‘‘2 ’’ subband as

e6~k!5e~k!6 1
2 uh~k!u. ~1!

We will consider the low-frequency Raman scattering
the electronic transitions in the spin-splite6(k) subbands.
We use two sets of notations (vL ,eL ,qL) and (vS ,eS ,qS)
for the frequency, the polarization vector and the wave vec
of the incident~subscriptL) and the scattered~subscriptS)
electromagnetic waves, respectively. In our formulas we
\51. We also defineV5vL-vS as the Stokes shift, and th
two-dimensional vectorq as the projection of the vecto
qL-qS onto thexy plane.

In GaAs based quantum wells with sufficiently high m
bility (105 cm2/V s or higher!, the electron mean elasti
scattering ratete

21 is much less than the Stokes shift, as w
as the energy separation between thee1(k) ande2(k) sub-
bands. In this case, one can neglect the multiple scatte
processes which lead to electron diffusion. Therefore a
the averaging over the impurity positions with the use of
standard perturbation theory,14 the scattering cross sectio
can be written as

W~V,q!5(
m,n

Wnm~V,q!,

Wnm~V,q!}(
k
E

2V

0

dvuRk,k1q
nm ~v!u2@Gk

Rn
~v!2Gk

An
~v!#

3@Gk1q
Rm

~v1V!2Gk1q
Am

~v1V!#, ~2!

where the retarded and advanced averaged Green func

of an electron are Gk
Rn

(v)5@Gk
An

(v)#* 5@v2en(k)
1 iGe#

21 andGe51/2te .
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The Raman scattering tensorRk,k1q
nm in Eq. ~2!, corre-

sponding to the transition from the statek in the nth spin-
split subband to the statek1q in the mth subband, can be
expressed as

Rk,k1q
nm ~v!5gnm~k,v!1(

i , j
Ti j ~q,V!

Vq
i jnm

«~q,V!
, ~3!

where all indicesm, n, i, and j take ‘‘1 ’’ or ‘‘ 2 ’’ for the
spin-split subbands given by Eq.~1!. The first term on the
right-hand side represents the scattering of photon by
electrons. The second term is the first order correction of
screened Coulomb interaction. The RPA results of this c
rection will be analyzed later.

The first termgnm(k,v) corresponds to the Raman sca
tering by noninteracting electrons. In the case of nonreson
scattering when the detuning of the resonance is much la
than the energy separationDk between the heavy and th
light hole subbands,gnm(k,v) was calculated in Ref. 7 and
no interference was found between the Raman scattering
plitudes from SDEs and CDEs. The reason that such in
ference does not appear in the nonresonant case is tha
contributions toW(V,q) from the ‘‘1 ’’ and the ‘‘2 ’’ states
cancel each other.

For the case of strong resonance, when the detunin
much smaller thanDk , the scattering tensor is given by15

gnm~k,v!5g̃mnGh~k2qs ,v2vS!

5
g̃mn

v2vS2eh~k2qs!2 iGh
. ~4!

The resonant denominator of the hole Green functionGh
allows us to tune the resonance with particular electron
hole subbands. Since holes stay deep below the Fermi l
which is chosen as the zero reference energy,Gh is an ad-
vanced Green function. The hole relaxation time isth
5(2Gh)21. Furthermore, since the valence electron energ
are well below the Fermi level, the hole relaxation is det
mined by the inelastic electron-electron scattering and by
phonon emission, rather than by the elastic impurity scat
ing. Hence, it is reasonable to assume that the electron re
ation timete is much longer thanth .

The explicit form of the tensorgnm depends strongly on
which hole subband is in resonance with the incident ligh9

Let us consider the case that the incident light is in resona
with the light hole band. For simplicity, we will ignore mix
ing of the heavy and the light hole subbands. Then, for s
tering by the electron excitations within either the ‘‘1 ’’ or
the ‘‘2 ’’ subband, we have15 g̃115C̃01C̃n,g̃225C̃0

2C̃n, with C̃05(Pcv
2 /6)@eS* •eL13eSz* eLz#,C̃52 i (Pcv

2 /6)
3@2P23Pzez#. HerePcv is the Kane matrix element,16 ez is
a unit vector alongz axis,P5eS* 3eL , andn5h(k)/uh(k)u is
a two-dimensional unit vector.

