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The energy spectra, dispersion laws, widths of exciton bands,
and effective masses for excitons of large and small radii have
been investigated. The account of the crystal lattice discreteness
allows us to reveal some new features of excitons: the anisotropy
of their relative motion and the dependences of the Rydberg
exciton constant and the exciton band width on the main quantum
number n.

1. Introduction

Developed in the pioneer works of Frenkel [1], Peierls
[2], Wannier [3], and Mott [4], the theory of excitons
has been experimentally confirmed for most dielectric
and semiconductor crystals. Its further elaboration has
occurred in two directions, as stated by Knox [5]: the
studies of “the exciton structure” and “the dynamics
of excitons.” As the former direction, Knox means the
determination of excited electron states depending on
the wave vector of an exciton in the ideal lattice.
According to [5], the latter direction includes the study
of the interaction of excitons with one another and with
other fields or particles. The present work can be referred
to the studies of the exciton structure.

The majority of theoretical and experimental works
in this field has considered the dynamics of excitons.
In this case, one of the well-known structural models
such as the model of Frenkel or Wannier—Mott excitons
and the model of excitons with charge transfer is used.
These works account for the interaction of excitons
with phonons, photons, defects of a crystal lattice or
admixtures, exciton-exciton interaction, etc. (see, e.g.,
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[6—8]). If the interaction of excitons with other particles
or fields is weak, then the exciton structure varies
slightly. However, under strong interactions or the high
intensities of exciting fields, the structure of excitons can
be significantly changed. For example, under the strong
phonon-exciton interaction, the self-localized excitons
[8, Sections 12, 13] or the polaron states of electrons
and holes can be created. The strong photon-exciton
interaction leads to the creation of exciton polaritons
[8, Section 3|. At the high intensities of exciting fields,
the many-electron or many-exciton complexes, exciton
droplets, and other dynamical structures can be formed.

At present, the excitons in low-dimensional systems
(membranes, films, linear polymers, and biopolymers)
[9, 10] and in small volumes (quantum dots and wires)
[11, 12] are intensively studied. Such an attention to
these objects is obviously related to the possibility of
their practical use in electronics and other branches
of industry. These works are based on two-three
above-mentioned structural models of excitons. The
discreteness of a crystal lattice is considered rarely [9,
13], as well as the excitons with intermediate radii [5, 8,
14].

Consider the most studied model of Wannier—Mott
excitons with the energy spectrum [5]

PPk?  Rex
where F; — forbidden zone width, mex = me +
mp, Me, mp — effective masses of an electron and

a hole, respectively, Rox = pe*/(2¢?h?) — Rydberg
constant of an exciton, p = (memp)/Mex, € — dielectric
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constant, k — wave vector of an exciton, and n is
the principal quantum number of an exciton. Formula
(1) holds only near the exciton band bottom. The
numerous modifications and improvements of this model
are restricted by the region of small k. Moreover, the
band structure for the whole scope of the Brillouin zone
was not practically studied.

The goal of the present paper is, firstly, the
construction of a more general model of excitons which
would describe all the known excitons as partial cases.
Then we will take the discreteness of a crystal lattice
into account for excitons with small and intermediate
radii, which is the second purpose of our work.

2. Hamiltonian. Schrédinger Equation

The Hamiltonian with the electron-hole interaction for
Wannier—Mott excitons with intermediate and small
radii looks as

H=H.+ H,+ H.p, (2)
where H, = Y Elatan+ Y Lumafam, H, =
n n,m
S Jumbibm, Hen = . Unmabfanbm, E, — the

n,m n,m

distance between the centers of the conduction and
valence bands, a,a,,bt b, — the creation and
annihilation operators of electrons (a) and holes (b), n =
(n1, ne, ng) — numbers of lattice nodes, I, — the
electron exchange energy, I, 0, Jum the
same for a hole, U,,, — the Coulomb (or another)

interaction energy. The exchange integrals I,.,,, Jum

quickly decrease as functions of the distance

Ty — 7“7;1‘-
Therefore, it is possible to use the approximation of
nearest neighbors for I,,,,, Jnm. We have six nonzero
coefficients I, # 0 for a cubic lattice (o = 1, 2, ...6).
Let I,,o = —I; Juo = —J. The signs of I, J correspond
to the positive effective masses of an electron and a hole
ifI >0,J >0.

