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Exciton-phonon interaction can arise’in quasi-onie-dimensional and quasi-two-dimensional semiconductors if
the electron and hole in the exciton are spatially separated. This interaction is due-to the change of the
electron-hole Coulomb interaction energy under flexural deformations of the filaments or planes. The
energy of the exciton and its effective mass, which can differ by tens of hundreds of times from its bare
mass for a number of real values of the coupling constant, are calculated for the regions of strong, weak,
and intermediate coupling. These effects are not connected with the formation of electron or hole polarons
in the crystal and can take place even under conditions when the interaction of the free electrons and

holes with the lattice vibrations is negligibly small.

PACS numbers: 71.35.+z

INTRODUCTION

It is known that the interaction of an electron with lat-
tice vibrations in dielectrics leads to the appearance of
the so-called polaron effects.!!! Polaron effects can be
significant also for large-radius excitons in those cases
when the electron-phonon interaction essentially renor-
malizes the effective masses of the electrons and of the
holes. ®? In quasi-one-dimensional and quasi-two-di-
mensional semiconductors, however, a strong interac-
tion between the excitons and the lattice is possible even
at a negligibly small constant of interaction between in-
dividual quasi particles (electrons and holes) and the
lattice.

Indeed, for excitons in which the electron and the hole
are localized on different filaments or planes, a unique
interaction takes place between the exciton and the lat-
tice, and is due to the change of the Coulomb energy of
the electron and hole when these filaments (planes) are
deformed. On the other hand, if the electron and hole
are localized on the same filament (plane), then the indi-
cated interaction does not take place., This difference
between the interactions of the aforementioned excitons
with the lattice should lead to a number of singularities.
In particular exciton series with relatively narrow and
broad lines should coexist in the exciton absorption and
emission spectra. It must be borne in mind that the dis-
cussed effect of modulation of the energy of the Coulomb
interaction of the electron and the hole by the lattice vi-
brations can be of importance also in three-dimensional
semiconductors, provided that the allowed electron
and hole energy bands are sufficiently narrow in
these semiconductors. From this point of view, a dis-
tinguishing feature of quasi-one-dimensional and quasi-
two-dimensional semiconductors is precisely.the fact
that the electron and hole bands are extremely narrow
for certain directions, because of singularities in their
structure. It is clear, of course, that a similar effect
takes place also in quasi-one-dimensional and quasi-two-
dimensional metals and semimetals, where the Coulomb
interaction of quasiparticles of like sign should also be
modulated. ¥

We confine ourselves in this paper to a discussion of
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the properties of excitons with spatially-separated elec-
trons and holes. This discussion is timely in connection
with the rapidly developing experimental research on the
physical properties of quasi-one-dimensional and quasi-
two-dimensional semiconductors (see, e.g., %! and the
literature cited there). The energy and the effective
mass of the exciton are calculated on the basis of Feyn-
man’s method of continual integration, !5 which was de-
veloped by him in polaron theory. The results take the
form of an interpolation that goes over into the results
obtained independently in the limits of strong and weak
exciton-phonon coupling.

1. EXCITON IN A QUASI-ONE-DIMENSIONAL
SYSTEM

When considering the problem of an exciton in which
the electron and hole are localized on two different fila-
ments, we choose a coordinate system with origin is
halfway between these filaments, x and y axes in the
plane of the filaments, and the x axis directed along the
filaments.

In a quasi-one-dimensional semiconductor, the inter-
action at macroscopic distances between an electron and
a hole situated on different filaments, takes the form'®’

el

Vig)=——m—roioon——,
@)= @ et d )"

1

where €, =¢,, and ¢, =€,,=¢,, are the principal values of
the dielectric tensor, d is the distance between the fila-
ments, and x isthe projection of the vector joining the
electron and the hole on the direction of the filaments.
If the filaments are deformed, then in first order in the
site displacements Eq. (1) acquires an increment

vV (z)
ad

(2,—u,),

where », and u, are the displacemements perpendicular
to the filaments at the points of the first and second
charges. Expanding % and %, in the normal coordinates
dy, We find that the interaction ¥ between the particles,
with allowance for the possible deformation, is given by
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In (2), x, is the coordinate of the center of gravity, n
is the normal along the y axis, N is the total number of
sites, M is the mass of the site, and A is the number of
the phonon branch. We assume that the unit cell con-
tains one site.

