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It is shown that the ordinary semiclassical theory of the absorption of light by exciton states is not
completely satisfactory (in contrast to the case of absorption due to interband transitions). A more complete
theory is developed. It is shown that excitons are approximate bosons, and, in interaction with the
electromagnetic field, the exciton field plays the role of the classical polarization field. The eigenstates of
the system of crystal and radiation field are mixtures of photons and excitons. The ordinary one-quantum
optical lifetime of an excitation is infinite. Absorption occurs only when ‘‘three-body” processes are
introduced. The theory includes “local field” effects, leading to the Lorentz local field correction when it
is applicable. A Smakula equation for the oscillator strength in terms of the integrated absorption constant

is derived.

I. INTRODUCTION

HE lowest energy excited states of insulating
crystals are usually states of an electron in the
conduction band bound to a hole in the valence band.
These bound states, called excitons, were first intro-
duced by Frenkel' in 1931. The existence of such
nonconducting excited states has been tentatively veri-
fied in both extremes of exciton models, the Frenkel
(tight-bonding) model and the Wannier (weak-bonding)
model, by means of optical absorption experiments in
the visible and near ultraviolet regions.?

The usual method of calculating the optical properties
due to exciton states is by use of the semiclassical
theory of radiation. This method is satisfactory for
the calculation of the dielectric constant in frequency
regions of no absorption. The use of this method to
treat optical absorption by exciton states raises
difficulties perculiar to sets of energy states for which
there is but one crystal state having a given wave
number % in a finite energy interval. The problem of
the description of the fundamental absorption process
is the subject of Sec. II. This problem was the motiva-
tion for the investigation of the exciton-photon system.

The purpose of the present work is to formulate the
problem of the optical properties of excitons in a more
rigorous manner than the semiclassical theory through
the use of a quantum-electrodynamical formalism
and to present a more complete view of the absorption
process. The theory, as developed here, is applicable
only to crystals exhibiting optical isotropy. The
frequency region considered is limited to frequencies
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for which the wavelength of light is much greater than
a lattice constant.?

In Sec. III the quantum theory of a classical dielectric
is developed. This problem reduces to the interaction
of the radiation field with a second boson field, the
polarization field. Some possible generalizations of
the classical dielectric theory are briefly discussed.
Section IV is devoted to constructing an approximate
exciton Hamiltonian and to finding the interaction
between excitons and photons for this approximate
Hamiltonian. It is shown that excitons are approximate
bosons and, in interactions with the electromagnetic
field, play the role of the quantized polarization field
of Sec. III.

In Sec. V the interactions which cause true absorption
in crystals are introduced. These interactions result in
finite lifetimes for the mixed eigenstates constructed in
Sec. IV, and can be treated in terms of a complex
dielectric constant. The final section is a summary of
the theory, with emphasis on the application to
experiments.

II. PROBLEMS IN THE TREATMENT OF THE
OPTICAL PROPERTIES OF EXCITONS

The general theory of the interaction of radiation with
insulating crystals is well known.* In order to show why
the theory as it exists is not complete, the nature of
the fundamental absorption process for exciton states
will be discussed in detail. The usual description of the
absorption process will be shown to be unsound. The
inappropriateness of the usual description was the
incentive for developing a more complete theory of
the optical properties of exciton states.

Unessential complications in the discussion can be
avoided by choosing a very simple model of an insulating
crystal. The model used here is a simple cubic array of

3 The general mathematical approach is the same as that of
U. Fano, Phys. Rev. 103, 1202 (1956).

4For a brief review of the semiclassical theory and further
references, see F. Seitz, The Modern Theory of Solids (McGraw-Hill
Book Company, Inc., New York, 1940), pp. 647 ff.
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nonoverlapping identical atoms.? For simplicity, the
atoms are assumed to have S-type ground states ¥
and three (degenerate) P-type excited states ¢,. The
atomic positions are denoted by L. The zero-order
ground state of the crystal is a state with every atom
in its ground state (i.e., ¥o=]]w¥o ). The elemen-
tary excitations of this crystal are states in which
one atom at L is excited and all other atoms are in
their ground states. Interactions between the atoms
prevent these elementary excitations from being
suitable zero-order excited state wave functions.
Instead, the zero-order excited state wave functions of
this model are linear combinations of the elementary
excitations chosen so that the resultant wave functions
have translational symmetry. The zero-order excited
state (exciton) wave functions are

1
Wk.r‘ﬁ % exp(ik- L)Y, 1. LI,ZL%. Ly (1)

where N is the total number of atoms in the crystal,
and k is an allowed wave vector in the first Brillouin
zone. The lattice points are understood to be fixed in
space.

The simplest calculation which can be made having
anything to do with optical absorption is the calculation
of the optical lifetime of an exciton state. The matrix
element for the transition to the crystal ground state
with emission of a photon of wave vector k' is given by
the atomic matrix element for this process times the
factor

1

If the box in which the radiation field is given periodic
boundary conditions is the same size as the crystal,
then the factor (2) is zero unless k— k’=27G, where G is
a vector of the reciprocal lattice. (This is the well-known
wave-vector conservation rule.)

The excitons of interest in the optical properties of
solids are those for which | k| isin the optical wave-vector
region. It is these excitons which are coupled to photons
having about the same energy as the excitons. Umklapp
processes (G£0) couple excitons having optical-region
wave vectors with photons of x-ray energy and can be
neglected in transition calculations.® For optical cases, the
wave-number conservation rule is k=k’. Each exciton k
is coupled to only one radiation mode for radiative single-
photon emission. Since transitions, in the framework of

5 Similar atomic models have been treated in detail by W. R.
Heller and A. Marcus, Phys. Rev. 84, 809 (1951), and also in
Peierls’ early work on the absorption of light by solids: R. Peierls,
Ann. Physik 13, 905 (1932).

6 The results obtained are not correct when the wavelength of
light having the same energy as the exciton is less than or equal
to a lattice constant. In this case, umklapp processes dominate.
This is the reason why there is no conflict between the results
obtained and the intuitive idea that in the limit of large lattice
constants, an exciton must decay with the same radiative lifetime
as an isolated atom.
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second-order perturbation theory, occur only when there
is a density of final states to which the initial state is
coupled (and the coupling matrix element must not
change rapidly over this set of final states), no real
transitions take place in the exciton system, contrary to
the usual view. Instead, energy oscillates back and forth
between the exciton and the photon.” This mutual
exchange of energy can be described by constructing new
eigenstates of the complete Hamiltonian (crystal plus
radiation field plus interaction) as is done in Sec. IV.

This lack of one-quantum radiative decay of exciton
states is, of course, related to the use of the same
periodic boundary conditions for the radiation field
as for the crystal. A finite crystal in an infinitely large
box containing the radiation field has a finite lifetime
for one-photon exciton decay. The ordinary transition
probability argument cannot be used to compute the
decay behavior,® but a calculation based on general
damping theory could be made. The form of the
optical lifetime of excitons for large crystals is clear on
physical grounds. For large crystals, the energy of
excitation is shared between excitons and internal
photons. Decay takes place when these photons leak
out of the crystal. The rate at which the energy leaks
out of the crystal is proportional to the energy density
in the crystal, some propagation velocity, and the area
of the crystal. The decay rate must then be proportional
to N—} (the surface to volume ratio) and vanishes for
large crystals.

