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Abstract. We consider inelastic light scattering by electron excitations in a two-dimensional
electron system, which is induced by the Coulomb coupling between the Fermi sea and the
interband excitons. The distinguishing feature of this mechanism of inelastic light scattering
is a strong enhancement of the intensity in resonance with high two-dimensional subbands.
Such resonant behaviour of the light scattering was observed in recent experiments for a two-
dimensional electron plasma, quantum wires, and dots. In this paper we focus on the effect of
the normal electric field on the intensity of the light scattering. We show that the interference
between various virtual processes leads to the specific electric field dependence of the intensity.
The intensity of the light scattering by charge-density excitations as a function of the normal
electric field has a maximum at non-zero field. This maximum arises from the Coulomb direct
interaction between the polarized exciton and the electron gas. Light scattering by spin-density
excitations is assisted by the exchange interaction, and its intensity decreases with increasing
electric field.

1. Introduction

Inelastic light scattering in semiconductor microstructures with relatively small humbers
of electrons can be observed only under specific interband resonance conditions. In recent
experiments on two-dimensional (2D) electron plasma [1-3], quantum wires, and dots [4, 5],
light scattering by low-frequency intrasubband excitations was observed under conditions of
resonance witthigh 2D subbandsin reference [6], the same resonant behaviour was found

for light scattering by intersubband excitations. This type of resonant light scattering cannot
be described by the use of the usual second-order perturbation theory, which predicts only
resonance with the ground electron subband. To explain the resonant behaviour of the Raman
intensity, the authors of reference [6] discussed third-order optical processes, which are
assisted by the Coulomb interaction. Such processes are strongly enhanced under resonances
with high 2D subbands. Before [6] appeared, third-order Raman processes in doped quantum
wells were considered qualitatively in reference [7]. For bulk semiconductors, the third-
order processes were widely discussed in connection with Raman scattering by optical
phonons [8].

We note that in most cases Raman experiments are performed on GaBGs-AlAs
guantum wells with an internal normal electric field. In this paper, we suggest considering
the effect of the normal electric field on the intensity. The electric field in a quantum
well can arise from asymmetric doping, or can be induced by the voltage applied to a
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metallic gate on the top of a sample. In addition, built-in electric fields can arise in strained
semiconductor layers due to the piezoelectric effect.

In the present paper, we propose a quantitative description for the third-order Raman
processes in a quasi-2D electron plasma of a quantum well in the regime of resonance of
the conduction and valence bands. We focus only on light scattering by low-frequency
intrasubband excitations, and on interband resonances between 2D subbands with equal
numbers. Using model calculations, we show that the electric field dependence of the
intensity reflects the interference between various virtual processes. In a square quantum
well, the main resonant contribution to the intensity can be connected with the Coulomb
exchange interaction. In the presence of an electric field, the exciton forms a dipole, which
strongly interacts with an electron gas, and can create charge-density excitations. Such
Coulomb direct interaction results in a maximum in the electric field dependence of the
intensity of the light scattering by charge-density excitations.
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Figure 1. (a) The second-order scattering process involving two interband optical transitions;
this process is enhanced by resonance with the ground exciton. (b), (c) Third-order scattering
processes, which involve either a photo-excited electron (b) or a hole (c); the interband processes
are optical, while the intraband transitions are induced by the Coulomb interaction. The processes
(b) and (c) are strongly enhanced by resonance with high subbands.

2. Third-order light scattering processes

In this section we intend to consider the processes of light scattering by low-frequency
intrasubband excitations of a quasi-2D electron system under interband resonance conditions.
The second-order optical process corresponds to the diagram shown in figure 1(a), where the
interband transitions between the conduction and valence bands are assisted by incident and
scattered photong ;). The cross section in this case has the resonant fagten - Eg)2