Strongly-coupling approximation, There exists aregion
of parameters in which the strong-coupling approxima-
tion of polaron theory is valid. In this case we can ob-
tain the state of the exciton in the deformed crystal, by
assuming the deformation to be static.!”™ In a quasi-one-
dimensional semiconductor, the dielectric tensor can
be essentially anisotropic: &,> €,.? Then, as shown
earlier'®, there exist macroscopic bound states of an
electron and a hole with an internal-motion dimension
(%)?«< d?e,/€,, and we can therefore put V'(x)=V'(0) in
(2). If x, is the dimension of the region of motion of the
exciton as a unit, then (2) contains k,51/x,. Assume
that X<« X, (this assumption will be confirmed by the final
results), then the term k,x/2 in (2) can be neglected and
the interaction (2) takes the form

Neg,

V(z)=V(z)+ d K

) k,d
qne"‘ﬂZisin—é—*, (3)

where V,=V(x=0). We retain in (3) the dependence of
V(x) on x, but neglect it in the second term (V'(x)- v'(0)
=V,/d), since it already contains the small factor u, —u,.
It is seen from (3) that in this approximation the vari-
ables of the internal motion and of the motion of the pair
as a unit are separated, so that the problem is easily
solved.

Let us find the stationary state by starting from a
variational principle for the Schrédinger equation. As-
suming the electron. mass and the hole mass to be dif-
ferent, we write down the functional of the energy in
terms of the normalized functions of the relative motion
x(x) and of the motion of the center of gravity ¢(x,):

9* h* 9*

4m 0:,_m02+v()

= _{dz.,dch ()" (2) [
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> (NM)"’ —_— e “=*2Lsm—2-—]qJ(zo)x(z)+ 3 ; Ox'dan’ga,  (4)

where w,, is the phonon frequency.

At # «<dPg, /€, the potential V(x) can be expanded up to
terms proportional to xz, and then the vanishing of the
variational derivative with respect to x(x)

8F,
6x(z)

leads to an oscillator equation for x(x).
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The energy of the ground state of the internal motion
of the exciton is equal to®!

E,=-V,+'/.fie,,
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Varying with respect to g,,, with allowance for the fact
that €_,) g_yx = €4y g5, We obtain

Vonex k,d
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We eliminate g, from (4), and then
Fe=E.+ [dz,q'(2) [

_ Vot inewl®
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The last term in (6) can be represented in the form
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The' kernel a(x - x') decreases rapidly with increasing
|x—x|, and therefore, recognizing that ¢(x) varies
slowly, we can reduce (6) to the form

hz aq, 2
ri= gl | 52| dema flo@ras )
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B(ko)= oj' sin*——.
The constant o, in particular, is determined by the pho-
non spectrum of the crystal. To estimate a we have
used the Debye model, where wy =C;k, w,, 3=C¢k, and
k,~7/d. 1t is seen that B(k,)=1 and is at any rate weak-
ly dependent on the parameter k,. This justifies the use
of the Debye approximation and means in fact that the
details of the phonon spectrum in the region of large &
are immaterial in the calculation of . We note that
in the continual model of the lattice, which is not used
here,? we have k,~~ and consequently o~ o, this be-
ing due to the divergence of the deformation energy of
an infinitesimally thin filament in an elastic continuum.
As will be shown below, for excitons in quasi-two-di-
mensional systems, no such divergence arises, so that
in this case it is also possible to use the continual ap-
proximation.

The equation 8F;(x)/6¢(x)=0 has an exact solution®

w(z)=(1)% L

2 chxz’
where »=2am/#%. In this case F, = -a’m/3%°.

To find the translational mass of the new quasiparticle
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consisting of the exciton plus the deformation, we shall
assume, following Landau and Pekar, "%] that the exci-
ton and deformation move as a unit with velocity v.
Taking into account additionally in (4) the kinetic energy
of the lattice motion

1
-2—2 lgual?,
s

we obtain a contribution proportional to ¢*, whence

4,3 4
m=2m +__f"__(_3-+i.)1n__i_,
nd’e,epoct \ 4 8¢t/ ud

For the parameter ¢,¢, =100, ¢,=0.7-10° cm/sec,
cy=3¢;, =6 A, and | Fy| =2.8+ 107 eV we have m**
~200 m.