With an understanding of the infinite optical lifetime
for one-quantum decay for large crystals, a discussion
of the fundamental absorption process for exciton
states is possible. For an isolated atom, the absorption
of light should be treated as a problem of resonance
fluorescence. The simplest such process is the two-step
process

photon k-+atom in ground state
— no photon--atom in excited state
— photon k’+atom in ground state.

The photon k’ can be emitted in virtually any direction,
so this process represents the scattering of a photon
out of the initial state.

For absorption of light by exciton states, the res-
onance fluorescence process does not represent a
scattering process (neglecting surface scattering). The
wave-number conservation rule restrains the inter-
mediate-state exciton and the final-state photon to
the same wave vector as the incident photon. Again,
there is no density of final states to which to make

7 This phenomenon can be understood from the point of view
of the elementary excitations. If two atoms, one of them in an
excited state, are separated by a distance small compared to a
wavelength, energy transfer by the transfer of a virtual photon
is an important process. The use of exciton states avoids the
problem of keeping track of phase memory as energy is trans-
ported from one atom to another.

8 For large but finite crystals, the matrix element is not a
slowly varying function of energy.
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transitions. Energy is again shared between the exciton
state and the photon just as it was in the calculation of
exciton radiative decay. Thus the fundamental absorp-
tion process should not be considered as

photon — exciton,
but rather as

photon — exciton (intermediate state)
— final energy-absorbing states.

In passing through a crystal, a beam of photons gives
up a net amount of energy to the crystal. This energy
absorbed by the crystal is not stored in the exciton
states (i.e., those exciton states directly coupled to
the photon beam). Instead, the energy is stored in
those crystal states which, through their coupling with
the excitons, cause finite exciton lifetimes. From the
point of view of perturbation theory, the so-called
“direct” optical absorption processes must in reality
be second-order processes. This difference in point of
view makes a new attack on the exciton-photon
interaction problem seem desirable. It is the exciton-to-
energy sink coupling rather than the exciton-to-photon
coupling which causes true optical absorption. Sections
IIT and IV are devoted to the diagonalization of the
exciton-photon interaction. This approach makes it
possible to treat the second-order absorption process by
calculating the lifetime due to other interactions of the
eigenstates of the exciton-photon system.

The semiclassical theory of the optical properties
determines the constitutive relations between P and E
and between J and E for use in Maxwell’s equations.
This can be done by dividing the crystal into sub-blocks
small compared to the wavelength of the incident
radiation but large compared to the lattice constant.
The constitutive relations are then found for these
small blocks and used as point relations in Maxwell’s
equations. This procedure is not really satisfactory
because the wave number conservation rule is lost.
The procedure, if properly used, works for absorption
processes whose absorption cross sections do not depend
on the volume of the sub-block (e.g., photon-exciton
processes which also involve phonons). The method is
not satisfactory for the treatment of fluorescence
processes, for it leads in this case to a dependence of
the radiative widths on the dimensions of the sub-blocks
used.

A better method of treatment is to use the Fourier
decomposition of the radiation and polarization fields.
Pekar® has recently used this method to treat the
dielectric tensors of insulators when no absorption is
present. This method should be readily extensible to
include the case of absorption by computing in addition
the relation between Jix and the perturbing electro-
magnetic field (although to the author’s knowledge

9 S. I. Pekar, J. Exptl. Theoret. Phys. U.S.S.R. 33, 1022 (1957)
[translation: Soviet Phys. JETP 6, 785 (1958)]; J. Phys. Chem.
Solids 5, 11 (1958).
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such an extension has not been made in the treatment
of excitons). Such an extension must be based on
smearing out the exciton states over a finite energy
interval. Otherwise there are no real transitions, and
J« cannot be computed (unless higher order processes
are directly taken into account).

The interaction between the radiation field and a
crystal for interband electronic transitions is quite
different from the exciton-photon interaction just
described. In the treatment of interband coupling with
photons, there are NV electron-hole pair states having a
given total wave number k. These NV states form an
energy continuum (in the limit of large V), and absorp-
tion transitions can be described in terms of ordinary
time-dependent perturbation theory. For a tight-
binding model of a crystal, the matrix element coupling
the crystal ground state plus one photon with wave
number k to a particular electron-hole pair state of
total wave number k is the order of the atomic matrix
element for this transition. Thus, whereas the interac-
tion matrix element is proportional to V% for interband
transitions, and N electron-hole pairs interact with
each photon, the interaction matrix element is propor-
tional to (V/V)? for exciton states, and but one (or a
small number in the case of several exciton bands)
exciton state is coupled to each photon state.

If the semiclassical theory is used to describe the
optical properties of interband transitions, no difficulty
isencountered, because real transitions can be computed.
In order to justify the use of the semiclassical theory,
the tacit assumption must be made that the electrons
and holes created in an absorption process are scattered
by the lattice and eventually return to the thermal
equilibrium distribution. To treat this electron scatter-
ing as independent of the electromagnetic interaction is
probably justifiable, because each electron-hole pair is
very weakly coupled to the electromagnetic field. The
qualitative difference between the result of an applica-
tion of the semiclassical theory to absorption due to
interband transitions and absorption due to excitons
can be summed up briefly as follows. For the case of
interband transitions, energy band structure and the
weak electromagnetic field coupling with electron-hole
pairs permit the use of semiclassical theory. The gross
features of the absorption are independent of the
coupling to the lattice. For the case of absorption due
to exciton states, the form of the coupling between
excitons and the electromagnetic field does not permit
the direct application of the semiclassical method.
The exciton-lattice collision mechanism is completely
responsible for the shape of the absorption line. (The
integrated absorption is, however, essentially independ-
ent of the absorption mechanism.)

The calculation of the optical properties of exciton
states when absorption occurs cannot be carried out by
the usual methods without an artificial broadening of
the exciton states. Assigning to the exciton lines an
energy shape function in order to compute the optical
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properties is not a really satisfactory procedure. There
are technical difficulties” involved in the shape-function
approach. More important, the semiclassical approach
treats excitons as independent entities, whereas in
reality an exciton which interacts with the radiation
field does not exist as an independent entity. Such
excitons are always accompanied by a photon compo-
nent. The separation of the exciton from its photon
component as is done in the semiclassical method
produces a misleading interpretation of the absorption
process.

In the following sections, a field-theoretic (rather
than a semiclassical) method is developed for treating
the mixed state of excitons and photons. The funda-
mental absorption process in the interpretation to be
developed is the scattering of the mixed states. A
complex dielectric constant will be derived from the
properties of these states.

