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Polaron effect in resonant Raman scattering from quantum wells in a high
magnetic field: Decompensation of electron and hole contributions
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In the framework of a simple model we show that there is no compensation of electron and hole
contributions to the intensity of one-phonon resonant Raman scattering in the range of parameters
where the incoming or outgoing resonances are split by the Frohlich electron-phonon interaction
(magnetopolaron region). The difference in the penetration of electron and hole wave functions into
the barrier, usually assumed to account for the nonzero value of the one-phonon scattering intensity,
can be considered as a competing (or complementing) mechanism in the magnetopolaron range,
depending on the parameters of the quantum-well structure.

The longstanding interest in the magnetopolaron ef-
fect (see, for example, Refs. 1-4) reflects both the dif-
ficulties in its theoretical treatment and its appearance
in various experimental investigations. Among others,
optical methods have been used to study this effect in
semiconductor materials. The splitting of the electronic
excitations in the range of resonant polaron coupling in a
high magnetic field was observed in the spectra of absorp-
tion and reflection in bulk samples of TIBr.5 Similar ef-
fects have been studied in the magnetoabsorption of bulk
GaAs and CdTe (Refs. 6 and 7) and in InP by Raman
spectroscopy.® Theoretical models of various types were
applied to the difficult problem of the calculation of elec-
tronic excitation spectra in the presence of the polaron
effect.49:10 Inclusion of the polaron effect in calculations
of the Raman efficiency leads to even stronger difficulties.

The polaron splitting of resonances in the two-phonon
Raman scattering from a quantum well in a high mag-
netic field has been considered in Ref. 11. The case
of one-phonon scattering via the states of uncorrelated
electron-hole pairs has a particular feature which makes
it different from multiphonon scattering: under condi-
tions of negligible polaron coupling for Frohlich interac-
tion the amplitude of the process in the dipole approxi-
mation (i.e., when the wave vector of the phonon is zero)
vanishes because of the compensation of the electron and
hole contributions. One-phonon resonant Raman scat-
tering in quantum wells was recently studied in Refs. 12
and 13 in the range of resonant polaron coupling between
two Landau levels. It was assumed that the electron and
hole contributions to the scattering amplitude differ only
in sign and a nonzero value of the scattering efficiency is
due to the different penetration of the electron and hole
wave functions into the barrier. With this assumption,
which is generally not correct, the electron contribution
to the amplitude was investigated.

In this paper we use a simple model based on the
effective-mass approximation to show that in the limit
of infinite barriers (complete confinement of the electron
and hole wave functions in the well) and in the range of
resonant polaron coupling for electrons (or for holes) the
electron and hole contributions to the amplitude do not
compensate each other (they do without polaron cou-
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pling). The decompensation is induced by the polaron
effect and takes place in the range of magnetic fields and
laser frequencies securing the resonant coupling of the
Landau levels via electron-phonon interaction and either
incoming or outgoing resonance for optic transitions. Out
of this range, however, the decompensation is negligible.

The efficiency of Raman scattering in a general
form141% is given by

d?8/dQ dws = (wWiwi/c*)[n(ws)/n(wi)]etaespeiveirSarysr,
(1)

where  is the solid angle, ¢ the velocity of light in vac-
uum, n(w) the refractive index, e; (e;) the polarization
vector, w; (ws) the frequency for incident (scattered) ra-
diation, and S,~px the light-scattering tensor of fourth
rank. The general version of the diagrammatic technique
for calculating S, has been developed in Refs. 14 and
15. We consider the scattering by optical phonons in a
single quantum well with completely confined electron
and hole wave functions. The nonrenormalized wave
functions for electrons and holes in a high magnetic field
at the Landau gauge are given by

U Nk, = lexp(ikyy)/v/Lylun(x — 2k, )on (2)v0(r), (2)

where L; L, is the area of a quantum well and N (n) is the
number of the size-quantized (Landau) level. The wave
function of a one-dimensional oscillator in the Landau
sublevel with quantum number n is given by

Un(x) = (Mewe/7h)/* (1/+/n) exp (—mwe/thz)
x Hp (w\/m) (3)

with the Hermite polynomials Hy(Z), we(n) = eH/mepn)c
being the cyclotron frequency and me) the effective
mass of the electron and the hole. The wave functions
for electron and hole states in the well are

wn(z) = +/2/acosmNz/a, N =1,3,5,.., (4)

pn(z) = y/2/asinTtNz/a,

where a is the well width and z lies within the inter-
val —a/2 < z < +a/2. The position of the oscillator

N =2,4,6,.., (5)
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center for electrons and holes is equal to zx, = :Fl%{ky,
respectively, lg = (/hc/eH being the magnetic length
and vg(r) the Bloch function.