It is easy to see that when expressed in terms of P
matrices, the linear combinationg̃111g̃22 describes the
spin independent scattering by CDEs, whileg̃112g̃22 is
associated to thez component of the spin-density fluctua
9-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 073309
tions. Hence,C̃0 andC̃ give, respectively, the CDEs and th
SDEs scattering amplitudes. When the scattering cross
tion is calculated according to Eq.~2!, the cross products
C̃0C̃* andC̃0* C̃ correspond to the interference of these a
plitudes. As was shown in Ref. 9, due to the difference
resonance factorGh(k2qs ,v2vS) at v.e1(k f) and atv
.e2(k f), these terms do not cancel each other. It was a
shown9 that this interference contribution can be detected
one takes the difference of the measured Raman peak
V.vf•q for the two cases corresponding to reversing
circular polarizations of the incident and the scattered lig

In Ref. 9 the CDE-SDE interference was investigated
noninteracting electrons. However, it has been shown17 that
the Coulomb interaction shifts a significant part of the R
man intensity from the single particle CDEs aroundV.vf
•q to the collective plasma mode at a much higher f
quency. Therefore, it is important to find out the effect
Coulomb interaction on the interference between the CD
and the SDEs amplitudes. For the case of nonresonant
man scattering, the intensity of the single particle CDE R
man band is dramatically decreased by the Coulomb inte
tion, whereas the intensity of the plasmon mode is enhan
proportionally. So there is almost no single particle CD
amplitude left atV.vf•q to interfere with the SDEs at thi
Stokes shift. Nevertheless, it is not so for resonant Ram
scattering. In this case the Coulomb interaction does
screen out the single particle CDEs, as was explained in
10. An anomalous peak due to single particle excitation
then usually observed in the resonance polarized spect6,8

Hence, it is reasonable to expect that single particle CD
will not be screened out also in the charge-spin interfere
term.

The second term on the right-hand side of Eq.~3! is the
first order correction due to Coulomb interaction. With r
spect to the eigenstate basis of the ‘‘1 ’’ and the ‘‘2 ’’ sub-
band, the Coulomb interaction matrix elementsVq

i jmn , which
are spin independent, have the simple formVq

i jmn

5Vqd i j dmn , whereVq is the two-dimensional Fourier trans
form of the Coulomb potential. The RPA dielectric functio
has the standard form11 «RPA(q,V)512VqPq,V

0 , where
Pq,V

0 is the zero-order polarization propagator. Following t
standard perturbation theory approach, after averaging
impurity positions, we obtain

Ti j ~q,V!5(
k
E

2`

1`

g̃ i j Gh~k2qs ,v2vS!

3Gk1q
i ~v1V!Gk

j ~v!
dv

2p
, ~5!

whereGk
i (v)5@v-e i(k)1 iGesgn(v)#21 is the averaged ca

sual electron Green function. Making use of Eqs.~3!–~5!, the
cross section Eq.~2! is then expressed in terms of the ele
tron and hole Green functions.

We introduce the difference spectrum to study the SD
CDE interference. This spectrum is the difference of t
Raman spectra taken before and after reversing the circ
polarizations of both incident and scattered light. The diff
07330
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ence spectrum consists of two partsD(W111W22) and
D(W211W12). It is easily to see from Eqs.~2!–~5! that

the first part is proportional to Re$C̃0C̃* %, and thus describes
the spin-charge interference atV.v fq. Similarly, the second
term is due to interference of photons inelastically scatte
by in-plane component and by normal component of

SDE. The latter is proportional toC̃3C̃* , and contributes to
the spin-flip bands atV.vfq6uh(k)u.