[9], whereE, is the energy of interband resonance involving the ground 2D subbands in the
conduction and valence bands. To include resonances with high 2D subbands, we suggest
considering the diagrams shown in figures 1(b), 1(c). In these diagrams, interband transitions
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are assisted by incident and scattered photons, while intrasubband transitions are induced
by the Coulomb coupling between a photo-excited electron—hole pair (or an exciton) and
the plasma. The first and third virtual processes are optical, while the intermediate virtual
process is assisted by the Coulomb coupling. The two processes shown in figure 1(b), 1(c)
involve either a photo-excited electron or a hole. These diagrams give the main contributions
to the cross section if the photon energy is close to resonance. Also, we assume that the
characteristic energy of the intrasubband excitations much less than the intersubband
spacing2. In this case we have the situation in which both incident and scattered photons
are in resonance with high subbands of a quantum-well system. Usually, the intrasubband
energiesw are of order 2-3 meV, while the intersubband spacihg~ 10-20 meV. If

w K 2, we can consider isolated interband resonance with certain high subbands in the
conduction and valence bands.

To calculate the interband optical matrix elements for a GaAs quantum well, we will use
the Bloch functions of the Kane model. Also, we will consider a simple parabolic model of
the valence band, and resonance with a heavy-hole subband. The envelope wave functions
of the conduction band can be written @§(R) = €P"x¢(z), where R = (r, z) is the
3D coordinate, anet andz are the in-plane and normal coordinates, respectivgly;) is
the size-quantization wave function, ands the number of the 2D subband. The single-
electron wave function, written taking into account the Bloch padj&R)uS (R). Here the
Bloch partu$ (R) = |S)|o), where|S) is the spatially periodic function and) is the spin
function witho = +1/2. The ground subband in the conduction band has the indeX.

The envelope wave functions of the heavy-hole subbands can be written in a similar form:
U (R) = ép""xm (z), wherey, (z) is the size-quantization wave function for a 2D subband
numberedn The total wave function of a heavy hoIelI%(R)u, (R), whereu, (R) are

the Bloch functions with the angular momenta= +3/2. The Bloch functions of heavy
holes in the Kane model arg ; ,(R) = | X +iY)|1)/v/2 andu® 3 ,(R) = | X —iY)|})/v/2.

The cross section of the inelastic light scattering is given by (see [9])

Fo__ 22 € 5y S = Y HEIugs P (Er — By — o) M
aQ da)_a)lc“ma1 @ = T o ) e

whereS(w) is the structure factor, ang, ;) andk, o) are the energies and the wave vectors
of incident (scattered) photons, respectivaely= w; — w; is the energy transfeﬁ?gff is
the effective operator of the light scattering, which describes the transition between the
many-electron initial stat¢/) of the energyE; and the final stat¢F) of the energyEr.
The temperature is assumed to be zero.
In a many-particle system, the matrix elements for the light scattering can be written as

Veff = Z M(Pa of, G,)Cp+k” oy p o; (2)
P.of,0;

where c*a and ¢, , are the creation and annihilation operators for the lowest electron
subband p and o are the 2D electron momentum and the spin, respectively. The
matrix elementM (p, o, 0;) describes a single-particle intrasubband transitjpr;) —
lp + k|, of) in a plasma, wheré;, = ky — ky, is the light momentum transfer parallel to
the layer. To write out the operator (2), we have taken into account the conservation of
the in-plane momentum in a 2D system. In addition, we assume that electrons in the initial
state occupy only the ground subband in the conduction band.

The resonant structure of the cross section depends on the character of the intermediate
states. The intermediate states for the light scattering process can be taken in the form of
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an electron—hole pair, or in the form of an exciton. In the following we will discuss both
cases.

The optical processes shown in figures 1(b), 1(c) are described by a third-order
perturbation theory. As was mentioned above, the equilibrium electron gas occupies the
ground 2D subband, while the photo-excited electron—hole (or the exciton) relates to high
2D subbands. In our approach, the Coulomb interaction between the photo-excited electron—
hole pair (or the exciton) and the electron gas of the ground subband in the conduction band
will be considered in the framework of a perturbation theory. On the other hand, in the
case of the excitonic intermediate states, the Coulomb coupling between an electron and a
hole in the photo-generated exciton will not be treated as a perturbation.

We will calculate the cross section of the light scattering in two steps. In the first step of
our calculations, we will find the matrix elemers( p, oy, 0;) for a non-interacting electron
gas of the ground subband. In the second step, using the matrix eleMepiso,, o;),
we will express the cross section (1) in terms of the correlation functions of an interacting
electron gas. A similar procedure was used before in [9, 10], to describe the second-order
Raman processes in doped semiconductors. This method is based on the assumption that
the Coulomb coupling in the electron gas can be considered as a perturbation.