For the one-phonon Raman process in the dipole ap-
proximation (or in the backscattering configuration) the
in-plane component of the phonon wave vector is equal to
zero (as shown below), thus avoiding the question of the
in-plane dispersion of the Raman phonon and contribu-
tion to the scattering amplitude from interface modes.
We also assume the broadening of the phonon states
to be negligible. Under these approximations the light-
scattering tensor can be written in terms of the amplitude
as

Saver = Z [Aar (g2) Apa(gz)/ VohPwiw?
9z
x6[wi — ws — wro(gz)], (6)

where Vj is the normalization volume and A,,(g;) the
one-phonon scattering amplitude as a function of the
quantized wave vector g, = 7wm/a for confined LO
phonons.

The two diagrams contributing to the one-phonon scat-
tering amplitude are shown in Figs. 1(a) and 1(b). The
full (open) circles correspond to the electron and hole
interaction with confined LO phonons (photons). The
dashed (wavy) lines are for photons (phonons) and the
upper (lower) solid lines for electrons (holes). One must
take into account the fact that the electron and the hole
should be excited in the states with the same quantized
subband index N and Landau levels n in both diagrams
for scattering amplitude in Figs. 1(a) and 1(b). There
is no constraint on the value of the z component of the
Raman phonon wave vector.

To calculate the scattering amplitude we need the elec-
tron Ge(N,n;w) and hole Gr(N,n;w) Green functions
for confined states which are given by

Ge(N,njw) = [w—wi — (n+ %)we — 2N, n;w) +iv./2) 7,
(7)
Gh(N,nsw) = [ w—wh — (n+ Dwn —wg — =MV, n;w)

+i’7h/2]_1, (8)

He-ph = 2{ >

qL,m=1,35,...

DY

qL,m=2,4,6,...

where
Cq = Fihwro(@maenylye(ny/ Vo) *(1/lpe(nya),

_1\(m+1)/2 wmz) (_a__
[( 1) sin (—a + exp )

_q\ym/2 wmz)_ ( aql
[( 1) cos( ” exp 5
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FIG. 1. The diagrams for electron (a) and hole (b) contri-
butions into the amplitude of the one-phonon resonant Raman
scattering from a quantum well in a high magnetic field. The
bold lines for the electron Green functions take into account
the renormalization with the self-energy diagram (c) shown
at the bottom.

where w§, (w) is the size-quantized energy of the elec-
tron (hole) and Awg the energy gap. The self-energy
Z(N, n;w) accounts for polaron coupling. Although only
confined optical modes contribute to the one-phonon am-
plitude in the backscattering configuration, the interac-
tion with interface modes can be important for the renor-
malization of the intermediate electronic states. Here we
assume that the polaron coupling is only produced by
confined phonons and neglect by interface phonons. This
approximation should be quantitatively correct for thick
layers (see Refs. 16 and 17).

To evaluate the expression for electron (hole) -LO-
phonon vertices we take the Hamiltonian for Frohlich
electron-phonon interaction based on the hydrodynamic
model for confined optical vibrations'® in the form of!®

) cosh (QJ_Z)] }[Cqbq exp (iqiry) + C;bL exp (—iqiry)], (9)

lpetny = V/ 1/2menywro, (10)

g = /4% + (mm/a)?, c is the Frohlich electron-phonon coupling constant and b, (bq) the phonon creation (annihila-
tion) operator. The upper (lower) sign corresponds to the electrons (holes). Although the values o and [, are different
for electrons and holes, the interaction Cy differs only in sign.