Although these spin-spin and spin-charge interfere
terms contribute to different Raman bands, it is not easily
extract their respective intensities from experimentally o
served spectra, because three peaks merge in a broad
trum. Fortunately, the backscattering geometry, which is
ten used in Raman scattering experiments, allows
eliminate the spin-flip bands. Let us consider a typical ba
scattering geometry used in the experiment described in
8. The in-plane component of the scattering wave vectoq
5qL2qS is parallel to the@100# direction (x axis! and is
conserved throughout the scattering process. The incid
and scattered waves propagate in thexz plane. Inside the
semiconductor the incident and the scattered beams m
almost the same angle with thez axis, with a small difference
less than 2°. In this case, as shown in Ref. 8, the vectoC̃
3C̃* is very small when the polarizations of the incident a
the scattered photons have equal signs. Using parameter
ues given in Ref. 8, it is easily to prove thatuRe$C̃0C̃* %u
@uC̃3C̃* u. Hence, the spin-charge interference dominate
the difference spectrum obtained by subtracting the Ram
spectrum measured with left polarized incident and scatte
photons from the Raman spectrum measured with right
larized incident and scattered photons. This is exactly
difference spectrum measured experimentally,8 and in the so-
obtained spectrum a broad band was observed arounV
.vfq.

In our numerical calculation of the resonant differen
spectrumD(W111W22), the values of the system param
eters were determined according to the experimental s
and the samples used in the experiments.8,17 The parameter
values areq51.123105 cm21 for the two-dimensional
wave vector,n51.331012 cm22 for the two-dimensional
electron density,Ge50.007 meV corresponding to an ele
tron mobility 1.193106 cm2/V s, andGh510Ge . To dem-
onstrate the essential physics we considered only lineark
Dresselhaus terms of SOI. The addition of cubic terms d
not change the results shown in Fig. 1 qualitatively.

Because of the integration over the angular part of
resonant denominator in Eq.~2!, the single particle peak a
V.vfq is very sensitive to the tuning of the incident ligh
frequency with respect to the transition energy of the sp
split subbands. This effect shows up in Fig. 1 as a dra
change of the resonant difference spectrumD(W11

1W22) when the resonant condition varies. The major co
tribution to the spectrum in Fig. 1 comes from the term
containing screened Coulomb interaction. Therefore,
Coulomb interaction enhances the SDE-CDE interferenc

The collective CDEs peak in the difference spectrum c
be obtained from the plasmon dispersion relati
9-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 073309
Re$«RPA(q,V)%50. The so obtained peak at the frequen
V.4.253vfq lies far outside Fig. 1. In the difference spe
trum this plasmon peak is weak compared to the single
ticle peak. Generally speaking, the variation of the resona
parameter, which is the denominator of the hole Green fu
tion, can change the ratio of the single particle excitat
amplitude to the plasmon amplitude. However, all amp

FIG. 1. Resonant difference spectrum of intraspin-split subb
excitations in a 2D degenerate electron gas. Parameter value
taken as explained in the text. Different curves correspond to
resonance with the ‘‘2’’ spin-split subband~solid curve!, with the
‘‘ 1’’ spin-split subband~dashed curve!, and with the energy in the
middle of ‘‘1 ’’ and ‘‘ 2 ’’ subbands~dotted curve!.
.
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Sc
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tudes are reduced when the incident photon energy dev
from the resonance.

In conclusion we emphasize that the spin-orbit interact
in semiconductor quantum wells with zinc blende crys
structure leads to the coupling of CDEs and SDEs, wh
results in the appearance of an interference term in the
man scattering cross section. Because of this interference
part of the Raman spectrum, which corresponds to elec
transitions within the ‘‘1 ’’ or the ‘‘ 2 ’’ spin-split subband,
becomes asymmetric with respect to a reverse of circ
polarizations of both the incident and the scattered wave.
have calculated the relevant difference spectra taking
account the electron Coulomb interaction. We found that
stead of screening out the interference, the Coulomb inte
tion enhances the CDE-SDE interference. From our anal
it follows that the charge-spin interference can be obser
in the difference spectra measured under the backscatte
geometry with equal circular polarizations of both incide
and scattered photons. Exactly under such experimental
ditions, a broad Raman band has been observed in the
quency range of single particle transitions.8 Consequently,
we suggest that this band is a direct manifestation of
CDE-SDE interference, although further experiments will
helpful for a thorough understanding of these interferen
phenomena.
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