2.1. Processes involving electron—hole pairs

The matrix elements for the processes shown in figures 1(b), 1(c) can be written as

o (flA2 - P (0T v) (v] Ay - Pli)
Hipon o= Z (Ef — Ev + w)(E: — Ey + w1) )

where|i) and|f) are the initial and final states, respectively; and|v’) are intermediate
statesE; , ., r are the energies of the corresponding states[aimthe Coulomb interaction
potential; A1z are the vector potentials of incident (scattered) photons, zansd the
momentum.

It is convenient to calculate the matrix elements (3) by use of the second-quantization
formalism. As was mentioned above, the matrix elemétiip, o, 0;) describes a single-
electron transition in a non-interacting gas. The initial stgtén equation (3) relates to the
equilibrium non-interacting Fermi gas on the ground subband. The final state in equation
3) should include a single-electron excitation in a plasma and, thus, can be written as
lf) = p+k” (,fcp « ). The interband optical matrix elements in equation (3) involve the
Bloch functions and can be written as

. P TR R ~ .
A -p= j% (xglekez]x by Z a,;km,n,+1/2bq,m,+3/2(61x +ieqy)
q

+ &;rJrle’n’,1/2bq,m,73/2(elx - iely) (4a)

Az p=

*
4 —iko; : r ~ .
j% W€ ) E by _kyym +3/209.n.+1/2(€2c — l€2y)
q

+ l;;r_kzu m, _3/2&q,n,—1/2(62x + ieZy) (4b)

wherea,, ., and bq 432 are the creation operators for electrons of the high subbands
numbered: andm in the conduction and valence bands, respectiv&ly;is the interband

matrix element in the Kane model, aed ande, are the polarizations of the incident and
scattered photons, respectively. The matrix elements (4) are spin dependent, and describe the
allowed interband transitions:’ ; , — u<,, andu’;, — u®,,. The intermediate states
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[v) and |v') include a photo-excited electron—hole pair related to the high 2D subbands
numberedn andm. For example, the intermediate stdte can be written in the form

v) = C’\l;;kl”Yn7il/25q’m,i3/2|l‘). The virtual transition between the intermediate stdtés

and |v') is induced by the Coulomb coupling. In our calculations we take into account
the Coulomb direct and exchange interactions between the photo-excited electron and the
Fermi gas. At the same time, we assume that the photo-excited valence hole is coupled
with the Fermi gas only by Coulomb direct interaction. The exchange interaction between
a valence-band hole and electrons of the conduction band is neglected because such an
interaction involves mixing between the orthogonal short-period Bloch wave functions by
the long-range Coulomb coupling. Thus, we believe that the amplitudes of the interband
exchange interaction include a small parameter proportional to the lattice constant.

To demonstrate the distinctive features of third-order Raman scattering, we now focus on
the case of interband resonances between 2D subbands with the same indices. Such resonant
conditions were used in the experimental work described in [3]. In order to calculate the
third-order matrix element (3), we have to take into account the following facts: (i) all of
the matrix elements in equation (3) conserve the total momentum of the system; and (ii)
the intermediate states in equation (3) can be electron—hole pairs with two possible spin
combinations: (¢ = +1/2,J = +3/2) and (o = —1/2,J = —3/2) (see equation (4)).

Thus, by using equations (3), (4), we find the third-order matrix elements for resonances
with n = m:

2 . _ _qrexc(z _
M(p, Uf,ai) _ PCUBnn Z((elll eZH)[ZUcc(kH) 2Ucv(k\|) UCC (P p)]

2 H (Enn + 152/2“’ - wl)z
i20: exc( >~
oilel x e~2]zUc(,- (p—p) 5, . 5)
(Enn + pz/zﬂ - w1)2 o
whereo; = oy = £1/2, 1/u = 1/m. + 1/m,, m., are the effective masses of electrons

(holes) andE,, is the interband resonance energyy, - ez;) and fe1 x ey] are scalar and
vector products, respectively; the factor