The matrix elements of the Hamiltonian of Eq. (9) evaluated between the wave functions of Eq. (2) are different from
zero only for m-even confined modes because of the aforementioned selection rules for size-quantized levels number
N which allow the excitation of electrons and holes with the same N in the interband optical transitions. For even
m we obtain for transitions involving one confined LO phonon:

R:Lnnly(kyv 9z, Qy) = (N! n,’ k;/‘He‘Ph|N’ n, k‘y)

= +(4/m)Cybk, ki +ay P [Filiz (ky — ay/2)] Knn (Hlrgy, —lr¢z)®(Irgr, m, N), (11)
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Kpn(p) = \/min(n!,n’!)/max(n!,n’!)i"‘_"’I e)(p(—-p2/4)(p/\/§)|"_"'I exp [z(¢ —7/2)(n — n')] L;i_n?:»,n') (p2/2) , (12)

where p is a two-dimensional in-plane wave vector written in polar coordinates p =

\/ Pz + pgzp ¢ = arctan(py/ps),

and L7 (x) is the Laguerre polynomial. The function K, ./ (p) is independent of the Landau number for n = n’ and
p — 0. After integration over the z coordinate within the quantum well we found

®(lgqL,m,N) = -z [%6111,21\/ + exp (—9%-) sinh ((—lq—L-

2 2

where N =1,2,3,... and m = 2,4,6, ....

The transverse component for the Raman phonon wave
vector (see Fig. 1) must be equal to zero as follows from
Eq. (11) (which gives g, = 0 for k, = k;) and from the
sum over k, applied to the same equation which gives
gz =0. Taking into account that K, ,(0) = 1 and eval-
uating the integral in Eq. (13) for ¢, = 0 we find finally
for the vertex of the electron (hole) -phonon interaction
related to the Raman phonon

> BTN (ky,0,0) = FC;, (LaLy/271%) [bm 2 + 2] (14)
ky

with the upper (lower) sign for electrons (holes). Note
that Eq. (14) is independent of n.

From now on we consider the range of laser frequen-
cies which corresponds to either the incoming or the
outgoing resonance for scattering via the state of an
electron-hole pair with size-quantized level number N
and Landau number n and neglect optical transitions
to any other state in the well. It is also assumed that
the strength of the magnetic field ensures resonant cou-
pling of the electron state N,n with the electron state
N,n’/ through electron-phonon interaction (magnetopo-
laron region). This implies that the following condition
approximately holds:

wro = (n — n')we. (15)

The Green function for electrons is taken to be the
solution of the Dyson equation with the self-energy
E(N,n;w) calculated in the lowest approximation with
the diagram shown in Fig. 1(c). For this calculation
we restrict ourselves to the resonant electron transition
N,n — N,n’, assuming that the broadening of the elec-
tron state N,n' is determined by some other scattering
mechanism which is approximated here by the constant
J

a’Q-L/2 )] , (13)

1
) (GQL/Q T TNz (aq1/2)?

[
value §/2,10 a reasonable assumption provided the energy

of the electron in the state N, n’ is not enough for emis-
sion of LO phonons. Note that unequal effective masses
guarantee the separation in magnetic field of polaron res-
onances for electrons and holes, allowing us to neglect the
polaron effect for holes.

Evaluating the equation for the electron self-energy in
the usual way we obtain

= £(gz)
E(N,njw) = —,
( ) %:w——wLo(qz)—wi,—(n’+%)we+zé/2
(16)
321
£(g:) = a5 2lhwro(g:))?
n [ e *gm [LZ,‘"’ (@))]*@*(x, m, N)
x—// dz e 2; , (17)
0 qzlE

where z = %,¢% /2. After substitution of Egs. (16) and
(17) into Eq. (7) the renormalized electron Green func-
tion [bold lines in Figs. 1(a) and 1(b)] reads

G(N,n;w) = (w = p)/[w — wi(e)][w — w2(e)], (18)

where the two renormalized poles w; and wy correspond-
ing to the new excitation branches are

wiz(e) = (p+9)/2x[a—-p)/2? +e (19)
with

p=wro(gz) + wi + (0’ + 3we — i6/2, (20)
ive/2. (21)

We calculate the two contributions to the scattering
amplitude using the renormalized Green functions:

q:wleV"'(n""%)we_

z — w2(0) — wro(gx) (22)

AC ( ) _ _(i)z LzLy C;;pcvapzv'y[ém,zN + 2] [w - ‘U2(0)]
)= "\ o) 2Rl [z — w1 (e)lle — wi(e) — wro(a:)] @ — w2(e)][@ — wa () — wro(@:)]’
h __ () Lely «

