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J. Chevallier and H. Rodot report that the N-exciton
binding energy extrapolated to GaP from In& Ga„Pis
lower than that observed in GaP. There is some confu-
sion in their paper about the exciton energy in the
0.9 &x & l.0 region of alloy composition. We have observed
the same spectrum and find the principal exciton recombi-
nation spectral peak at 2.3125eV for g =0.990, and
(dE/dx) =0.48 (eV/unit mole fraction) for 0.990~x «0. 980
[A. Onton, T. N. Morgan, and T. S. Plaskett (private
communication) j. These results are consistent with those
of Logan et al. (Ref. . 24). However, the value of dE/dg
we find is considerably larger. The conclusion Chevallier
and Rodot reach on the location of the conduction-band
crossover, based on the spectrum attributed to a sample
with composition x = 0.64, is entirely inconsistent with
the results we report in this paper.
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Experiments on the propagation of 35-GHz microwaves in magnetically biased powdered
narrow-gap semiconductors are described and their major features explained by a simple
single-scattering theory derived in the paper. Attention is restricted to grains much smaller
than the wavelength of the incident waves. The grains are idealized to spheres which are
gyroelectric because of the applied dc magnetic field. The scattering and absorption properties
of an isolated gyroelectric sphere are analyzed using an ad hoc assumption that, under a given
normal-mode excitation, a gyroelectric sphere can be represented by an isotropic sphere de-
scribed by the bulk permittivity associated with that excitation. This approach explains the
main features of the data in terms of particle-size-dependent resonances and high-field size-
independent absorption. Variations of resonance position and strength with powder grain size,
size distribution, temperature, and carrier concentration are easily understood using the
single-particle expressions. Low-temperature microwave transmission in InSb and InAs pow-
ders shows well-resolved Shubnikov-de Haas oscillations at field values in remarkably good
agreement with theory.

I. INTRODUCTION

We have investigated experimentally and theo-
retically the problem of electromagnetic wave prop-
agation in powdered narrow-gap semiconductors in
the presence of an externally applied magnetic
field. ' ' We report experiments carried out in the
microwave region (35 GHz) on granulated high-mo-
bility materials which exhibit a strong and striking
dependence of wave-propagation properties on the
applied dc magnetic field. A complete quantitative
description of the data demands a rather sophisti-
cated analysis, entailing particle-particle interac-
tions and the effect of irregular particle shape, be-
yond the scope of the present work. Nevertheless

it will be shown that all observed qualitative fea-
tures of the transmissivity can be explained on the
basis of a simple single-scattering theory whose
essentials are presented.

It is clear that the study of electromagnetic be-
havior of powders provides an opportunity to inves-
tigate transport properties of materials available
in granular form, as well as the effect of small size
on these properties. In addition, it poses a series
of problems in electrodynamics and scattering the-
ory. Understanding of this rather complex problem
is therefore highly worthwhile in general. In our
discussion we shall emphasize the aspects of inter-
est to the solid-state physicist and shall endeavor,
whenever possible, to emphasize the relationship
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FIG. 1. Transmitted power of circularly polarized
microwaves through g-type InSb as a function of longitudi-
nal dc magnetic field. Curve (a) is for a single-crystal
slab 1 mm thick, and curve tb) is for an unsieved powder
of the same material, 8 mm thick. Note the pronounced
reversal of "handedness. " Peak transmissivity is com-
parable in both cases, approximately 0. j.%.

of the effects observed in powders to dc transport
parameters, surface impedance, and helicon waves.

