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We investigated the renormalization of the energy spectrum of an
electron in a flat semiconductor nanoheterostructure with a rect-
angular quantum well of finite depth due to its interaction with
optical polarization phonons. The analytical form of the mass op-
erator with regard for two-phonon processes of the electron-phonon
interaction at T'= 0 K is obtained in the framework of the Green
function method. The corrections to the main-band bottom energy
of an electron and positions of the first phonon replicas induced
by its interaction with confined, half-space, and interface phonons
are calculated.

1. Introduction

The perspective to create modern electron-optical de-
vices based on semiconductor nanoheterosystems (quan-
tum wells (QW), dots, and wires) stimulates active
searches for technologies of producing such systems and
studies of their properties [1-5]. To a large degree,
physical properties of nanosystems are determined by
the structure of the energy spectrum of electrons and
phonons, as well as by the efficiency of their interaction.
They essentially depend on the spatial dimension of a
nanosystem and external conditions. Thus, the study
of regularities of the renormalization of the energy spec-
trum of electrons in nanosystems due to their interac-
tion with phonons remains an urgent problem of both
fundamental and applied investigations in the physics of
low-dimensional systems.

Theoretical investigations of electron spectra in
flat semiconductor nanoheterostructures with QWs
(nanofilms, NF) with regard for their interaction with
phonons are usually performed in the one-phonon ap-
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proximation [6-11]. However, as is known from the the-
ory of electron-phonon interaction (EPI) in bulky crys-
tals, such an interaction can result in the appearance
of bound states that manifest themselves as satellites of
the fundamental band of the Raman spectrum (phonon
replicas). Thus, there arises a need for the EPI theory
in low-dimensional systems that would be able to consis-
tently describe a wide energy range including the region
of phonon replicas. Naturally, this theory must take into
account multiphonon processes.

In the case of low concentrations of quasiparticles in
a nanosystem, the problem of renormalization of the
spectrum in a wide energy range is solved by the Green
function method with the use of the Feynman—Pines di-
agram technique [13,14]. However, the problem consists
in the fact that, in order to take multiphonon EPI pro-
cesses into account, one must find the total mass op-
erator (MO) of electrons that has a form of an infinite
series of diagrams with all possible types and numbers of
phonon lines. In the model of dispersion-free phonons,
the sum of such a series can be obtained by means of the
partial summation of the infinite series of diagrams with
a fixed maximal number of virtual phonons in all orders
relative to the coupling constant [15]. This procedure
results in the integral-functional representation of the
electron MO, whose practical use in specific problems
represents an extremely complicated task.

This work aims at the adaptation of the integral-
functional representation of the MO obtained in the gen-
eral form in [15] to the calculation of the electron spec-
trum in NFs renormalized by EPI with regard for two-
phonon processes. The solution of this problem allowed
one to calculate, for the first time, the energy of the elec-
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tron main-band bottom renormalized by EPI with all
types of polarization optical phonons and gave a possi-
bility to establish the position of bound electron-phonon
states in NFs.

2. Hamiltonian of the Electron-Phonon System
in a Flat Nanofilm. Renormalization of the
Electron Spectrum at T =0 K

Let us consider a flat nanofilm — a semiconductor with
width a (medium “0”) placed into an external semicon-
ductor medium (“1”) with a wider band-gap energy. The
states of the electron system will be described in the
effective-mass approximation, while those of the phonon
one within the model of dielectric continuum. The fur-
ther calculations are performed under the assumption
about the nondegeneracy and the isotropy of the elec-
tron energy spectrum using the model of finite-depth
rectangular QW.

Thus, in the coordinate system with the origin in the
middle of the film and the XOY plane parallel to its sur-
face, the effective mass m and the restricting potential
V' of an electron and the permittivity € of the medium,
where it is located, are supposed to be some known func-
tions of the z-th component of the quasiparticle’s radius-

vector:
0) 0 < a.

mo, ey, y 1R > 55
me) = { o) = { S v = {54

my,

The Hamiltonians of free electrons and phonons for
such a model are obtained in [6-8]; the EPI Hamilto-
nian in the representation of occupation numbers over
all variables of the system is also known [11].