III. QUANTUM THEORY OF A CLASSICAL
DIELECTRIC

The classical theory of light propagating in a simple
isotropic dielectric with dispersion can be characterized
by the frequency dependence of the dielectric constant
e(w). Since the exciton contribution to the complex
dielectric constant can be most easily understood
through comparison to a classical dielectric, it is useful
to begin by developing the quantized form of a classical
dielectric. The role of boundary conditions and
deviations from simple classical behavior are briefly
discussed.

The Lagrangian density for an infinite classical
dielectric in interaction with the electromagnetic field

may be taken to be
(G )

1 90A
'——(P)2+¢(v P)+—A ; 3)

1 : 1
L=—(——+V qo) ——(vXA)+
8

8r\ ¢ at 2(4)0

This is the Lagrangian density for an oscillating
polarization density P with a restoring force, as can be
seen by comparing (3) with the Lagrangian for a
moving charged particle. The equations of motion for
the field variables of (3), in conjunction with the usual
definitions of B, E, and D, are equivalent to the usual
Mazxwell’s equations plus the constitutive equation

1 9°P
— 2 p=gE, @
we? 082

10 The chief objection to the shape-function approach is that
phase averages are taken at the wrong point in the calculation.
Matrix elements between initial and intermediate states are
squared and summed, whereas in a second-order process it is
actuallly the compound matrix elements to the final states which
should be squared and summed. This can give rise to a dependence
of calculated results on the method of describing the intermediate
states.

HOPFIELD

If the equations of motion are solved for solutions
periodic in time, with angular frequency w, the dielectric
dispersion law determined by (4) is simply

4mp
e=1+— 10— ©®)
1— w2/wo

Equation (3) is thus a suitable Lagrangian density for
a classical dielectric.

In order to quantize the fields, the Coulomb gauge
(v-A=0) and Born-von Kérman periodic boundary
conditions in a rectangular parallelepiped box of
volume V are used to expand A, P, and ¢ in plane
waves. The Lagrangian and Hamlltoman of the system
can then be expressed in terms of the Fourier components
of the fields and their conjugate momenta. The
longitudinal modes are not of interest for radiation
problems, and can be omitted.

The resultant Hamiltonian represents a system of
coupled harmonic oscillators. It is, of course, possible to
find the normal modes of these oscillators before
quantizing the system. This will not be done, because
the Hamiltonian of the coupled oscillators is the
analog of the exciton-phonton Hamiltonian of Sec. IV.
We therefore quantize the coupled system. The
Hamiltonian for the system is

H= 3% (hc]k[ (@ N e+ 5) FH00 (b )\ b a+2)

KAy
ihewd (4mB)}

TR *p *
Z(C]klwo)%X[(ak)‘ bin— aandin™)

+ (G—inbin— G2 *bin

2.
c|k|
X [andn*+an*ao+ an*a_n*+ d—kxakx]) , (6)

where the ¢’s and &’s are those combinations of
coordinate and momentum which, when quantum-
mechanical commutation rules are applied, are boson
creation and destruction operators. an™* is the Hermitian
conjugate operator to am, etc., and

Lawnben]=Lanbin*]=
Lawn,an™]= [bi,birn* ] = BB

I:bk)wbk’)\’] = 0)
M

[dkx,dk'x'] =

The operators am* are exactly the photon creation
operators of the usual Maxwell field while the bn* are
creation operators for the polarization field. The
polarization field “particles” analogous to photons will
be called “polaritons.” (Excitons will be shown to be
one kind of polariton in Sec. IV. Optical phonons are
another example of polaritons.) The sum is taken over
all k space and over polarizations perpendicular to k.
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The field operators are given in terms of a’s and &’s by

2mwch \}
A= ( Z s)‘(ak)‘eik-r_f_ak)‘*e—ik-r),
Vik|/ ox

®)

TiwoB\ } .
P= (—_) Z s)\(bk)‘ezk-r_l_bk)‘*e—ik-r).
2V kg
The normal modes of the Hamiltonian will be

expressed in terms of a new set of creation and annihila-
tion operators. It is sufficient to work with a single

—iC
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wave number k and polarization M, since H is invariant
under translation and different polarizations are not
coupled. Define

ax=wax+xb+ya_ -+ 2b_y*. 9)
If ax is to be a normal-mode annihilation operator, then
[ow,H | = Exo. (10)

Using definition (9) and Egs. (6) and (7), the eigenvalue
problem (10) may be written in matrix form,

he|k|+2D —2D —iC | (w w
+iC heso —iC 0 ® . x 1
+2D  —iC —he|k|—2D —iC ||y| " |y|’ (1
+iC 0 +iC ~hwo) | 2 2
where There are two normal modes for a given wave vector.
Tro?(mB)? 7 The second subscript labels these modes. Let C be
=———  D=nBuwd . the four-by-four matrix between the coupled and
(c|k|wo)? clk| uncoupled systems of oscillators:

In units of Z=c¢=1, the eigenvalues of (11) are
determined by the equation

+— (12)
E? 1—E*/we

(In the present units, #=index of refraction= |k|/E,
and e=#n?=k2/E2) The same relation exists between
frequency and wave number for the quantum-mechanical
normal modes as for the classical ones.

If the Hamiltonian in the uncoupled system is to be
that of uncoupled harmonic oscillators, the new
oscillator operators will have the usual commutator
relations

[akiyak'j] = [aki*yak’ ,~*:| =0,

(13)
Loy 5= 8B
1.50 /
/
1.25
>
/
1,00
"
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t@ ~
q
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0
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q

Fi16. 1. E(k) for 4x3=0.1. Units of z=c¢=1, and §=E/wo, g=k/wo.

k1 ] Cin Crp Ciz Cusf|ax

Qg2 - Cu Co Coz Coal|bx ) (14)
o_ir* Cu Ci Ciz Casl|a*

a—kz* C41 C42 Cis Cu b—-k*

The combination of the commutation rules for the «
representation and for the a, b representation yield
relations between the ¢;;, which are sufficient to show
that

Cu* Ca* —Cu* —Cu*
Cyo* Co* —Ca* —Cy*
Cl= (15)
—Ci* —Cays* Cys* Cys*
—Ci* —Cag* Cys* Cus*

A plot of E(k) and some useful combinations of ¢;;(k)
are given in Figs. 1 and 2 for the particular case

b FORBIDDEN ENERGY
REGION FOR PLANE WAVES

—]

3
o8 Cu=Cial” O\

2
[Ci12=Cial /
0.75 1.00 .25

£

F16. 2. |c11—c13|2 and |ci12—c14]? as functions of energy.
Units #=c=1, 4r=0.1, and §=E/w,.

o 0.25 0.50 2.00
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4m3=0.1. The transformation!! C is given in detail in (16).

u= 1 ‘:)(l:l

E12 2

RICHI CRE

e (22) [ ]
C”=“(1‘;,) E_E)( El)/{ [Hk[El][( ~i—: +47rﬁ]%l

Cuu=—i(xB)! 1_~)/[[1E1

The quantities Cj1, Cje, Cjs, Cjs may be obtained from
the above expressions by replacing E; by E; and
multiplying by (7)7. Here E; is the smaller positive
root of Eq. (12), E, the larger positive root, and
E3=—E,, E,=—E, The arbitrary constants in C
have been so chosen that for |k|<wo and B— 0,
= oy, be=axe, A *=a_x1*, b F=a_io*.