Ay (a:) = (mo) onhiZ, CarPevaPeur [bman +2]

z — w2(0)

8 (wm(qz)[x o (e)[z — w2(e)]
where

T=w —wy —wh — (n+ 3wn + ivn/2.

z = ws(0) — wro(g:) ) , (23)

wLo(gz)[* — wi(e) — wro(gz)][z — wa(e) — wro(gz)]

(24)

It follows from Egs. (22) and (23) that the electron and the hole contributions to the amplitude do not compensate
each other exactly in the range of resonant coupling for Landau levels of the electron (or hole) states. Total compen-
sation takes place only in the limit of ¢ = 0. Adding Eqs. (22) and (23) and using Eq. (1) we obtain for the efficiency
of resonant scattering by confined optical phonon g, via the state of the electron-hole pair with quantum numbers
N7 n7

5(gz) = S0(4:)&%(4z) /& — 01 (&) *|& — @2(&)*|& — @1(8) — 11°|& — @a(€) — 1)7, (25)
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where T 2] T
So(gz) = (ws/wi)[n(ws)/n(w)][Pever|2Ipeves (€% /moc?)? S

X [dwdo(alp) /o (@:)m*m? k) 6man + 22, (26) ="

All variables with tildes are taken in units of wr,0(g;)-
To compare the total scattered intensity of Eq. (25)
[diagrams (a) and (b) in Fig. 1] with the separate con-
tribution of the electron part [diagram (a) in Fig. 1] we
evaluate the value t = S(q,)/S¢(q,) as a function of the
Frohlich constant a. Using Eq. (22) for calculating S¢(g;)
we obtain
t~e?/|lz — wa(0)*|z — w2(0) — wro(gz)l™. (27)

For split incoming resonance corresponding to the ex-
citation of an electron in the vicinity of the anticrossing
point [defined by (n + )we = wLo(gz) + (0 + 3)we, ie.,
p ~ q] we have [T — w2(0)] ~ y/awro. Using as a rough
estimation of Eq. (17) € ~ aw?y we thus find ¢t ~ a.
For laser frequencies and magnetic fields corresponding
to the resonant excitation of the electron away from the
anticrossing the value [z — w2 (0)] rapidly increases; this
leads to a strong decrease in t. The same arguments can
be applied for outgoing resonance.

In Fig. 2 we show the results of calculations for the
dimensionless cross section S(g.)/So(g,) as function of
the magnetic field for effective masses of electrons and
heavy holes corresponding to GaAs m, = 0.068mg, mp =
0.49my, for e = y» = § = 0.02wr,0 and € = 0.001w,.
The set of curves illustrate the splitting of the incom-
ing resonance for the electron-hole pair state in the Lan-
dau level n = 2 (n/ = 0) at (W — wy — w§ — W) =
1.325,1.375,1.425,1.475,1.525w,0 in the range of mag-
netic fields where we ~ wro/2. Similar results can be
obtained for the outgoing resonance, i.e., for laser fre-
quencies one LO-phonon frequency higher than the one
of Fig. 2.

To summarize, we have shown that the amplitude of
the one-phonon resonant Raman scattering in quantum
wells under a high magnetic field for Frohlich interaction
has a finite value in the range of resonant polaron cou-
pling for electrons or for holes even in the case of infinite
barriers and shows the split incoming and outgoing reso-

S(q2)/Se(a) (arb.units)

8.00 10.00 12.00 14.00

Magnetic Field (Tesla)

FIG. 2. The results of calculations for dimensionless value
S(g2)/So(g;) as function of the magnetic field in the range of
polaron splitting of the incoming resonance for five values
of the laser frequency (the numbers attached to the various
curves represent the value of w; — wy — wg — wh in units of
wLO)-

nances as a function of laser frequency and magnetic field.
The contribution to decompensation resulting from the
different penetration of electron and hole wave functions
into the barrier should be compared with decompensa-
tion induced by the polaron effect taking into account
parameters of the quantum-well structure. For heavy
holes in GaAs both effects add because of the smaller
penetration of the hole wave functions into the barrier
(the difference in the penetration for electrons and heavy
holes is mainly determined by the masses whereas the
difference in the barrier energy results in a smaller ef-
fect). In the case of light holes the penetration difference
is dominated by barriers and the two contributions sub-
tract.
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