In order to avoid too cumbersome mathematical cal-
culations, we restrict ourselves to the consideration of
the nanofilm with such a width, at which there exists
the only electron band in the QW with the energy

h2k?
om’

E(k)=E +

where k = (k;, ky) is the two-dimensional quasimomen-
tum of an electron. In this case, the Hamiltonian of the
electron-phonon system in the representation of occupa-
tion numbers over all variables has the form

ﬁ:ﬁe+ﬁph+ﬁ6_ph, (1)

where

H. =Y E(k)af i (2)
k
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is the electron Hamiltonian;

]ffph = HLO + ]EILl + ]f[] = ZQ()(IA);\r’qB,\,q +1/2)+
Aa

+ Z Ql(l;zz,qgmq + 1/2) + Z Qmp(i’;p,qgmp,q + 1/2)
q1,9 o,p,4
3)

is the Hamiltonian of the system of polarization phonons
in a nanoheterosystem: confined in the QW (L), whose
states differ in values of the transverse component of the
quasimomentum gy = Aw/a, where A = 1, 2, ..., N =
int(a/ap), ag is the lattice constant of medium “0”; half-
confined (Lq) in the barrier medium, and interface ones
(I,p) — symmetric (0 = s) and antisymmetric (o = a),
high- (p = +) and low-energy (p = —) [6-8];

He—ph = ﬁe—LO + I:[e—Ll + f{e—fop =

Z FH (q)dli—+q&kBuq (4)

k,q,p

is the Hamiltonian of the electron interaction with all
branches of optical polarization phonons in the QW
(w0 = Lo, L1, Ip+). Here, g = (¢z,qy) stands for the
longitudinal quasimomentum of a phonon in a nanofilm;
the rest of the notations are typical and are given in [11]
together with the explicit form of the coupling functions
Fl(a).

According to the Green function theory [13,14], the
electron spectrum at 7' = 0 K renormalized due to EPI is
determined by the Fourier transform of the Green func-
tion

1

k) = 3w MR )

where M (w, k) is the total MO [14, 15].

Taking into account the weakness of the electron-
phonon coupling, we keep only the part of the total MO
[15] describing two-phonon processes of electron scatter-
ing from the main band under the interaction with all
phonon branches in a nanofilm [11]: confined, half-space,
and symmetric interface (high- and low-energy) ones

M(w,k) =

[Fu(a)?
(k+q)? = Q, — Ma(w,k+q)’

D Sy ©

2
JZX- 2mo
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2|, (a1)]?

11,91 - E- (k+q+q1) - _Q/“
q —d % mpn p=Ly
a Qu, mpu p=Ig;

(I =0, 1; and Q4 are the averaged energies of symmetric
interface phonons).

Passing in (7) from the summation over the vector q
to the integration over the variables (q1, ) of the polar
coordinate system at k = 0, one obtains

gmax

32 |

w q Q1|Fu1 Q1)| dg x

dp | (®)

hwo = E = g(a+ an)? = O — Qu,

The integral over the variable ¢ can be taken accu-
rately, which results in the function

h2
Sy (W, ¢, q1) = —27{ [hw -F- %(qz + CI%)_

~1/2
hqq: ?
— 9
e )
Using the explicit form of the EPI functions, one can put
down

_Q# - Q#l

Qr,
CZ{ WS(OL

N 7/ao
XY (AX))?
/

Jro.u(w, ¢, q1)q1dqy

i+ (Ar/a)?
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0
where
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¢= . a2 20 O O
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0a 1a
e (q) = eQ[1 = (—1)' exp(—qa)];
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I(q) = : 11
(q) / Dk + a0

ko = \/2moE /h, k1 = \/2m1(V — E)/h,

while X and fs(q) are the functions given in [11] that
depend on the NF thickness a and the transverse com-
ponent of the electron quasimomentum k; in medium [
(I =0, 1) present in the corresponding coupling function.
In particular, within the used model,

1= (-1 1 cos(koa)
Xa= 2 {(M)Q (Am)2 — (Qkoa)2}

fs(q) =

1 + exp(—qa) | 2cos?(koa/2)
a 2k1 +q

+ih (£ ){qcos(k:oa)_’_l}_i_

2k sin(koa)
4 +q* ¢ '

4k3 + ¢?