The ground state in the a, or uncoupled, system can
now be written in terms of the wave functions for the
unperturbed system. The conditions

Ox 1‘pgrounda =ax 2¢grounda =0k lkbgrounda =Q_k 2¢groundu =0

generate recursion relations for the expansion coeffi-
cients of the new ground-state wave functions in the
photon-polariton occupation-number representation.
The result is free of the infrared divergence which
would occur if ordinary perturbation theory were used
to find the ground-state wave function.

Although it will prove advantageous to work in the
a system with “clothed” photons and polaritons,
nevertheless for the problems to be worked out it is not
necessary to calculate the “clothed” wave functions in
terms of the original basis. The operator transformation
C is sufficient to calculate the most useful observables.

It is of interest to ask to what extent such a quantum-
mechanical dielectric may be treated as a classical
system when interactions of the dielectric with a
subsystem which is coupled to electromagnetic radiation
are considered. In treating radiative problems in a
nondispersive dielectric, one may simply start from
the Lagrangian (3) with P=0 and multiply the first
term by e, the dielectric constant. By using the trans-
formation (14), it can be directly shown that outside
the region of strong dispersion, the vector potential

1 C js not unitary; the “Hamiltonian” matrix of (11) is not
Hermitian. This does not imply that the wave-function trans-
formation represented by C is not unitary. C is not a wave-
function transformation but rather defines a particular linear
combination of operators. The matrix of (11) is not the Hamil-
tonian, but rather defines a useful commutator relation. It can,
however, easily be shown (by making use of the fact that C has
an inverse) that the transformation on Hilbert  space from the
representation in which the number operators a*xax, bx*bx, etc.

are diagonal to the representation in which the number operators
ay*ay are diagonal is a unitary transformation.

1—

JI(

(16)

E2\? 3
o

wo

operator involves only one set of normal-mode operators.
In the low-frequency region, the electrodynamics is
equivalent to that obtained in the simple nondispersive
treatment outlined above. In the high-frequency region,
ordinary vacuum electrodynamics results. In the
dispersive region, both sets of normal modes are
important, and no simplification of this more compli-
cated electrodynamics is possible.

It is not necessary to treat the case of a finite
dielectric medium in detail. One can show that the
analytic extension of the quantum-mechanical disper-
sion relation of an infinite medium to include all
frequencies, in conjunction with the classical boundary
conditions, describes properly a dielectric of finite
extent. It is sufficient, then, to compute the dielectric
constant only for infinite geometry.

So far we have considered the usual classical model
of a dielectric. There are only a few modifications which
can be made to this model in the realm of linear
isotropic dielectric theory.? In the classical model the
polarization P(r) depends only on the electric field E
at the point r. A generalization of this dependence
would allow P(r,f) to depend on FE(r',/'), where & is
a linear operator.® Another generalization which
might be made would be to replace the classical
restoring force proportional to P in the equation of
motion of P by a more general linear restoring force.
Both of these modifications will be present to some
extent in a real physical dielectric.*

A more general restoring force allows a dependence of
the polarization frequency on wave number, and is
equivalent to using a finite effective mass for excitons.
Estimates based on parameters suitable to the alkali
halides indicate that the finite-mass effects are small,
although they technically introduce a second mode
for any given frequency (compare with Fig. 1) and an

2 One trivial modification which will not be discussed now is
the addition of more polarization fields.

18 There are restrictions on the form of JF if there is to exist a
causal relation between E and P.

14 Pekar (reference 9) has derived these effects from the semi-
classical theory of radiation in the case of no damping (no true
absorption). The existence of these effects will be mentioned, but
neglected, in the present treatment of absorption.
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additional boundary condition at the surface of the
crystal. Since the inclusion of such effects would
complicate the mathematics, while at the same time
should lead to no appreciable physical effects, they will
be ignored in the theory to follow.

IV. INTERACTION OF PHOTONS WITH EXCITONS

An exciton band in an insulating or semiconducting
crystal is thought of as a band of nonconducting
excited electronic states of the entire crystal. There
are two extreme sets of basis functions for describing
electronic wave functions in crystals: the Heitler-
London scheme of localized atomic wave functions and
the Hund-Mulliken-Bloch scheme of electrons spread
throughout the entire crystal. Corresponding to these
extremes are two models of excitons: the Frenkel or
tight-binding exciton and the Wannier or weak-binding
exciton. A useful approximate exciton Hamiltonian and
the interaction of photons with excitons can be derived
for simplified cases of both models.

It will be shown that excitons are approximate
bosons (to the same degree that spin waves are bosons)
for the tight-binding model. The proof of the validity
of the derived Hamiltonian for the weak-binding model
will be omitted here.’® Terms which can cause absorp-
tion will be dropped from the approximate Hamiltonian
until Sec. V where they will be treated as a perturbation.
The approximate exciton-photon Hamiltonian derived
(for one exciton band) will be exactly the same as the
photon-polariton Hamiltonian (6) of Sec. III.

The extreme tight-binding crystal that is treated
here consists of a cubic array of identical atoms
separated by distances large enough that the overlap
of wave functions of nearest-neighbor atoms can be
neglected. If the lattice sites of the atoms are L and
the atomic number of the atoms is Z, then the Hamil-
tonian for the electrons in the absence of radiation is,
in dipole approximation,

P LN,

2
L Lo 2m |x] i=i | XL — XL

vy Xy Xyp
+ %:#:.L; |[L-L’|3
3[Xy- (L—L)]Xw- (L—-L

(L—L')s

, (A7)

where X1=2 .1%x;1, and N is the number of atoms
in the crystal.

A suitable set of (—1)th order wave functions for
describing the electronic state of the crystal is
W=]]1¥r;, where Y1 is the wave function of atomic
state ¢ on atom L, having atomic energy eigenvalue E;.
The ground-state wave function is Yo=]]wfre. All
energies will be considered to be measured from N E,.

15 See J. J. Hopfield, Ph.D. thesis, Cornell University (un-
published).
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The zero-order lowest-energy excited states of the
crystal should not be taken as ¥;=yr v .10, for
there are matrix elements of the dipole interaction of
such states between degenerate states having the same
excitation on different atoms. If instead the states

1
\Ilkt=:/7\7_ % e exp[ (k- L)]LI;IéL'pL'O

are used, where k is an allowed wave vector of the first
Brillouin zone and periodic boundary conditions are
applied in a volume V with number of atoms N, the
¥y, are orthonormal wave functions for which matrix
elements of H between states tk and tk’ vanish. For
these states, (H) can be shown?® to have the form given
by (18) for |k|VE>1,

N 8w
<H>k¢=Eg+—I'/: ?I Xogl 2I)z(COSG)

XLjo(|k[n)+j2(|k|n)], (18)

where 6 is the angle between k and (o] X|¢.), and
| Xoe| 2= (Wo| X|¥e)- (| X o).