Let us make a few remarks concerning the conditions
under which the foregoing results are valid. We note
first that we have taken into account above only linear
distortions of the lattice. This is justified if the dis-
placements « of the filaments are small in comparison
with the distances between them. Changing from the
normal coordinates (5) to the displacements, we obtain
u/d~ V,/d*%,c3p. For a wide range of parameters and,
in particular, for those of them which were used by us,
we indeed have u/d<« 1,

We note also that, as seen from the foregoing, in our
case the wave function and the energy of the obtained state
are characterized by only one coupling constant o, al-
though in our problem there are three independent pa-
raw.eters with the dimensions of length: d, %, and X,
and consequently there should be in the general case at
least two independent coupling constants characterizing
the states of the system. The reason why we are left
with only one coupling constant « in our case is that the
functional (7) used above, as already emphasized, has
been written under the assumption that the radius ¥ of
the internal motion in the exciton is small in comparison
with the dimension ¥, of the self-localization region. In
this limit (¥/%,<< 1) the internal dimension of the exciton
along the x axis drops out and the problem reduces to an
analysis of the interaction of a structureless particle
with the lattice, i.e., to a situation that is described al-
ready by only one coupling constant. We note that the
inequality ¥< ¥, can also be written in the form 7w,
> | Fy|, where w, is the frequency of the internal motion
in the exciton. Explicit expressions for F; and w, were
given above. We can verify that the indicated inequality
is indeed satisified for the parameters employed above.

In addition to this inequality, the use of the strong-
coupling approximation also calls for satisfaction of the
inequality | Fy| > #wp. This relation, for sufficiently
“rigid” lattices, may not take place (these lattices have
a low energy |F;| and, for example for the parameters
indicated above, we have |F,| ~#wp). It is precisely for
this reason that we develop in the next section a more
general theory of intermediate coupling. This theory
will make it possible also to dispense with the already
discussed limitation ¥ «<X,.

Intermediate coupling. Feynman’s path-integral
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method™’ yields in the entire range of parameters fairly
accurate results that go over in limiting cases into the
solutions obtained in the strong and weak coupling ap-
proximations. If the system energies expressed in
terms of the coordinates and their derivatives, then,
according to'®), the partition function Sp exp(-AH) (and
consequently the free energy

F=—p~'1n Sp e-o4,

where B! is the temperature) can be expressed in the
form of a path integral

Sp e = j. e~*Dx,Dz Dq,Dq.. . ., (8)
where S is a function of the trajectories in configuration
space:

1 2 1 1
—_— 52 R g el 2,.2
N W jdt[mxu (t)+ 7 ma* (t)+ 7 mao’z’ (t)

1
+ TZ (s (1) Fow* 1 gul?) +

2iV, . k,d+kz(t)
T ney. g, (t) et sinL-—————]
dINM & 2

(9)
Each path starts at the instant of time /=0 and termi-
nates at £=87% at one and the same point.

The integration over all ¢;, g¢5,... Was carried out by
Feynman in his solution of the polaron problem, and we
shall use this integration to eliminate the phonon coordi-

nates. It can be shown that in our case
13 13 (1 N
S=%jm.t.,3(t)dt+-;—j( ”“;( ) +”‘———‘°"f(‘) )dt
° °

2Voz lnen | :

[}
=) j' j' exp [ k(20 (£) —2o () ) —0ualt—sl]

. kdtka() . kdtke(s)
-8in sin

dt ds.
2 ! 2 t

(19)

It is impossible to integrate further with respect to
Dx, and Dx, because of the complicated form of the last
term of (10). The continual integral can be calculated
only if S is an integral of functions in the form +*(#),
%(#), x%(f). Just as in the polaron problem, '*? we use a
variational method. In place of an exciton that interacts
with a lattice, we consider an exciton in which, besides
a direct Coulomb interaction between the electron and
the hole, each of the particles interacts with a fictitious
particle of mass M, via the potentials f(x, - x,)?/2 and
f(x, - x,)%/2, where x,, %, %, are respectively the coor-
dinates of the electron, the hole, and the fictitious par-
ticle, while f and M, are variational parameters.

After eliminating the coordinate x,, the introduced ac-
tion takes the form

_ 1 s .2 1 ma(t) | mad(t)
So-——;‘-!dtmxu (z)+T;“( ; +_—4_)dt
C BA B
g | J dtdslzn(0-an(s) e, (a1)

where
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W=(21/Me)", C='[MW*, o'=0;+f/m.

The continual integral with the action S; can be calcu-
lated exactly, and the difference between S and S, is
taken into account in the form of a correction

F=F+p~<S—S,, (12)
F,= —;-ln.f e %Dz, Dz, (1 3)
(S-8= [ (=8 e=% Dz, Dz / [ e=5Dz, Dz. (14)

Direct calculation of (13) and (14) as B - 0 yields

F,

Elo—w)? = h(V-W)? Vi inewl®
= + +E, -V e
4o 4V ! Zn ouNMd

T Rl Wi | 4C
X jdlexp{—ﬁ)nt —-47['—‘/?'*'% (1—e™") ]} .