On the two-particle states [¢) = > famal b |0), the

n,m

Schrédinger equation H|U) = E|P) gfields the equation
for fpm in the form

6
7Z(Ifna+Jfam)+(Unm*El)fnm:Oa (3)
a=1

! / —
where £’ = E_E97 fnl = f(nﬁ»l7 na, ng)(mi, ma, mg)r *
f6m = f(nl, na, nz)(mi, ma, ma+1)-
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3. Separation of Variables. Relative Motion

We introduce the new variables

Im; + Jn;

vV, = —————
I+J

They are discrete analogs of the center-of-mass and
relative coordinates. We set

fnm —_ eikueiql . C(l), (5)
3

where k = (ki, ko, k3), kv = > kv;, the same is
i=1

implied for ¢, C(I) = C(l1, l2, l3), C(I) can be complex-

valued. If we set tang; = %, ;= I—%Jki’

B; = I_%Jki, then the variables can be separated, and
we get the system of equations describing the relative
motion

> Li(CUi+1)+Cl; — 1) + (U — E)C(1) = 0. (6)

Here, L; = +VI2+J2 +21Jcosk;, U =
Unm, C(la £1) = C(ly, Iz £ 1, I3). The negative sign
of L; corresponds to the bound states of an electron and
a hole. We restrict ourselves to this case in what follows.

4. Excitons with Large Radii

IfC(l) in (6) is a smooth function of ;, it is
possible to use the continual approximation: [ —
(x,y, 2), C(l) = Y(z,y, 2), U — Uz, y, z), where
x,y, z are the dimensionless coordinates. Let U(x =+
1Ly, 2) = ¥(z,y, 2) £ %’ + %‘f;‘g,
hold for the variables y, z.

The conditions for the continual approximation to be
true are

and let the same

d2
U > | (7)

dv S
dzx

and the same holds for y and z.

We take U(z,y, z) = —;% for the Coulomb

interaction, where r = /22 + 92+ 22, ¢ and a —

dielectric and lattice constants. Then relation (6) yields

>y >y >y

@ Tlrge Tl

L
! dz?

+ Lo

2
—(6+E’—2(L1+L2+L3)>\Il:0. (8)
egar

Equation (8) has the anisotropy term due to the
wave vector k of an exciton. If the exciton moves
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along a diagonal of the cube (|k1| = |k2| = |k3|), Eq. (8)
corresponds to the isotropy:

62
LE)AY — | — —6L(k)+E' | ¥ =
wav- (£ —onw+5) v =0, )
where L(k) = L;, k= |k;].

Equation (9) which is similar to that for the hydrogen
wave function gives the energy spectrum

Ey(k) = E, — 6\/I* + J2 + 21J cos k—

4
e 1
4e202\/T2 + J2 + 21 Jcosk n
where n =1, 2, ... — the principle quantum number.

It follows from (10) that
a) the Rydberg constant of an exciton depends on k;

b) the dispersion law, E, (k), depends on n and can be
nonmonotone;

c¢) the widths of exciton bands are finite and depend
on n.

The monotonicity of FE,(k) depends on the
dimensionless parameter v = 515(UZ2/(24n?) — (I*+
+J2)), where U, = e?/(ea). If |y| > 1, then the
dispersion law E, (k) is monotone, and k1 = 0, ko =
correspond to the minimum and maximum of E,(k),
respectively. The exciton band width is AE,, = E,(7) —
E,(0), ie.,

U2
J ( 2402 (12 — J2)
U2
127 (1 - ——-2%2— if I .
< 24n2(I2J2)>’ r<J

), if T>.J,
AE, =

If |y] < 1, the maximum of E, (k) arises at ks =
arccosy. At k1 = 0, ko = =, it has two minima. But
conditions (7) can be broken in this case. It is possible
to present inequality (7) as

R, > a, (11)

where R, = 3an?L(k)/U, — the intermediate radius
of an exciton in the state characterized by n, k. The
function L(k) has minimum at & = 7. Then inequality
(11) gives |I — J| > U,/3n? which together with the
2\/1671 > ‘I[:]ta]‘ > #
It is satisfied only at large n and small |I — J|/U,.
Since condition (11) is more strict than |y| < 1,
the nonmonotone behavior of E, (k) can be evidently
revealed for the excitons with intermediate radii.

It is possible to use the perturbative methods
for solving Eq. (8), if L(k;) satisfies the condition

inequality |y| < 1 imply that
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|L(0) — L(m)|/|L(0)| < 1 or if |k1| = |ko| & |k3|. Then
we can get a small correction to E,(0) in (10). Equation
(8) is anisotropic, but the effective mass is isotropic. At
small k, the anisotropy is negligibly small. In this case,
we have two small parameters k and |AV|/|¥|, which
follows from (7). In order to keep the quantities to be
of the same order, we must decompose relation (6) in a
different way: in ¥ to within £? and in ‘(ﬁ‘g, ‘Z‘B, ‘i\f
getting L(k;) ~ L(0). Thus, we obtain the equation

U, 217
—(I AV — | 224+ F I -2 2 o=
(I+J) (r +E' +6(I+J) 7 )

It is exactly the equation for the wave function of a
Wannier-Mott exciton. The energy coincides with (1) if
weset = h?/2a?(I4+J), mex = h2(I+J) /41 Ja?, E, =
E' —6(I+J).