B, = (xy1€7"% | x0) (s 1€ ) (6)
describes the overlap between the electron and hole wave functions. The matrix elements
(5) are spin dependent because of the spin—orbit structure of the valence band. In addition,

one can see from equation (5) that the processes involving the heavy-hole band conserve
the spin. The matrix elements of the Coulomb interaction in equation (5) are given by

U, (k) = // W ()W (2)Ui(z — )W (Z)We(2)) dz dz’

Uey (k) = // V()W (2) Ui (z — 2 ()W) (') dz dz’ 7

Ui(p—p) = // Vo)V, () Up—p(z — 2)W5(2HW, (2) dz de’

where Uy (z — z/) = [(2re?)/(ek)]e ¥=71 is the 2D Fourier transform of the Coulomb
potential. The equations (5) and (7) were written assurtipgg p, wherep ~ py and

pr is the Fermi wave vector. The matrix elemerifs. ., relate to the Coulomb direct
interaction between the photo-excited electron (hole) and the Fermi sea, Uififleis
connected with the exchange interaction in the conduction band. The contributions of the
direct Coulomb interactio®/. .,y in equation (5) have opposite signs because an electron—
hole pair is neutral. We note also that the combinatiGp(k) — U,,(k;) remains finite

in the limit k;, — 0. The spin-dependent and spin-independent terms in equation (5) lead
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to spin- and charge-density excitation spectra, respectively. The spin-dependent term in
equation (5) is induced only by the exchange interaction [6], because the Coulomb direct
interaction does not involve spins. The amplitude of the spin-independent processes (the
first term in equation (5)) includes the combinatio@g. — U.,) — U5, and arises from
both types of the Coulomb interaction. The resonant behaviour of the amplitude can be seen
after taking the integral ovep in equation (5), and it is mostly determined by the function
1/(E,., — w1). We note that all of the qualitative results obtained here are also valid for
resonances with the light-hole and split-off valence bands.

To analyse quantitatively the electric field dependence of the cross section, we consider
the case of the exciton intermediate states.

2.2. Processes involving excitons

It was found experimentally [3, 6] that there are very narrow peaks in the resonant structure
of the cross section. These peaks correspond to the high subband excitons. In order
to model light scattering induced by the Coulomb coupling with excitons, we have to
find the matrix elements (3), taking into account the excitonic character of intermediate
states. The envelope wave function of an exciton can be written in the simplified form
W (Re, Ry) = @FecRecWi (2,) WY (2,)¢ (1, — 7)) [11], where(r,, z.) and (ry, z,) are the
coordinates of an electron and a hole, respectivBly;, = (m.r.+m,r;)/M is the centre-
of-mass coordinate of an excitod = m, + m,, P... in the exciton momentum, and

the indicesnn show the subband numbers. The intermediate sigtén equation (3) is

described now by the following wave function [11]:

|V> = Z¢(q)&;+(m(:/M)k1H’n’i]_/sz7(mv/M)k1H,Vl,:l:3/2|i>
q

where ¢ (¢) is the Fourier transform of the function(r). For the case of excitons, the
interband optical matrix elements are given by equation (4) with an additional factor which,
in the limit k1 2@ < 1, is equal tog (0) [11], wherea is the Bohr radius. The matrix
element of the Coulomb interaction in equation (3) describes a virtual-exciton transition
P,.. - P, — k; with the creation of a single-particle excitatign— p + k), in the
electron plasma. Thus, after calculations we have

)
2 (B wl)z{(elﬂ - eq)[2Ucc (k) — 2Ucy (ki) — Vi (p)]

+ i20i[e1 x €2]. V" (P)}oo; 0 - €

M(p,or,0;) =

Hereo; = oy = £1/2 andE,, is the exciton energy. Equation (8) is written faiz)a < 1.
The matrix element of the exchange interaction between an exciton and a free electron is

Ve (p) = Y MU (q — p). ©)
q

One can see that the resonant enhancement for an excitonic intermediate state is stronger
than that for an electron—hole pair because of the discrete character of the exciton spectrum.
Also, the excitonic character of wave functions results in the additional fg&@ in the
amplitude, and changes the matrix element of the exchange interaction.