0
hk? hk?
. {exp [ = (1—e*) ] — cos k,d exp [— Ime (1+e*") ]} , (15)
where
Vi=W2+4C/W2m, o*=e+V—W2

It is seen from (15) that a substantial contribution to
the integral is made by the times {~1/w,, and therefore
K:<4mw,V?/ nW?, Consequently, the expansion of V(x)
in a series in small x is valid for 2 «d 2, /g, if

AW hme,Vi<de /e,

The inequality is least satisfied in the weak-coupling
limit V2/W?%-~1. For example, at d=10 A and w,~107?
eV, this inequality reduces to the requirement that the
anisotropy be sufficient: ¢,/c,> 2. With increasing
coupling force (V3/W?>1) the series expansion of V(x)
becomes more and more justified.

Variation of the functional F; was carried out by a
numerical method. We have also calculated the exciton

TABLE 1. Energy and effective mass of exciton.

ey 3 5 T 10 12 15 20 30
d=5A

-2 2.7 1.6 11 0.8 0.7 0.5 0.4 0.3
()Y 111 75.5 58.7 449 39.2 334 26.7 19.7

v 89 33 20 11 8 5 3 1

w 03 05 05 05 05 | o3 05 05
E %8 | 145 8.1 43 33 | 23 15 0.9
me* 58 000 12 000 4000 1000 500 170 50

d=6A

a 13 08 06 0.4 033 | 026 02 01

Wy 84.2 57.5 447 34.2 29.8 25.2 20.3 15

|4 27 11 6 3 3 2 1 1

W 0.5 0,5 0.5 0,75 1 1.25 1.25 1.25

E 10.5 4.3 2.5 1,5 1.2 0.9 0.7 0.5
me | 7700 | 1i00 280 30 16 5

d=TA

<7 0.7 0.4 0,3

Wy 66.9 456 35.4

% 10 3 2

0.5 0.75 1

E 3.7 1.7 i1

m** 850 30

Note. The energy is measured in units of Fwy (wp =102 sec™).
The mass is measured in units of 2m (m is the electron mass): ¢;
¢;=0.7X 10® cm/sec; £,=3; ¢,/c;=0.5; p=1 g/cm?; a, is the dimen-
sionless coupling constant: ao =% w3/2(m/kwp)*/? e*/pd*ctre e, .

325 Sov. Phys. JETP 45(2), Feb. 1977

translational mass, using Feynman’s method. %1 In or-
der of magnitude, the effective mass coincides with M,.
The results are given in Table I.

The transition to the case of strong coupling and of
excitons with internal-motiondimension ¥ <X, is ef-
fected in (15) as wy~= and V> W, w,. I x,>d, then
a substantial contribution to the integral (15) is made by
small k., and it is therefore possible to sum over k,
setting k£, =0inw, ande,,. Asaresult, F, takes the form

F,=hV [4—(m/[nh)"a V" (18)

The minimum of the energy F, =~ a®m/n#? is reached at
V=4a*m/r#? (a is defined by formula (8)). In this case
W~wp. An exact solution for the functional (7) yields
F;=—a?m/3%%. " If the exciton dimension in the unde-
formed system is large in comparison with x;, corre-
sponding to wy, <V, thenwe havein the strong-coupling
limit w= ¥V and

F,=hV/[2—(mV/2nh)"a. a7

Comparison of (16) and (17) shows that in the strong
coupling approximation the case x > x, differs from the
case x <x, only in an inessential renormalization of the
coupling constant. Thus, allowance for the finite dimen-
sion of the internal motion yields F, = - ma?®/4nk2.

We note that when wy, < V the energy does not depend
at all on the frequency w, determined by the direct Cou-
lomb interaction. This might mean that a bound state of
two electrons or two holes with w? <0is possible. Actual-
ly, however, in the presence of a deformation the inter-
action between identical particles differs only in sign
from (1), and it is necessary to add to d the deformation-
induced change of the distance 2u(x) < d between the par-
ticles along the y axis. Differentiating V(x) we obtain
the force acting between the particles:

av e &  z*\* 2ddu 2z
) (et ) a8)
It is seen therefore that at 8u/8x <Oand |8u/8x| > |xl¢g,/
de, the interaction is of the attraction type. Thus, ata
sufficient anisotropy ¢, >¢€,, in a certain region x, a
more important role in the dependence of the energy on
the distance is assumed by the change (d +2u(x))?/e,,
which leads to an effective attraction between the parti-
cles, as compared with x*/¢,. Consequently, at a fixed
deformation, the energy of interaction between identical
particles, as a function of the relative distance, can
have a local minimum at x =0.