Wave propagation in powders reveals some rather
unexpected effects, as is illustrated in Fig. 1,
which compares the transmission of circularly po-
larized microwaves in Faraday configuration through
(a) a single-crystal slab of n-type InSb and (b) a
slab-shaped region of the same material in pow-
dered form. The positive and negative field values
correspond to opposite senses of electron cyclo-
tron orbits relative to the sense of circular polari-
zation of the incident waves. When the orbital mo-
tion is in the same sense as the polarization of the
wave, we refer to the wave as cyclotron resonance
active (CRA), corresponding to negative fields in
the figure; when the cyclotron motion is opposite
to the circular polarization, the wave is referred
to as cyclotron resonance inactive (CRI). The
upper curve is well understood in terms of helicon
wave propagation in semiconductor slabs. The
lower curve was not understood until the dimen-
sional resonance mechanism, to be elucidated in
this paper, was conceived. The mystery was the
apparent "reversal of handedness" of the medium
after it is powdered; as the figure shows, the
powder transmits waves of the circular polariza-
tion rejected by the solid sample, and is opaque to
waves of the circular polarization that the solid
sample transmits.

II. EXPERIMENTAL DETAILS

All of the experimental results reported in this
paper involve microwave transmission through pow-
ders in the Faraday configuration, where the propa-
gation direction k of the incident circularly polar-
ized waves is parallel to the applied dc magnetic
field 5, and the electric vector of the wave is per-
pendicular to B.

The basic experimental arrangement is shown
in Fig. 2. For measurements of transmitted signal
strength, the bridge arm is effectively removed by
large values of attenuation in the attenuator A. The
35-GHz microwaves propagate in a rectangular wave-
guide to a circular polarizer above the Dewar, and
the circularly polarized waves travel in the TEyy
mode along a cylindrical guide to the powder sample
located at the center of a Bitter solenoid, as shown.

The powder sample is loosely packed in a short
section of circular guide, typically less than 1 cm
long, and forms a slab-shaped region contained by
two Teflon or Mylar disks. Energy transmitted
through the powder traverses a circular-to-rec-
tangular waveguide transition and proceeds through
the rectangular waveguide turn-around T to the de-
tector D. Reflection (at the transition) of trans-
mitted energy having the polarization not admitted
by the rectangular guide is minimized by an absorb-
ing vane.

Measurements were performed on powders of n-
type InSb, InAs, HgTe, and HgSe of various carrier
concentrations, as well as on intrinsic InSb and

HgTe, in the temperature range from 4. 2 to 380 'K
and in fields up to 150 kG. These materials are
characterized by high electron mobilities and

spherical or nearly spherical conduction bands.
All of the powders were formed by crushing pre-

viously characterized single-crystal material in a
mortar and pestle. Most of the powder samples
were size-fractioned by passing between two pre-
cision sieves, and the resultant range of particle
sizes is specified as d „&d & d, where d „and
d',„arethe nominal aperture dimensions of the
smaller and larger mesh sieves, respectively.
Figure 3 illustrates very well the typical shape of
the particles, in this case an InAs powder whose
size limits are 177& d& 250 pm. Notice that the
crushing and sifting process results in fairly com-
pact particles; very few have the relative dimen-
sions of disks or needles. This, along with the
randomness inherent in a powder, provides some
preliminary justification for our later idealization
of the particles to spheres, even though the grains
are highly angular and rarely have smoothly curved
surfaces.

III. THEORETICAL CONSIDERATIONS

The major features of our results can be under-
stood in terms of a size-dependent resonant inter-
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+z&~y ) & &g~ z&~y ), &g &gg (2)

Each of these principal values describes in effect
the response of the bulk medium to the separate
excitation by one of the three normal modes: the
two circularly polarized fields E, and E, trans-
verse to 5, and the linear polarization E, parallel
to the dc magnetic field. Our approximation is,
briefly, as follows: In the presence of a given cir-
cularly polarized excitation transverse to 5 (say
E,), we calculate the scattering by an anisotropic
(gyroelectric) particle as if it were an isotropic
sphere described by one of the principal values of

Eq. (2) (say e, , corresponding to the E, excitation).
This enables us to apply the powerful Mie-Debye
theory of electromagnetic scattering by a homogene-
ous isotropic sphere. " In this simplest approach
to our powder data, we attempt to calculate only
the strength of the transmitted wave, and according-
ly consider only the absorption cross section of the
Mie theory in a quantitative manner.