3. Discussion

One can see from the expressions M p, o, 0;) (equations (5), (8)) that the electric
field dependence of the amplitude can reflect the interference between virtual channels of
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Figure 2. The electric field dependences of the cross section in a52q0antum well, based
on GaAs, for the interband excitonic resonance with- m = 3; the in-plane momentum is
kj =5x 10* cm™%, the 2D electron density is & 10'* cm~2, and the photon energy is about
1.6 eV. Curves 1 and 2 show the functioag(F) and A;(F), respectively. Curve 3 shows the
overlap factor| B33(F)|2.

Amplitude (a. u.)

0 f 1 1
0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2

F (10*V/cm)

Figure 3. The amplitude of the light scattering by charge-density excitations, and its components
as functions of the normal electric field: curve 1 shows the total amplitgdlg. 2- U.,) — U<,
curves 2 and 3 represent the function®2 — U.,) and —US, respectively. The parameters
are similar to those for figure 2.

scattering. In a square quantum well with infinitely high walls, the wave functigii¥ do

not depend on the effective masses and, consequdrfily; W'. In this case, for interband
resonances with = m, the valueU,. — U,, = 0, and hence the light scattering arises only
from the exchange interaction. Thus, in a square well, the direct-interaction contribution is
absent, and the amplitude is induced by the exchange interaction. The situation is changed
in a normal electric field, when the exciton has a non-zero dipole moment and can induce
charge-density excitations in a Fermi sea due to the direct interaction. Thus, we can expect
that the direct Coulomb interaction contributioti.{ — U.,) can be crucial if the quantum
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well is tilted. These qualitative conclusions are supported by the numerical results shown
in figures 2 and 3. The cross section was calculated for the excitonic resonance with
n =m = 3 in a 200A quantum well. This resonance was observed in reference [3] in the
resonant structure of Raman scattering by 2D plasmons. The exciton wave fugction

is taken in the simplest 2D form [11}¢(r) = a~1(8/m)Y2 exp(—2r/a), wherea is the

Bohr radius of GaAs. The exchange-interaction matrix elements are relatively insensitive to
the value ofa, which was chosen to be 148 The wave functionsl¢® were calculated

for a quantum well with the uniform normal electric fiel||z and infinitely high walls

(no penetration into the barriers). In this simplest model of a quantum wellyfl¥e are
expressed in terms of the Airy functions.

Now we focus on the electric field dependence of the light scattering intensity, which is
determined by the-dependent coefficients in equation (8). The cross section of the light
scattering includes the second power of these coefficients, and will be written down later.
One can see from equation (8) that the intensity of the light scattering by charge-density
excitations (a spin-independent process) is proportional to the factor

A (F) = |BunP2(Uee — Usy) — VE<(p)]?. (10)

The cross section of the spin-dependent light scattering is connected only with the exchange
interaction, and includes the factor

As(F) = |BunP[VE<(p)]. (11)

In these factors we can choope= p;. For typical conditions in experiments, the factors
A, and A; as a function ofF are shown in figure 2. Here we choose back-scattering
geometry withk;, = 5 x 10 cm~t. The change of the wave vectby does not lead to a
major effect on the intensity. Figure 2 shows that the intensity of the light scattering by
charge-density excitations (the functien) is maximal for non-zero electric field, where
the Coulomb direct interaction becomes important. The intensity of the light scattering by
spin-density excitations (the functiofy) is a decreasing function of the electric field. The
decrease of all of the intensities at high electric fields is connected with the overlap factor
| B.n|?, Which rapidly drops with increasing electric field. Figure 3 shows how the direct
and exchange interactions contribute to the amplitddeat various electric fields. One
can see that in low electric fields the exchange-interaction contribution dominates, while
for F > 1.6 x 10 V cm! the direct interaction plays the main role. In addition, we have
calculated the factord, and A, for the case ofi = m = 2 interband resonance. We have
found that these factors for the case where m = 2 are bigger than those far=m = 3
by a few times, but thé'-dependence remains qualitatively similar.