5. Excitons of Small Radii

It is possible to solve system (6) in the discrete version
by means of the method of successive approximations in
the case where

|L;| < U,. (12)
It is convenient to introduce the dimensionless
quantities: \; = —L; /U, >0, \; K 1, e = 5—,
ug, if 1 =0,
= —U Ua7 frd .
e 1/Uar {1 BriE+2,if 1£0.
Then Eq. (6) can be transformed into

D X (Ci+1) + Cli — 1)) +(e + w)C(1) = 0.

i=1

(13)

We get the solutions in the zero-order approximation,
if we put A\; = 0 in (13). Then we have (e +u;)C(l) = 0.
Provided C; # 0, ¢ = —uy. It is the energy in the zero-
order approximation.

There are crystals (including molecular ones), for
which ug > 1. In this case, the nearest energy level
corresponds to Frenkel-like excitons. The next levels
correspond to [ # 0. In another crystals, ug < 1 or
even uy < 0. Then the nearest energy level corresponds
to | # 0, and the Frenkel-like excitons do not exist
apparently. We consider the first case, ug > 1, and solve
system (13) in the first-order approximation for the level
€9 = —ug. We take eg = —ug + 9, C(0,0,0) = 1 — z,
C(ila 0, 0) = Y1, C(Oa +1, 0) = Y2, C(Oa 0, il) = Y3,
and C(I) = 0. We assume also that the quantities §, z, y;
have the first order of smallness (~ ;). In this case,
system (13) together with the normalization condition

67



N.I. KISLUKHA, D.N. TULCHYNS'KA

S C(1)|* =1 are satisfied to within ~ A;. Then § =
1

A

0, =0, y; = -
In the second-order approximation, we introduce the
corrections of the second order in ~ A? and obtain

A2 4 22 4 22 A\
C0,0,0)=1—-22L""2"3 " ((+1,0,0) = ,
( ) (o= 172 ( ) -1
A A3
C(0, +1,0) = T C(0, 0, £1) = T
C(£1, £1,0) = 222 5
(uo — 1)(uo — %57)
C(+1, 0, £1) = 203 N
(up — 1)(uo — %5°)
C(0, +1, 1) = 200 o
(uo — 1)(uo — %57)
/\2
C(£2,0,0) = 1 ,
&2:0.0 = G D@ = 1)
)\2
C(0, £2,0) = 2 ,
(0220 = G D@ =0
)\2
C(0, 0, £2) = 3 ,
0.0 42) = e D =1
2(A2+ 2+ A3
Eo=—"Up— ————.

U()—l

The dispersion law, exciton band width, and effective
mass are as follows:

Ey = E, + Up+

23([2 + J?) + 21J(cos k1 + cos kg + cos k3)
Up—U, ’

o241J S n* (U, — Uyp)
U, -Uy T 4lJa?

+ (14)

AE

In the third-order approximation, we get the
corrections proportional to A3.

The second energy level in the zero-order
approximation corresponds to |l] = 1, and ¢ =
—u; = —1. This level is degenerate: C(£1,0,0) =
C(0,£1,0)=C(0,0, £1) = %. It splits in the second-
order approximation, and the wave function C(I) is
transformed by the representations of some point group.
In the case where k = 0 or |k;1| = |ka| = |k3|, this group
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involves the inversions and 2-, 3-, and 4-fold symmetry
axes, which intersect at the point [ = 0. If k; is arbitrary,
then the point group consists of the inversions and a 2-
fold symmetry axis. The calculations and results are
highly unwieldy in the last case. Therefore, we set forth
the results for the isotropic case in the second-order
approximation. The normalized totally symmetric wave
function C(I) (the identity representation) reads

C(+1, 0, 0) = C(0, £1, 0) = C(0, 0, +1) = ? +0(\?),

V6

C(0, 0, 0) = T

A,
C(£1, £1, 0) = C(£1, 0, £1) =
= C(0, £1, £1) = ? (2 + \/5) A,

O(£2,0,0) = C(0, £2, 0) = C(0, 0, £2) =
where O(\?) — small corrections of the order of~ A2
all other C(I) are proportional to A%, A3, ..., ¢ = —1 —

2)2 (15’% +9+ 4\/5) . In this case, the energy

, 202(k) [ 3
Enw=E, —U, -
1 g U Ua <1—U()

NG
5

+9+4\/§> . (15)

The energy in the second-order approximation,

, 202 (k
Bn=g, v, 2" )(5+2\/§), (16)
U
corresponds to several states with different symmetries:
a) C(£1,0,0) = C(0, 1, 0) = C(0, 0, £1) = +¥0 ¢
O(A?), all other C(I) are proportional to A, A2, ..., or are
Zero.

b) C(+1,0,0) = +%2 + O(\?), other C(I) ~
A A2 N3
¢) C(1,0,0) = —iC(0,1,0) = —C(-1,0,0) =
iC(0, —1, 0) = 2 + O(A?),
d) C(%1, 0, 0) = 3 C(0, £1, 0) = 5 C(0, 0, £1) =
+£¥6 1 0(A2).