It is convenient to define a set of operators dr; and
dv* (for t£0) which operate on the wave function and
obey the following rules'S:

drabrre =YrodLL b,
ALYy =yYLdLi i,
Aridrry—drrpdrs=0.

Operator di:* acts only on the wave function of atom
L, raising the atom to state ¢ if the atom was previously
in state ¥, and giving a zero result otherwise. Operator
du: acts only on the wave function of atom L and
yields zero unless the atom was in state ¢, in which
case dr produces the ground state function. Particularly
useful linear combinations of the raising and lowering
operators are

(19)

btk*:\/N Z exp('Lk L)dm*;
L

. (20)
btk:ﬁ % exp(——¢k L)du.

In terms of these operators, Yu:=>bu*¥o; Vo= bus:.
The Hamiltonian (17) can be exactly expressed in
terms of the operators dr;. The operator Xi can be
written as

(XL)operator=Z¢ <0[ XLI t)dL¢+Z¢ <tl XL|O>st*
+ E’Z (t| Xo|YdriFdre.  (21)

16 That dr and dv- should commute (rather than anticommute)
can easily be shown if the atomic wave functions are written in
terms of one-particle functions. Then dr, involves the product of
one electron creation operator and one electron destruction
operator. Since individual electron creation and destruction
operaters (referring to different states) anticommute, pairs of
such operators (referring to different states) commute.
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The atomic part of the Hamiltonian is

Z Hy= Z Ezst*st= Z Etbtk*btk- (22)
L t,L k,¢

The complete Hamiltonian will not be written out,
but instead only the terms of X1Xyrr which involve
the least number of operators will be retained in an
approximate Hamiltonian. The physical interpretation
of the omitted terms will be given after the formalism
developed for the approximate Hamiltonian is com-
pleted. Then the reasons why the dropping of higher
powers of operators can often be justified will be more
readily apparent. The approximate Hamiltonian, for
small (|k|7r<1) but nonzero k, is

4 Neé?
H=3Y Etbtk*btk+'3_' —_— 2
)

k,¢,t’

k- X)) (k- Xu
PRV )

X [ba*byr—s*+bucby—xtbubix®+bu*ben ],  (23)

where we have, for convenience, assumed that the
matrix elements X,= (0] X|¢) are real.
The commutator of ds and b, * is given by

1
[buc,be*]=—3 exp[i(k—k')-L]
N1

X[drdre*—dry*dr], (24)

[Berr™*,bu®]=0.

The number operator for the state Lt is dp:*dr:; dr.dr:*
is a number operator for the ground state LO (there are
many number operators for the ground state). If
matrix elements for the commutator are considered
only for states of the crystal in which the total number
of excited atoms is at most M, then the number of
nonzero matrix elements of dis*dv; is less than M while
the number of atoms in the state zero is greater than
N—M. Thus for the states of excitation less than M,
and t="¢, [ba,bu™]=dxw to order M/ N, where N is the
total number of atoms in the crystal. Similarly for
t#1', dvri*dry has a nonzero value for the order of M
atoms, zero for the rest, while drdve* is zero for
t#t'. To order M/N,

[btk,bt’k'*jz 6kk’6tt’- (25)

In the approximation (25), the Hamiltonian (23)
represents a set of coupled harmonic oscillators. The
Hamiltonian (23) can in principle be diagonalized by a
unitary transformation of the type used in Sec. ITI and
can be expressed in terms of a new set of uncoupled
harmonic oscillators.

It is now possible to give a physical interpretation of
by and bu*. The operator bu* is so constructed that
acting on the ground state it produces an exciton of
wave-number k and atomic state . The operator byi*

HOPFIELD

applied to the exciton state £k produces a crystalline
state in which fwo atoms are excited. (This may be
verified by direct recourse to the definitions of bgryr*
and du.) Such double excitations are correctly generated
by the dus™ but for one detail. There are NV atoms in
the crystal and only N (N —1) pairs of atoms taken in
either order. Using boson operators produces an error
in the normalization of the double-excitation wave
functions of 1/N. The zero-order wave functions for
multiple-wave functions can then be represented by
boson operators in a manner analogous to spin waves
in a lattice,'” with the same restriction to states with
numbers of excited atoms much less than N.

The terms which were omitted from the model
Hamiltonian (23) have two physical interpretations.
Firstly, the b&«* produces multiple excitations in which
the excited atoms are not spatially correlated. Correlated
multiple excitations could be constructed which would
have different energies from the uncorrelated multiple
excitations. Since the correlation energy of M dipoles
vanishes as the dipoles are separated, the number of
correlated states of appreciably different energy from
the uncorrelated states should again be of order M/N.
Secondly, the dipole interaction of single excitations
depends on the presence or possibility of other excita-
tions. These effects have atomic analogies. If an atom
in its ground state is placed in an electric field, not only
the states which are coupled to the ground state by
the perturbation are mixed in with the ground-state
wave function, but all accessible states are mixed in
through higher-order perturbations. If a gas of atoms
contains some atoms in an excited state, its dielectric
constant will be different from that of a gas of atoms all
in their ground states. Both of these atomic effects are
omitted in the linearization of the model.

The perturbation Hamiltonian for the interaction of
an atom with the radiation field (in dipole approxima-
tion) can be written as

ie 2rhc \ }
Hatom’=— Z Z ( )
m v0,5%0,v5% kx \V|k|
Xopdre*d(t' | X[ ) en
X [an* exp(—ik- L)+ ai exp(ik-L)]
ie (21rhc H
- w
m e \V k|
X[{0] X[ t)dre— (¢| X|0)dr*]- ek
X[ @* exp(—ik-L)+au exp(tk-L)]
& 2whe
2m e V| k|

X[an*e_w*+ontntan*ant-anan®]. (26)

17 For a discussion of the conversion to boson operators for the
spin wave case, see F. J. Dyson, Phys. Rev. 102, 1217 (1956).
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The first term of this perturbation Hamiltonian couples
the different excited states of the atom to each other,
but does not couple any excited states to the ground
state. The effect of this term will be omitted from the
radiative interaction Hamiltonian and will be treated
as a perturbation on the last two terms. The model
radiation Hamiltonian will be expressed in terms of the
exciton and photon creation and annihilation operators.
Umklapp processes will be omitted for the usual
reasons. It is assumed that the ground state of the
atoms under consideration is an S state (all electrons
being considered). There will then exist matrix elements
of X from the ground state only to P states. The three
degenerate P states may be always so arranged that
the state created by by* has matrix elements of X for
a single atom only in directions perpendicular or
parallel to k. Such an arrangement divides the excitons
into two categories: transverse excitons with (0| X|#)
perpendicular to k and longitudinal excitons with
(0| X|¢) parallel to k. There is no interaction between
the longitudinal excitons and photons since - (0| X|£)
=0 for longitudinal excitons of wave number k.
Similarly there is no interaction between any of the
three exciton modes in the Hamiltonian (23). For
consideration of optical interactions, the longitudinal
excitons can be omitted. In (23) and (26) only P-states
have interactions with each other or with the radiation
field, so all other exciton states will be omitted from the
final Hamiltonian. The transverse P-states will be
labeled by a principal quantum number #» and a
polarization A. By utilizing the atomic f-sum rule,'® we
obtain the exciton photon interaction in the form

w3 (5 lg) (7)o

X (Binian® — bt bt — b a_ia™)

62

2
+
clk|V
X (an*an+t dkxdkx*+akx*d—kx*—’rdkxa_kx)] ) 27)

wor| (O] X £)|?