A. Scattering by an Isotropic Sphere

The Mie theory involves expansion of the interior
and scattered waves into multipole components of
two kinds: electric waves and magnetic waves.
This nomenclature is convenient because the near
fields of each type of wave correspond to the famil-
iar static field configurations having the same
name; for example, the lowest magnetic multipole

wave has near fields resembling a static magnetic
dipole field configuration. The strengths of the

scattered multipole waves are given by the following
coefficients:

Rosenblum, ' and allows a simple quantitative inter-
pretation of our powder results.

It is well known that the gyroelectric tensor (1)
can be diagonalized in the coordinate system

2 '~'(2+i'!), 2 '«'(» i-y),

resulting in the respective diagonal components

of the first kind and the spherical Bessel functions,
respectively, both of order n. ' The subscript n
indicates the multipole order by means of the usual
2"-pole nomenclature. The presuperscripts m and
e denote magnetic and electric waves, respectively.

Three kinds of cross sections are encountered in
the scattering analysis: the absorption cross sec-
tion Z,~, the scattering cross section Z„„andthe
extinction cross section Z„,. As outlined in Strat-
ton, ' one finds that the cross sections can be evalu-
ated in terms of the scattered wave coefficients
alone:

Z„,=~K (2n+1) [Re('s„)+Re(s„)],
0 n=l

(6)

~abs = ~ext- ~eca .

(6)

In practice, it is easiest to evaluate the extinction
cross section, according to Eq. (6), which mea-
sures the total power extracted from the incident
wave through absorption and scattering by the par-
ticle. Calculations using parameters corresponding
to the experiments analyzed in this paper show that
much more energy is absorbed than scattered, and

we can essentially equate Z,b, to Z,„,.
1. Dominance of DiPole Terms

In all the experiments, the powder particles are
much smaller than the wavelength of the incident
microwaves. Thus, we can evaluate the scattered
wave coefficients, Eqs. (3) and (4), in the limit Zo
=-koa «1. Series expansion of j„(Z0)and k„'"(Zo)
appropriate for small Z0 simplifies the scattered
wave coefficients to'~

j„(Z)[Z,j„(z,)]' —j„(Z,)[ Zj.(Z)]'
j (Z)[zok„(z)]'—k„(z)[Zj„(Z)]'

»j„(z)[z,j„(z,)]'-j„(z,)[zj.(z)]" »j„(z)[zp„'(z,)]'-k„'(z,)[zj„(z)]'
where

(3)

where

'[(n+1)K+n]j„(Z)-Zj„,(z)
( )

n(» —1$„(z)+Zj„,(z)

2tl+ 1

1 (2 }!

(g)

Z—=ka=X+iF, k =—(n+iP) =ko» and Zo=koa .

In these expressions, ~ -=~'+i~" is the complex di-
electric constant of the sphere, a is the radius of

the sphere, ko=—&o/c is the free-space propagation
constant of the incident wave, and k is the interior
complex wave propagation constant, the same as
for plane waves in an infinite sample of the material
from which the sphere is made. The functions
k„'(0)and j„(f)are the spherical Hankel functions

Two important observations are easily made con-
cerning these results. First, the condition Z0«1
separates the Z0 dependence from the Z dependence
of the scattering coefficients. Second, the Z0-de-
pendent functions E„(zo)decreases very rapidly with

the multipole order n. In particular, the ratio of
the second to the first is $(koa), while the ratio of
the third to the first is ~z, (koa)4. Thus, one can ne-
glect quadrupole (n = 2) and higher-order contribu-
tions relative to dipole (n= 1) term. We conclude,
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therefore, that dipole scattering dominates the iso-
lated-scatterer model everywhere, and we assume
that it also dominates the powder scattering.