It is important to investigate the stability of the ob-
tained state. Let the deflection of one filament as a re-
sult of the deformation be u(x), and that of the second
filament (-u(x)). Then the elastic energy is defined as
the minimum of the functional

1
7 E (l)imzlqnlz
kA

under the conditions

ney;, Loa .
;(qun exp( =+ zk,?+ zk,x) ==u(z).
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It can be shown that the energy of a state in which the
deformations are shifted relative to one another by 2a,
(u(x)=ulx +a), —ulx)~ -ulx —=a)) differ from the energy
of a state with deformations u(x) and —u{x) by an amount

20 (k) k.a?

where
*cos k,d al?
plk)= Y %"s— (k)= T'V';—‘;m'—
Ry, b Ry d *

u(k,) is the Fourier transform of u(x).

Inasmuch as a®(k,) > p%(k,), the sign of 6F is deter-
mined by the sign of B(k,). If the spectrum of w,, is such
that the frequency w,, increases with increasing &, when
k, and k, are constant, then g(k,) >0 and 6F <0, Thus,
for the acoustic spectrum, the obtained state has the
maximum elastic energy. It can therefore be stable only
if there is a sufficiently strong Coulomb attraction be-
tween the particles. In the presence of repulsion, the
obtained state is unstable. It is also unstable in the case
of attraction if the parameters are such that wy < V (rel-
atively weak attraction, corresponding to x, <¥).

1t follows from the considerations advanced above that
the only possible states of the exciton-plus-lattice system
are those in which the dimension x, of the deformation
region is not small in comparison with the bare exciton
radius x. This conclusion is clear, of course, also
from pure qualitative reasoning: in a rigid lattice, the
deformation radius is large, and as the lattice becomes
softer, this radius decreases, but cannot become much
smaller than x.

Since the variational procedure used above® does not
lead to stable solutions at all values of the initial param-
eters of the problem (it turns out that x, <% in the re-
gion of the considered unstable solutions), and stable
solutions should exist even for these values of the initial
parameters, we are faced with the problem of improv-
ing the variational procedure. It appears that such an
improvement can be reached, for example, within the
framework of a model in which the electron and the hole
interact with different fictitious masses. In connection
with the foregoing, we shall henceforth confine ourselves
precisely to the parameter region in which x, > x.

For the case of strong coupling F; < wj, is realized at
VZ-W?«<w?, In this limit the term 4C(1 -¢™"*)/WV?3
in the exponential of (15) can be neglected. We then
have for the energy of the state

(new)?Ve T hk,?
=E,— Y 22 70 [ rexp (- z———z)
Fi=E, ; oudNM ! e"p( o T

X [exp{—:::(i (1—eo) }— cos k,d exp{ —-:nk—(i (1+e*) }] . (20)

The same expression for F, can be obtained by perturba-
tion theory.

Weak-coupling approximation. The unperturbed func-
tions of an exciton moving with momentum %p are ¢,,
= L2 exp(ipxy) ¢,(x)(¢,(x) are the oscillator wave func-
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tionsn=1,2,..., L is the length of the filament). The
perturbation is the second term of (2), in which it is
necessary to put, for the reason indicated above, V’(x)
=V,/d. In second-order perturbation theory, the cor-
rection to the energy of an exciton with momentum 7p
is given by

Vohineq!® a(—g.) 12

F,=
! = 2NMoud Wp/im—h* (p—g.)/bm—hou—hno, "

21)

where
Tn(—gs)= I dz @a(z) (p,’(::)[exp { - —;—- (g-z+k,d) }-— exp{;— (g-x+k,d) }] .

Direct calculation yields

4(g:2) " fa (kyd/2)

7.°%?
2 —
a(—g2)] — xp (-£2),
fa(2)=cos’z if n is odd,
fa(z)=sin*z if n is even.

The second factor in (21) can be represented in the
form

1n(—g2) lz]'dt exp[— t(%—wiq’—)z—— hm“-—hmgn)] .

Summing over z and putting p =0, we obtain expression
(20). Thus, (15) goes over into the strong and weak
coupling approximations.