This is the approximate exciton-photon interaction
Hamiltonian of the tight-binding excitons.

The total model Hamiltonian for the excitons and
photons which interact is

H=H exciton+ H photon+ H exciton—photon+H exciton-exciton,
where

H photon

= kz)‘ hclkl (ak)‘*dk)\),

18 The f-sum rule was used by Neamtan in his perturbation
treatment of the dielectric properties (neglecting absorption) of
a dilute gas to divide the A? term into contributions from the
individual dispersion oscillators. See S. M. Neamtan, Phys. Rev.
92, 1362 (1953); 94, 327 (1954).
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H exciton

= 3 Ei(byir*bexn),

k, ¢\
H exciton-exciton

2w Né?
=——— Z (Xt' Xt’btk}\*bt’.—k)\*
3 V ¢tk

+ X¢*- Xo*buaby, o+ Xe¥ - Xpbuabin®
+ X¢- Xe*bua*ben)

(Xe=(0] X]£)), (28)
and Hexciton-photon 18 given by (27).

A comparison of (27) with (6) shows that each
exciton type ¢ interacts with radiation exactly as the
quantized polarization field interacts with radiation.
In the absence of interaction between the excitons, the
system of excitons in interaction with radiation in the
model under consideration can be represented as a
quantized set of classical polarization fields, one for
each exciton band which interacts with radiation. Thus
excitons are a physical example of the general polaritons
of Sec. III.

The dipole interaction term of the exciton Hamil-
tonian is the quantum-mechanical expression of the
classical “local field” correction to the polarizability
of a density of atoms. For the case of only one exciton
mode (transverse) with dipole matrix element |X|
and atomic energy level E, the relation between the
energy and wave number can be determined by using
the diagonalization method of Sec. ITI. Direct applica-
tion of the diagonalization procedure yields the secular
equation

k? . 8r(N/V)et| X |2E
—=17

o B—(8r/3)(N/V)e| X |2E—u?

(29)

It is seen that the dipole coupling has two effects: it
reduces the frequency of the excitons from that of the
free atom and it increases the oscillator strength.
Since 2¢?| X |2E/(E?—«?) is the polarizability of a
free atom, (29) can be rewritten in the more familiar
Lorenz-Lorentz form

k2 4w (N/V)a e—1 4r N
e=—=1+4 y =—a—. (30)
w? 1— (4r/3)a(N/V) e+2 3

The energy of the coupled excitons is

8r N |X|2\}
Ecoupled=E(1'—?'-62 ) .

The expansion of the square root to first order yields
E— (4n/3) (Ne?/V)| X |2, which agrees with the expres-
sion obtained by Dexter!® from perturbation theory.

¥ D, L. Dexter, Phys. Rev. 101, 52 (1956).
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If the radiation field is omitted from the problem, and
the coupled exciton problem is solved, the shift in
zero-point energy corresponds to the van der Waals
forces.

There are two points of view which can be adopted
for treating the “local field” effects in the extreme
tight-binding model. The semiclassical treatment
assigns to each atom in the crystal a polarizability.
The dielectric constant of the crystal is then computed
by taking into account the dipole interactions between
different polarized atoms. In the quantum-mechanical
treatment, there are terms in the crystal Hamiltonian
representing pairs of atoms. This interaction makes the
crystal wave functions and energy levels different from
the wave functions and energy levels of a collection of
noninteracting atoms. Since the dipole interactions of
the various atoms have, in this view, been properly
taken into account in the quantum mechanics, it is
not necessary to specifically include “local field” effects
in the electrodynamics of the crystal.

The quantum-mechanical point of view is used
throughout the present work. It is simpler to work in
terms of an assumed set of entire crystal eigenfunctions
than to work directly with the atomic wave functions.
In addition, interpretation is easier on an entire-crystal
basis. An example is the occurrence of the 47/3 catas-
trophe of the semiclassical theory at a finite frequency
w not the same as any atomic transition frequency.
This occurrence is easily understood in the quantum-
mechanical description in terms of the difference
between the energy levels of an atom and the crystal
energy levels. Finally, the “Lorentz local field correc-
tion” is only a first approximation to the exact result
which would be obtained by using the exact Hamil-
tonian.® A formalism written in terms of whole-
crystal states (in which it is assumed that the entire
crystal Hamiltonian has been diagonalized) can be
valid whether or not the semiclassical local field
correction is an adequate description of interactions
between atoms. )

For the theory of absorption it will be assumed that
the exciton-exciton interaction Hamiltonian has been
unscrambled so that the exciton creation and annihila-
tion operators for different bands are no longer coupled.
The Hamiltonian for either the weak- or the tight-bind-

2 There is a simple classical analogy which points out why the
Lorentz-Lorenz equation is a linear approximation. Classically,
there is a large and rapidly varying field near an atom in an
S-state due to the instantaneous value of its dipole moment. Thus
an atom in a crystal feels the applied field, the mean interaction
field of all induced dipoles, and a large, randomly varying field
having an average value of zero. If the polarization of the atom
is given by P=aE-+SsEE? (there will be no E? term for spherically
symmetric atoms), then the time-averaged polarization P in
the presence of an applied field E, (small) and a large fluctuating
field Eo(¢) will be approximately P=[a+8[E,(¢) PE. where &
can be computed from & and the details of the large, rapidly
varying field. The observed polarization is proportional to E,,
but the observed polarizability is not a. This effect is not included
n classical local field formulas.
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ing model will be taken to be
H exciton'l" H photon+ H exciton-photon

plus a perturbing term which will induce transitions.
The exciton energies and oscillator- strengths which
belong in this Hamiltonian can in principle be obtained
from the diagonalization of the exciton-exciton
interaction. :

In the absence of absorption, the role of exciton states
in dielectric phenomena is clear from the comparison
of the Hamiltonian derived here and the generalization
of Sec. IIT to include more polarization modes. The
exciton states simply represent the quantized form of
the classical polarization field. The eigenstates (normal
modes) of the total Hamiltonian represent those
combinations of polarization waves and electromagnetic
waves which propagate in an ideal classical dielectric
medium.