One should also take into account that the main con-
tribution into the MO is made by states with small val-
ues of the quasimomentum [11], whereas function (9) has
partial derivatives of arbitrary order. Expanding it into
a series and keeping the terms of the second and lower
order, we integrate (10) over ¢; and obtain

Ma(w,q) = MY (w) + M§® (w)g?, (12)
where
M () = — 2moa Z &i YO (w)+

o W) = hg (0) — )\;L
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and it is set
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With the use of these notations, the total MO takes
the form

Qpnsp(w) 1
) =t P?/(2mo) + M2(2)(w) b/ (qao/m)*nsp(w) — 1 -

f2(q)dq N
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Nu(w) =

. — 4 @0, mpnp = Lo, Loy
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The position of the electron main-band bottom renor-
malized by EPI in a nanofilm is determined by the state
density

ImM (w)
[iw — E — ReM (w)]? + [ImM (w)]?"
In the region hw < F, it can be found from the equation
hw—E = M(w). (16)

Above the band bottom, the components of the two-
phonon MO Mj(w, q) can take on complex values, while
the ranges of real values for each of them are different.
The total MO M (w) becomes, respectively, complex as
well. Separating its real and imaginary parts, one can
find the density of bound electron-phonon states g(w).

g(w) = (15)
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3. Results and Discussion

Our calculations were performed for a $-HgS nanofilm
surrounded by bulky medium (-CdS with the use of the
parameters of the system given in [11].

Figure 1,a shows the spectral dependences of the
real and imaginary parts of the MO calculated in the
one-phonon (dashed lines) and two-phonon (solid lines)
approximations for a nanofilm 2.34 nm in thickness
(N = 4). One can see that the shift of the main-
band bottom (A(?) = —0.371Q0) determined in the two-
phonon approximation exceeds the corresponding value
(AM = —0.321Q) obtained with the use of the one-
phonon one. The imaginary parts of the MO differ in
positions and heights of the peaks as well.

The energy dependences of the bound state density
calculated in the both approximations are presented in
Fig. 1,b,c. The delta-like peak and local maxima of the
curve g(w) determine the positions of the band bottom
and first-order phonon replicas, respectively.

In the framework of the one-phonon approximation,
replicas related to each of the phonon branches are de-
termined by the energy of a corresponding phonon €,,,
whereas the band bottom shifts to the long-wavelength
region by the distance A(Y). As a result, each phonon
replica appears at the distance |A(!)| +€,, from the band
bottom, which exceeds the energy of the corresponding
phonon.

Refining the position of the band bottom, the two-
phonon approximation determines the energies of bound
electron-phonon states renormalized by the interaction
with phonons. According to the performed calculations,
the shift of each peak of the state density correspond-
ing to a certain phonon replica exceeds the shift incre-
ment of the band bottom AM — A That is why the
distance of each phonon replica from the band bottom
decreases, by approaching the value of €2,. This fact is
illustrated by Fig. 1,b, where the dashed line shows the
peak of the phonon replica I determined in the two-
phonon approximation with regard for the interaction
exclusively with the high-energy branch of symmetric
interface phonons. The shifts of the peaks correspond-
ing to other branches are similar though much smaller
in magnitude.

The use of the two-phonon MO with regard for the
interaction of an electron with all phonon branches in a
nanofilm results in the fact that the state density (thick
solid line in Fig. 1,b differs from the simple superposition
of its partial components, one of which (I4) is shown by
the dashed line. One can see that the mutual influence of
different branches of the phonon spectrum in a nanofilm
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Fig. 1. Spectral dependences of the real and imaginary parts of
the mass operator in the one- (dashed lines) and two-phonon (solid
lines) approximations (a) and bound state densities in the one-
(thin lines) and two-phonon (thick lines) approximations (b, ¢)
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manifests itself in a nonlinear shift of the maxima and
the widening of each peak of the function g(w). The
latter fact testifies to a decrease of the lifetime of the
corresponding bound state due to the interaction with
all phonon branches in a nanofilm.