The dipole-scattered wave coefficients are im-
mediately found from Eqs. (8) and (9) to be

3j,(Z) Zjo-(z) F (Z )1 Z ~

(Z) 1 0 (io)

(2v + 1)j,(Z) —Zjo(Z)
(v —l)j,(Z) + Zjo(Z)

where F,(zo) = —w (koa)o, and the range of Z is un-
limited.

2. Dimensional Resonance Condition

We are interested in possible resonances of the
scattered wave coefficients, hence the cross sec-
tions. To estimate the conditions under which
resonances occur, we first examine the lossless
limit, where z", P, and Y vanish, and look for in-
finites in (10) and (11). Since both numerators are
finite for all X, the singularities arise only from
zeros of the denominators.

For the magnetic dipole, the condition is simply

(12)

This has an infinity of solutions, ' denoted by M, ,
which represent the values of X at which magnetic
dipole dimensional resonances occur. The exact
solutions of (12) are M, = mw, so that the first few
numerical values are

M„=3.14, M~2=6. 28, Mj.3 9 42'

For the electric dipole, the resonance condition
[from Eq. (11)]is

The real part of the dielectric constant appropriate
to our systems is quite large when dimensional
resonance occurs, ~'»1. A graphical study of Eg.
(18) then reveals that its solutions are very nearly
given by the zeros of j,(X). This function has an
infinity of solutions, ' which we denote by E,~. The
first few solutions of j,(X) =0, corresponding to
electric dipole resonance and arranged in ascending
order, follow:

Ej ~
= 4, 493 Ej2 = '7, 725, E$3 10.90, ~ ~ ~

We speak of these resonances as dimensional be-
cause they occur at values of n which depend on the
sphere dimension a. Roughly, their occurence cor-
responds to the exact fitting of spherical wave pat-
terns into the interior of the particle. For example,
the "lowest" magnetic dimensional resonance occurs
when the interior wavelength equals the sphere diam-
eter, since the condition M»= ~ is equivalent to
X= 2a.

3. Strength of Dimensional Resonance

It is difficult to treat the scattering coefficients
when there is appreciable loss, i. e. , when Y&X.
However, if we assume Y sufficiently small, we
can obtain approximate expressions for the coeffi-
cients at resonance:

s, = (koa) /XY= 2(koa)/z"

's, =(koa) /XY= 2(koa) /Tc" « "s, .

(i4)

In these expressions, X Y, and 77" represent val-
ues of X, Y, and ~" evaluated when dimensional
resonance obtains. Expressions (14}and (15)
are borne out by computer calculations using the
complete coefficients (8) and (4).

4. Strength of Absorption Under Small Skin Depth
Condi tions

Sharp and strong dimensional resonances occur
only when the skin depth of the waves inside the par-
ticle is large compared to the particle size, i. e. ,
when Pa«1. We shall also be interested in the re-
sponse of spherical particles when the skin depth
is small compared to particle size, when Pa &1.
In particular, when one treats the region 1& Y»X
(typically associated with the condition z' &0,
»v", as will be evident in Sec. IGA 1), one finds
that the magnetic and electric dipole extinction
cross sections are given by

I/
m ~ *t 2 (ho V) ~Y= 3(ma )

[ ~

3f 2I~ I

(i8)

Since koa «1 in our experiments, absorption under
these conditions will also be dominated by the mag-
neti c dipole excitation.

We remark parenthetically that the coefficient
« "/~ ~')ot also appears in the absorption coeffi-
cient A of a plane wave normally incident on a plane
infinite half-space, which under similar conditions
(P»a, P»ko) is given by

4kon 4&on
(ko+ n)o+ P' P' (18)

as can be readily verified. Equations (16) and
(17) emphasize, therefore, the similarity of powder
measurements to surface-impedance experiments,
which are used to measure A.