V. COMPLEX DIELECTRIC CONSTANT

Absorption, from the point of view of the present
paper, is due to terms which have been left out of the
approximate Hamiltonian. In Sec. IV, the “many-
body” interactions of excitons with all other energy
modes of the crystal were omitted. The simplest of
these interactions are the three-body interactions
(in an “unclothed” notation):

exciton <> exciton’+photon, (a)
exciton <> 2 photons, (b)
exciton <> exciton’-+phonon, ()
exciton <> 2 phonons, (d)
exciton <> phonon+-photon, (e)

and their variations.? The fact that fluorescence is
not usually observed in pure materials implies that
(a), (b), and (e) are probably not the dominant decay
processes. The possibility of a sizeable energy shift in
the exciton states due to interaction (c), the exciton
polaron problem, is not expected to invalidate the
general results of this paper. The author sees no reason
why the qualitative conclusions to be derived would be
altered in form by the use of excitons clothed in phonons,
although the physical parameters would in any partic-
ular instance, of course, be altered by the inclusion of
lattice polarization effects.

Order of magnitude estimates of the transition
probabilities of different possible processes leading to
exciton decay also indicate that process (c) should be
the dominant decay process. The scattering lifetime
for process (c) should be of the same order as free
carrier scattering lifetimes for carriers having the

2 If the phonons are coupled to the electromagnetic field, a
second type of process is possible. The mixed states of photon
and phonon (for which the formalism of Sec. III is also applicable)
can decay into_exciton states. This gives rise to a kind of indirect
absorption process.
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same kinetic energy as the exciton, and thus be about
1071 to 10~ second. All the other processes are much
slower. Process (e), for instance, has a lifetime greater
than (but of the same order as) o7, where « is the
exciton-lattice coupling constant, and T is the lifetime
of decay of a localized exciton for photon decay neglect-
ing the resonant sharing of energy. T’y thus lies between
10~* and 10~3 second, depending upon the exciton
oscillator strength, whole o for most excitons will be
of the same order as a for free carriers, lying between
0.1 and 5. Processes (a), (b), and (d) are also slow
relative to (c).

Any of these three-body interactions which produce
transitions represent a sink from the optical point of
view, for a three-body transition is a method of trans-
ferring energy from a mode of wave vector k into modes
of wave vectors not equal to k. From a physical point
of view this represents a scattering, whereas two-body
interactions which conserve wave number do not in
general cause a process which can be viewed as scatter-
ing or an ‘‘absorption” because the restriction of
wave-vector conservation usually prohibits real transi-
tions. On the other hand, any of the three-body
processes listed have an energy continuum of final
states of the same wave number as the initial exciton
state, producing the possibility of real transitions if
the exciton energy overlaps this continuum.

Observed exciton absorption lines are virtually
always broad compared to atomic line widths and the
widths are strongly temperature dependent. An
inference which may be drawn from this fact is that
the exciton-lattice interaction is dominant in exciton
decay processes. It would then seem to be the exciton
part of the clothed exciton which causes clothed
excitons to scatter and produces the effect of optical
absorption.

In order to represent the coherent propagation of
the primary beam, it is sufficient to take into account
the attenuation of the primary beam, without calcula-
ing explicitly the final history of the scattered waves.
We follow the treatment of the complex dielectric
constant given by Fano?® to derive a complex dielectric
constant which expresses the effects of higher-order
couplings. We therefore assume that each of the normal
modes of the approximate exciton-photon Hamiltonian
is coupled weakly to a continuum of states through the
three-body (and higher-order) processes described. This
coupling is assumed to be weak (the transition probabil-
ity for decay is much less than the reciprocal of the
normal-mode frequency). It must be further assumed
that the matrix elements and density of final states for
normal-mode decay are slowly wvarying functions.
Neglecting the energy shift due to the ‘“dissipative”
interaction, Fano shows that a suitable complex

2 Fano, reference 3, Appendix A.
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dielectric constant is

@)=t %
= i 1—(w2/w,2)—|-i'ij’

where «v; is the transition probability for decay of the
Jth normal mode, and B; is the polarizability of the
Jth mode.

The v; can in turn be expressed in terms of bare
exciton lifetimes if the decay process is sufficiently
simple. For example, if the exciton — exciton’+phonon
process is assumed to be the decay-causing interaction,
and the exciton’ is assumed not to interact with
radiation, then the relation between v; and thedecay
lifetime for a bare exciton is determined by writing
the exciton — exciton’+phonon interaction in terms
of the normal mode operators. In the simple case of only
one exciton band, the transformation is described by Eq.
(16). In the simple one-band case, |C12|2=1 for E =uwy,
and vy is the bare exciton lifetime. For more compli-
cated cases, the relation is not necessarily so simple,
for there can exist interference effects between different
exciton components in normal-mode decay.

If the density of states into which the normal modes
decay is not smooth, additional structure reflecting
this fact may be observable. This can be the case when
an optically accessible exciton band is coupled through
phonons to other energy bands not available to direct
optical transitions. In this case v will be a function of
frequency. Indirect absorption of light by exciton states
in a phonon process (photon—optical phonon—exciton
+phonon’) is an example of such a process. Here, the
absorption is associated with oscillators (optical
phonons) of very low energy. There is a sudden change
in the lifetime [y(w)] of the phonon-photon state as
the frequency increases to a value which allows exciton
formation, even though the frequency region is far
removed from optical phonon frequencies, and the
exciton band is not directly accessible to optical
transitions.

@31

VI. SUMMARY AND APPLICATIONS TO
EXPERIMENTAL WORK

The qualitative difference between the absorption of
light by exciton states in the theory developed here and
the usual point of view must be strongly emphasized.
In the usual view, light propagating through the crystal
directly creates excitons, and the energy flux of the
incident beam is reduced by the amount of energy given
up in creating excitons. The incorrectness of this point
of view was discussed in Sec. IT. In the point of view
developed here, light inside a crystal mixes strongly
with excitons in the crystal, producing a propagating
mode of mixed exciton and photon. True absorption
takes place when other crystal states are excited by the
exciton part of this propagating mode. The energy
absorbed by a crystal does not lie in the exciton modes
to which the light was directly coupled. Instead, it
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lies in the crystal energy modes to which the excitons
coupled to the light can make transitions. This qualita-
tive difference, in conjunction with the fact that excitons
do not undergo pure radiative decay, can produce
large changes in the interpretation of optical phenomena
in crystals.®

A qualitative distinction between two different types
of absorption can be made in order to understand
more clearly the absorption process. The kind of
absorption usually considered might be called “true
absorption.” In true absorption, the intensity of a
light wave propagating through a crystal is diminished
because of the absorption of energy from the light wave
by the crystal. The measure of true absorption is
classically the spatial rate of attenuation of the Poynt-
ing vector. A second kind of absorption might be termed
“penetration absorption.” A classical dielectric with
no damping exhibits total external reflection in a
semi-infinite geometry. This total reflection occurs in a
frequency region just above the resonant frequency of
the dielectric. The dielectric constant is negative in
this frequency region. An electromagnetic field exists
inside the dielectric even in this total-reflecting
frequency region. The wave vector (for normal in-
cidence) is purely imaginary inside the dielectric. If the
transmission of a plane parallel sheet of such a dielectric
is measured as a function of sheet thickness, the
imaginary part of the wave vector can be measured in
spite of the fact that there is no absorption of energy
by the dielectric.