Figure 1,c presents the results of similar calculations
performed for a nanofilm of larger width (3.51 nm,
N = 6). One can see that the positions of the elec-
tron main-band bottom and phonon replicas depend on
the thickness of the nanofilm: its increase results in the
growth of the state density related to confined phonons
and a decrease of that related to half-space ones. The
relative height of the corresponding maxima and their
positions (and, therefore, the form of Raman spectra in
a nanofilm) will considerably depend on its thickness.
This fact gives one a possibility to control the geometry
of nanoheterosystems by means of Raman spectroscopy
methods.

Table summarizes the results of calculation of the
shifts of the main-band bottom of an electron in QW
performed in the one- and two-phonon approximations
with regard for EPI with exclusively confined phonons
for a number of nanofilms with different electron-phonon
coupling constants

e2 1 1 m
ap=—|———|41/55"
r h \ew €0 20

One can see that, for a nanofilm with the weak
electron-phonon coupling, the difference between the re-
sults obtained in the one- and two-phonon approxima-
tions is small (not exceeding 15%) and decreases with
decrease in ap. This fact gives grounds to state that the
use of the one-phonon approximation for the calculation
of the energy of an electron in QW renormalized due
to its interaction with phonons in nanosystems with the
weak electron-phonon coupling is quite reasonable.

4. Conclusions

1. We have proposed a theory that allows one to consis-
tently describe, for the first time, the role of two-phonon
processes in the formation of the energy spectrum of an
electron with regard for its interaction with all types of
optical polarization phonons in a nanofilm.

Nanofilm ‘ ap ‘ AM /O ‘ AR /Q ‘ Difference, %
InP/InAs/InP 0.048 -0.0270 -0.0274 1.5
AlAs/GaAs/AlAs 0.079 -0.0482 -0.0496 2.6
ZnS/CdS/ZnS 0.139 -0.0882 -0.0923 4.6
3-CdS/B-HgS/B-CdS 0.497 —0.2796 —0.3199 14.4
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2. It is shown that, in a nanofilm with the weak
electron-phonon coupling, the difference between the re-
sults of calculation of the electron energy in the one-
and two-phonon approximations is small. But the posi-
tions of the first phonon replicas of Raman spectra in a
nanofilm can be obtained only using an approximation
taking at least two-phonon processes into account.

3. In order to obtain the positions of the next phonon
replicas at T = 0 K, the EPI theory developed in the
two-phonon approximation can be generalized to a wider
energy interval by means of considering the multiphonon
processes. The use of the Pines diagram technique at
small electron concentrations will also give a possibility
to adopt this theory to the case of arbitrary temper-
atures, which is supposed to be done in our following
works.
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EHEPTETUYHUN CIIEKTP EJJEKTPOHA 3 ®POHOHHUMU
IIOBTOPEHHAMU V¥ TIJIOCKIN HAIIBIIPOBIIHUKOBIN
HAHOI'ETEPOCTPYKTVYPI 3 KBAHTOBOIK AMOIO

B.M. Kpamap, M.B. Txaw
Peszmowme

JoctiizkeHo ITepeHOPMYBAHHS €HEPIeTUYHOIO CIIEKTPAa €JIEKTPOHA
Yy IJIOCKi#l HAIIBIPOBIHUKOBi#I HAHOrEeTEPOCTPYKTYPi 3 IPAMOKY-
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THOIO KBAHTOBOIO sIMOIO CKIHYEHHOI IJIMOMHU BHACJIIJOK B3a€MOMIIT 3
ONTHYHUMU NOJIApU3aIifHnMu poHoOHAMU. Y paMKax MeToHy dyH-
Kuiit ['pina ozepkaHO aHAJITUYHUN BUIJIAL MAacCOBOTO OlEpPaTOpa,
Zle BpaxOBaHO JBOMOHOHHI IIPOIeCH eJIEKTPOH-(POHOHHOT B3a€MOIIT
npu 1" = 0 K. O6uuncseno monpasky g0 eHeprii gHa OCHOBHOI 30HHI
€JIEKTPOHA Ta TOJIOYKEHHSI [ePIINX (POHOHHUX [MOBTOPEHDb, BUKJIU-
KaHUX HOro B3aEMOJIEI0 3 OOMEXKEHNMMHU, HAIIBIPOCTOPOBUMHU Ta

inTepdeiicanMu poHOHAMU.
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