B. Permittivity and Wave Propagation Constants in Bulk

Most of our experimental results can be adequate-
ly discussed in terms of the semiclassical Drude
model for the bulk dielectric constants of the ma-
terial from which the powder is formed. The
shortcomings of the model, relevant to our range
of interest, will be briefly presented later.
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According to the Drude model, the principal di-
electric constants of a semiconductor consisting of
electrons (n) and holes (P) are given by

Kw Kl + (oxx+t(Txy)
CO 6p

i ne p.„pep, ,
wa, 1 i (ax„~v'+) ) —((~r, +l,B))

(19)

where K, is the lattice dielectric constant, n and p
are the electron and hole concentrations, respec-
tively, and p, „and p, ~, 7.„and 7.

~ are their mobilities
and collision times, respectively. We have also at
this point reexpressed the dielectric function in
terms of components of the corresponding high-fre-
quency magnetoconductivity tensor o,&((d, B). Ex-
pressions involving o,z in Eq. (19) are macroscopic
definitions, not subject to semiclassical restric-
tions, and are presented at this point for future
convenience. The cases designated by (a) corre-
spond to opposite senses of circular polarization
about the direction of the applied magnetic field:
The (+) sign refers to the cyclotron-resonance-ac-
tive (CRA) configuration for electrons, and the (-)
sign corresponds to the cyclotron-resonance-inac-
tive (CRI) polarization, as discussed in the Intro-
duction. Clearly, the CRA configuration for elec-
trons is the CRI configuration for holes. However,
since most of the phenomena described herein are
governed by the electron motion, we have through-
out this article designated polarization configura-
tions as CRA and CRI ski th resPect to the response
of electrons only.

1. Electrons Only: Helicon Limit

Most of the semiconductor materials studied were
n type, so that the contributions of holes to Eq.
(19) can be neglected (pt(&«np„). Furthermore,
except at very low magnetic fields, electron mo-
bilities were high enough to satisfy the condition

of measurements under conditions where the semi-
classical form is inadequate. Under conditions
(20), real and imaginary parts of Eq. (19) (desig-
nated z,' and z,", respectively) assume the simple
forms

o„,(0, B) ne ne
K+ Kl + Kl+

AVE'p (d KpB (dfpB

o„„(0,B) ne
2

coEO QpeOI n.B

(22)

(23)

where the last form of Eq. (22) is subject to the
additional condition ne/(~& OB)» v„referred to as
the "helicon limit, "which is satisfied by the param-
eters involved in the present experiments. In this
parameter range the wavelength of the CRA waves,
described by K„willbe much shorter than their
free-space wavelength, by as much as a factor
V~'=10 . In this way, 8-mm microwaves may be
reduced to 80- pm waves inside the powder grains
(which is the order of the grain diameter).

It is readily seen that for the CRA polarization,
where K'» K" & 0, the propagation and attenuation
coefficients become

IKl+K' ' ' lo,', I

' ' ne

(24)

IKI -K''
~k

0' 1 a
2 2 ((u~, (o„',()'" 2 t(,B

(as)

in the helicon range. The final form on the right-
hand side corresponds to the Drude model.

In the CRI case, the analytic expressions for a
and p in terms of transport parameters are inter-
changed. It is clear that, in the helicon limit, CRI
fields correspond to large wavelengths and small
skin depths, while CRA fields correspond to wave-
lengths of the order of particle dimensions and skin
depths larger than the particle size.

pB»m7 and 1, (ao)
2. Limitations of Drude Model in FIelicon

APProximation

which means that the fields of interest were well
removed from the cyclotron resonance field. Under
these conditions, it can be shown that

lcm'„'„(co,B)l = lo„„(O,B)l » lo„'„'(co,B)l,

„'„(&,B)l =la„„(O,B)l »lo„'„'(~,B)

g„))O„„

(21)

where single and double primes denote real and

imaginary parts of o,&(ar, B), and o,~(0, B) represent
components of the corresponding dc magnetoconduc-
tivity tensor. These relations follow immediately
from the Drude model, but are actually much more
general, "and will prove convenient for discussion

o„„(0,B)
o~„(0,B)+o„„(0,B) (ae)

under condition (20) in extrinsic materials; such
saturation is not observed experimentally in the
narrow-gap semiconductors of interest here. ' '"
Theoretically, the classical model is expected to