The problem of interpretation of experimental
results is a completely classical one, but one which
should be closely examined before applying this theory
to experimental results. A differentiation between the
two kinds of absorption is not normally made in cases
of strong optical absorption, where both types are
usually present. The theory developed here relates the
imaginary part of the dielectric constant to parameters
characteristic of the crystal. It is important for applica-
tions of the theory to analyze and interpret experiments
in such a way that the optical constants (%, and #;, e,
and ¢;, or suitable combinations) are obtained. This is
especially true in making reflection corrections to
transmission experiments for obtaining #; A trivial
and extreme example is the measurement of #; in the
case of pure penetration absorption. If an ordinary
reflection correction is made, it will be found that all
the energy not reflected from the crystal is transmitted
through the crystal. To interpret this fact as a lack of
energy absorption by the crystal is completely correct.

2 Tn some cases, the applicability of the theory is limited to
low temperatures. In order for the theory to be valid, it is necessary
that the rate of exchange of energy between the exciton and photon
in a mixed eigenstate be fast compared to the transition probability
for exciton-phonon scattering. The rate of energy exchange is
approximately wo(7B)}, as can be seen from (12). For oscillator
strengths of 1073 or smaller and temperatures high enough that
the free-carrier scattering lifetime is around 107 sec, the rate of
energy is no longer fast compared to the rate of exciton scattering.

HOPFIELD

To interpret this fact as proof that the imaginary part
of the index of refraction is zero is definitely incorrect.

A useful approximate expression can be found from
the more general Eq. (31) for 8 in terms of the observed
absorption coefficient if v/weX1 and an absorption
single line is sufficiently isolated that the following two
conditions are met:

1. The contribution of all other bands to the real
part of the dielectric constant is positive and essentially
constant over the region of study.

2. The contribution of all other bands to the imag-
inary part of the dielectric constant is zero.

The approximate formula, exact only for y=0, is

f 7i(w)dw
absorption line
e 1 (19}
—or— | ——————dy,

n Jo [1+(4nB/n?)y" J}

where 72 is the dielectric constant due to all other lines,
evaluated in the region of absorption of the line under
study, and wo is the frequency of the absorption line.
(The integral can be expressed in terms of elliptic
functions if desired.) The large contribution to the
integral occurs when y is near zero. In many physical
cases, 4w is small enough that 473/#* can be neglected
in the denominator. For these cases,

(32)

n m
fabsorption line="7'r; ;oncell L %i(w)dw. (33)

bsorption line

This equation resembles closely the Smakula equation®
for absorption by impurities in a crystal, except that
a factor [3/(n?42)]* which occurs in the Smakula
expression is missing here. The physical reason for the
absence of this term is that, for the perfect crystal,
all “local field” effects are taken into account in a
correct computation of the crystal wave functions
(see Sec. IV). The derivation of (33) does not rest on
the assumption #;&K1. However, the extension of (33)
to the case of two adjacent lines in the form

f1+ fa=constant X 7:(w)dw

both lines

is not correct unless the condition #;<1 is met.

One important result of (33) concerns the estimation
of relative oscillator strengths from observed absorption
data (i.e., from #;). When two absorption lines lie
close together, the lower-energy line is suppressed and
the higher-energy line is enhanced in the area under
the #;(w) curve. This effect arises because the contribu-
tion by the higher-energy line to #? in (33) for the
lower line is large and positive, whereas the contribution

% See the “generalized Smakula equation” of D. L. Dexter
(reference 19).
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by the lower-energy line to #? in (33) for the higher
energy line is large and negative.

The assumptions which have been made to obtain the
theory of the dielectric constant were discussed as they
were made. The least satisfying of these is probably
the assumption that the general theory is valid for
actual crystals which do not fit either extreme exciton
model. The theory as constructed in Secs. III through
V is a more precise theory than the usual one outlined
in Sec. IT. The division of the crystal into sub-blocks,
the use of semiclassical radiation theory, the assumption
that e—1 is a small quantity, and an appeal to a group
velocity were all avoided.

The formulation given of the complex dielectric
constant problem makes it possible, in principle, to
compute the complex dielectric constant from first
principles. Although it is impossible to make really
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satisfying calculations on the basis of this theory
without much more knowledge of exciton wave functions
and the exciton-lattice interaction than is available at
present, nevertheless the theory can be of use in provid-
ing a framework in which to interpret the optical
absorption associated with exciton states.
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The problem of hot electrons in a nonpolar crystal is reconsidered using the Lorentzian gas model more
accurately. Scattering by acoustical phonons alone is considered first. The new results are (1) an asymptotic
formula for the moments of the velocity distribution which permits calculation of the deviation from the
square root law at high fields, and (2) a recursion system allowing the calculation of any velocity polynomial
in terms of the average energy, random velocity, and mobility of the electrons. Scattering by ionized im-
purities in addition to acoustical phonons is considered next and the distribution function is derived. The
proportionality constant relating the change in the low-field mobility to E2 is shown to be highly sensitive
to ionized impurity scattering. Thus, appreciable changes from its value for pure lattice scattering occur for
po/pr as low as 1073, (E is the field strength and uo and uy are the low-field lattice and impurity mobilities,
respectively.) It is pointed out that substantial deviations from results obtained using a Maxwellian dis-

tribution do occur.

1. INTRODUCTION

HIS paper concerns the motion of electrons (or
holes) in nonpolar semiconductors or insulators

in strong electrostatic fields. We consider a crystal with
spherical energy bands and at a high enough tempera-
ture so that the equipartition law is valid for the
acoustical lattice oscillators with which an electron
interacts. With these two assumptions, Shockley! shows
that the scattering cross section? and the average energy
losses for an electron interacting with acoustical
phonons, remain, to a good approximation, the same
if we replace the phonon field by a classical gas of hard
spheres of mass® K7/¢* (where ¢ is the longitudinal
speed of sound and KT is the thermal energy) and of

1 W. Shockley, Bell System Tech. J. 30, 990 (1951).

2 See also F. Seitz, Phys. Rev. 73, 549 (1948); A. H. Wilson,
The Theory of Metals (Cambridge University Press, Cambridge,
1953), second edition, Chap. 9.

3The validity of equipartition implies that K7'/c? is much
greater than the electron effective mass.

such a density as to make the mean free path (mfp) the
same in both cases. This is the Lorentzian*? gas model
or the gaseous discharge analogy. Indeed, the velocity
distribution function is the same in both cases. (See
Sec. 2.)

In Sec. 2 we shall give accurate calculations for the
physical properties of hot electrons in Shockley’s model.
In particular, we wish to emphasize deviations from the
square root law in the current voltage characteristics
at intemediate fields.

In Sec. 3 we shall consider scatterings by ionized
impurities, in addition to acoustical phonons, derive
the proper distribution function and obtain deviations
from Ohm’s law at low fields. The results will be com-
pared to those obtained using a Maxwellian distri-

4H. A. Lorentz, Theory of Electrons (Stechert and Company,
New York, 1923), p. 267.

§S. Chapman and T. G. Cowling, The Mathematical Theory of
Nonuniform Gases (Cambridge University Press, Cambridge,
1953), second edition, p. 187.