2. QUASI-TWO-DIMENSIONAL SYSTEMS

The foregoing results can be easily generalized to in-
clude the case of a system of semiconducting planes. In
the strong-coupling approximation, when x <Xx,, the
functional of the energy takes the form (4) with the sub-
stitution %, - k,, where K, X,, X are already two-dimen-
sional vectors lying in the plane of the layers. A func-
tional of the type (6), which was obtained after eliminat-
ing the coordinates of the internal motion, cannot be
minimized exactly with respect to ¢(x;) in the two-di-
mensional case. To estimate the minimum we there-
fore choose a simple form of a normalized trial function
@(%,) =(2/7)"/%ne *1*!,| The expression for F, depends
essentially on w,,. For the Debye spectrum we have

F,=h*%*/4dm—px*, (22)

where

B=e'(2nd’e’pc’) !, Ey=€w=E6...

The y axis is directed perpendicular to the planes.

It is seen from (22) that for the quasi-two-dimensional
systems the localized states are produced if g > #%/4m.
In this case the energy gain increases monotonically with
decreasing dimension of the deformed region, therefore
the equilibrium value » 21/x and cannot be obtained within
the framework of the employed approach, where it was
assumed that xx¥ «<1. The condition 8 >% 2(4m)-'is satis-
fied, for example, at ¢,=3, d=8 A, ¢,;=0.7.10° cm/
sec and p=1g/cm®, The Feynman continual-integration
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method yields in the case of a quasi-two-dimensional
system an expression analogous to (15) for the energy
F,, except that the first two terms have an additional
factor 2, and the integrand contains k, in place of %,.
As seen from the analysis of the strong-coupling ap-
proximation, there exists a critical interaction constant
such that when the interaction is weaker the change of
energy and mass of the exciton, due to the deformation,
is small and can be calculated by perturbation theory.
On the other hand, if the interaction exceeds the critical
value, a strongly localized state is produced, the dimen-
sional of which, as follows from an analysis of the ex-
pression for F,, is determined by the details of the pho-
non spectrum wy,. In particular, for a Debye spectrum,
the dimension of the state is of the order of the inter-
atomic dimension. To investigate such states it is there-
fore necessary to know the actual form of the interaction
between the charges at short distances, and the form of
the phonon spectrum at short wavelengths.

In quasi-one-dimensional and layered systems, the
phonon spectrum is anisotropic and can have singulari-
ties due to flexural oscillations of the filaments or the
planes, ['*12] In particular, if the elastic constants cor-
responding to the interaction of the atoms inside one
plane are much larger than for the atoms situated in dif-
ferent planes, the spectrum takes the form®!!

o*=sk*+A%k +0, sin? (dk,/2), (23)
where s2~w?d?, A%~wia® (a is the lattice constant in the
plane), w, is the frequency corresponding to the relative
motion of the planes, and w, is the frequency of the flex-
ural oscillations of the plane, with w; <w,. At k> w,/
wpa®=p?, the term ok} predominates in the spectrum.

It follows therefore that the principal role in the defor-
mation of states with dimensions X, < 1/p is played by
flexural deformations, the energy of which increases
rapidly with decreasing %o(w?~1/x3). It is therefore
clear that the dimension of the state is determined by
the macroscopic parameter p~., For the spectrum (23),
the energy as a function of the variational parameter
takes the form (22), but 8 =p(n), where

Blx)=

2V, 2 64x" sin’ (k,d/2) (24)

&*NM [2x)* ko
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Assuming, for example, w,=10" sec™, w,=3. 10"

sec™ a=3 A, d=5A, and ¢,= 3, we obtain by numeri-
cal calculation x,~1/p,E==0.01 eV ~%w, and m** =16 m,
We note that the use of a spectrum similar to (23) for a
quasi-one-dimensional crystal at sufficiently small w,
can increase the constant a [Eq. (8)] by several times.

In all the estimates, the exciton bare mass m* was
assumed to be equal to 2m, where m is the mass of the
electron in vacuum, It is seen from the foregoing that
the coupling constant increases if the effective bare
mass of the exciton is larger than 2m. It follows from
the results that m** depends very strongly on «,.
Therefore a small increase of the exciton mass m* leads
to a substantial increase of m**and E.

DIn other words, we have in mind a system Hamiltonian that
includes terms representing mutual scattering of two quasi-
particles (electrons or holes) with emission or absorption of
a phonon, and corresponding to flexural oscillations.

2)See the expression for the energy of the elastic deformation
of the lattice (last term of (4)).

As already shown, this procedure is suitable for the parame-
ter region where X,>>%.
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