The solution of system (13), C(%1,0,0) =

—C(0, £1, 0) = 3 + O(A?); C(0,0,0) =C(0, 0, £1) =
0, ¢ = —1 — 2)\%(3 + v/2), corresponds to the energy

L) (54v2).

Ua

Eyz=E,~U, - (17)

The succession of the energy levels Ey,, (15)—(17) can be
different, by depending on ug. If ug > 1+ % (2 — \/5),
then F1y < Fio < FEy3; if 1 + %(2—\/5) < up <
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14 3(2—+V2), thenEys < Eyy < Ey3; and if 1 < ug <
1+ % (2 - \/i), then Eio < Ei13 < Eqq.

The method of successive approximations can be
used for the zero-approximation energy levels at |I| =

V2, V3,2,V5,V6, V8, ... . Then we get the energy
spectra

/ U, 9
E =F,—————=+0(\
l1,l2,l3 g \/m + ( )7
where I; = 1; 2; 3, ..., O(\?) — the small corrections to
the zero-approximation energy.

In the case ug < 1 or ug < 0, the solutions of system
(13) are the same, however the lowest level corresponds
to (15), and the energy of a Frenkel-like exciton (14) will
be higher, or it does not exist.

We can obtain formula (18) without the usage of the
approximation of nearest neighbors for I,,,,, Jum. The
single condition for it is

(18)

nml, |Jnm| < U. (19)

That is, the widths of the conduction and valence
bands must be less than the Coulomb energy at the
distance r = a. For the noncubic crystals, formula
(18) will take another form. For the hexagonal lattice,
formula (18) becomes

E, - Vs +
S BB+ Ll + L+ ol

E11712713 -

+0(\?), (20)

and, for an arbitrary lattice with primitive translation
— = =,
vectors aq, ag, as, it looks as

e2

Ei i1, = Elg - +0(\?). (21)

e|llay + lpas + lzaz

Similar multiplet structures of the exciton energy
spectra can be revealed in all crystals, in which condition
(19) takes place. The value of the splitting in a multiplet
is proportional to (I + J)?/U,. The number of levels in
the multiplet and their degeneracy depend on the exciton
wave vector k. If k = 0 or |k1| = |k2| = |ks], the exciton
states possess the higher symmetry, and the number of
levels in the multiplet is minimum.

6. Conclusions

1. The account of the crystal lattice discreteness allows
us to derive the following new features of large-radius
excitons:
a) Relative motion anisotropy due to the wave vector
of an exciton k.
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b) Dispersion law results in a finite value of the
exciton band width and its dependence on the
principal quantum number n.

¢) Dependence of the exciton Rydberg constant on k.

2. For small-radius excitons:

a) The multiplet structure of the energy spectra is
obtained in the second order of the successive
approximations.

b) The parameters of the structure (the number
of levels in a multiplet, their degeneracy and
symmetry) depend on the wave vector k.

¢) The value of the splitting in a multiplet is
proportional to (I + J)?/U,.

d) The approximate energy spectrum depending on
the unit cell geometry is obtained.
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(Nauka,

EHEPTETUYHI CIIEKTPU EKCUTOHIB 3 PI3HUMU
PAJITYCAMMU

M.I. Kucayza, .M. Tysvuurcvra
PeszomMme

JlocitiizkeHO eHepreTUYHi CIIEKTPH, 3aKOHH JIUCIIEPCil, IIUPUHU €K~
CUTOHHUX 30H Ta e(eKTUBHI MaCH JIjIsi EKCUTOHIB BEJIMKOI'O Ta Ma-
Joro pajiyciB. BpaxyBaHHsI JHCKPETHOCTI KPHUCTAJIYHOI I'DaTKNA
JTa€ MOXKJIMBICTh BUSIBUTU HOBI BJIACTUBOCTI €KCHUTOHIB: aHi30TPO-
0 BiJHOCHOrO pyXy €JIEKTPOHa i JipKH, 3aJIEXKHICTBH IOCTiiHOT
PinGepra ekcuToHa Ta IMUPUHM E€KCUTOHHOI 30HH BiJl T'OJIOBHOI'O
KBAHTOBOI'O UIHC/IA M.
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