We now turn to the cross section of the light scattering (see equation (1)). Using the
matrix elements (8), we can write the effective operator of the light scattering (2) as a linear
combination of the operators of charge and spin densifig&) = >_, , é,‘;kwép,(, and

osky) =3, , aé;;k”,gé,,.(,. In the next step, we can express the cross section in terms
of the charge- and spin-density correlation functions, which describe the charge- and spin-
density excitation spectra of the light scattering [9]. Thus, using equations (1), (2), (8), we
obtain

P/,$*(0)

S(w) = XE,, — w1)4[(61\| - e2)?AF. (0, k) + [e1 x e2]?A Fy(w, k)] (12)
where F,(w, k) and F;(w, k) are the charge- and spin-density correlation functions,
respectively. Analytic expressions for the correlation functions of a 2D system can be
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found in references [12, 13]:

kwy(k c

w2 k)% — w?
wherew,, (k) \/kT‘ is the 2D plasmon frequency, and is the Fermi velocity.

The intensities related to charge- and spin-density excitations are proportional to the
factors (ey)| - ez))? and fe; x ez]f, respectively. These combinations of the polarization
vectors determine the selection rules of the light scattering [9]. In conventional back-
scattering geometry, the charge- and spin-density excitation spectra can be easily separated
by the use of appropriate combinations of the polarizations of incident and scattered
photons [1, 6].

Usually, the in-plane wave vectay, is much less than/IL, whereL is the quantum-
well width. Thus, the factorsA,, can be taken for zero light momentum, and ihe
dependence of the intensity arises mostly from the correlation funcfipps In the case

of light scattering by plasmons, the intensity becomes proportionaﬁ/fo A strong k-
dependence of the cross section related to 2D plasmons was noted in the experimental work
described in references [1, 3]. Another distinctive feature of this scattering mechanism is the
magnetic field dependence of the intensity. The perpendicular magnetic field can suppress
light scattering, as was observed in the experiment described in [14]. In a high magnetic
field, the matrix element of the operatar(k))) for the inter-Landau-level electron transition

Al =1 is proportional tc; /., wherel is the Landau-level numbel, is the magnetic length,
andkl. < 1. Thus, the cross section is proportional(tg/.)? o« 1/B [15], and decreases

with increasing magnetic field.

One of the first experimental observations of Raman scattering by in-plane electron
excitations [17] relates to GaAs—AlAs heterostructures, in which the spectrum of the valence
band is continuous. The resonant Raman measurements in reference [17] were performed
slightly above the fundamental gap. This resonant behaviour shows that the light scattering
observed in the work described in [17] could be connected with the third-order optical
processes.

The third-order Coulomb-interaction-induced mechanism can also play a role in Raman
studies of electronic quantum dots and wires [4, 5]. This mechanism allows the observation
of resonant Raman scattering in the regime of the laser energies above the fundamental
gap. In this regime, Raman spectra are located far away from intensive photoluminescence
lines. In many particular cases, the lateral size of a microstructure is much greater than
the quantum-well width, and so the lateral confinement essentially does not change the
structure of the interband resonances in the system. In this case we can use the results
of the present paper, which were obtained for a 2D system. For example, we can apply
our results to the case of relatively wide electron wires, where the single-electron spectrum
and interband resonances are mostly similar to those in a quantum well. At the same time,
the plasmon spectrum in such wires can be strongly modified, and can consist of confined
modes [16]. To describe the light scattering in this case, we can use equation (12) with a
modified correlation function, which includes a setefunctions due to the confined-mode
structure of the plasmon spectrum.

In conclusion, we have discussed tkedependent mechanism of light scattering,
which can be responsible for the resonant structure of light scattering observed in recent
experiments. The mechanism is assisted by Coulomb interaction in intermediate states, and
is enhanced by resonances with high 2D subbands. The intensity of the light scattering
depends in a specific way on the internal electric field in a quantum well, because of the
interference between virtual processes. In the case of light scattering by charge-density
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excitations, the intensity is maximal in the non-zero electric field when the Raman process
is induced by the interaction between the dipole moment of an exciton and the electron gas.
The amplitude of light scattering by spin-density excitations is proportional to the matrix
element of the Coulomb exchange interaction, and is maximal at zero electric field.
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