Although the dominant features of our observa-
tions can be satisfactorily described in terms of
the Drude model, it must be pointed out that the
semiclassical treatment can be quite inadequate in
the helicon limit. Arguing empirically, we recall
that the semiclassical model predicts saturation
in the closely related problem of transverse dc
magnetoresistance,
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fail at very high magnetic fields where only a few

low quantum numbers are involved, i.e. , when the
electron energy does not greatly exceed her, .'6 Be-
cause of the small effective masses characteristic
of narrow-gap materials, the latter condition ap-
plies to our experiments even at room temperature,
at least in the high-field region.

It is instructive to examine the effects of orbital
quantization on the individual components of the
magnetoconductivity tensor, in terms of which z,
is expressed in Eq. (19). We assert that, under
condition (20), the set of inequalities (21) is still
expected to hold even in the presence of strong or-
bital quantization. ' It is thus only necessary to
examine quantum effects in the dc behavior of
o„,(0, 8) and o„„(0,8), which, respectively, deter-
mine g,

' and g," in the helicon limit, as given in

Eqs. (22) and (23).
The effect of orbital quantization on o„,(0, 8) (and

thus «,') is very weak, and rigorous quantum meehan
ical treatment of the high-field region yields 6'

o~(0, 8)=ne/B, (2V)

which is identical to the semiclassical result. The
semiclassical form of all dispersive features, in-
cluding a for the CRA mode developed in Sec.
III B1, is therefore expected to remain valid.

The behavior of o„„(0,8) under quantum conditions.
on fhe other hand, differs markedly from the form
derived via the Drude model. The Shubnikov-de
Haas effect in degenerate media, observed in the
"oscillatory regime" ~a''8 (f~ & k&u, » k~ T, where
A~T is the thermal energy and f~ is the Fermi en-
ergy at 8 = 0) is well known and will be dealt with
in greater detail in Sec. IVC 3. Similarly in the
"quantum limit"'" '8

(ha&, & k~ T for nondegenerate
systems and h&u, & f~ for degenerate statistics),
which is satisfied or nearly satisfied in the upper-
field range of our measurements, the magnetic
field and temperature dependence of o„„(0,8) (and
thus «,")becomes a strong function of the scatter-
ing mechanism and carrier statistics involved.
This dependence has been studied theoretically in
the extreme quantum limit (k&u, » i„ork~ &) and

tabulated for various scattering mechanisms. '&'8

It is noted that, with the exception of ionized im-
purity scattering in nondegenerate systems,
o„„(0,8) always drops off less rapidly than 8 2 with

increasing field, and in many instances actually
increases with B, in sharp contrast with the semi-
classical result. Thus no saturation of transverse
magnetoresistance is expected when orbital quan-
tization is effective and, for our purposes, the
Drude expression for x,"is much too small in the
high-field region.

We finally remark that other mechanisms can
also be responsible for the absence of saturation of
p,(0, 8), even though v„,(0, 8) behaves "classically"

in the high-field domain. Microscopic inhomogene-

ities and the presence of comparatively heavy mi-
nority carriers have frequently been invoked as al-
ternative explanations, "and it is actually not al-
ways clear which of the mechanisms is dominant.
We note, however, that under conditions (21) and

with the classical behavior of o„,(0, 8) empirically
established, we can write

o' (0, 8) = p,o„,(0, 8) = p,(ne/8) (as)

We then immediately conclude that in materials in
which p, does not saturate, for whatever reasons,
o„„(0,8) (and therefore «,") falls off at a slower rate
than predicted semiclassically, although the Drude
calculation of ~,

' remains valid. These remarks
will be essential for discussing the line shape of
powder transmission data presented in subsequent
sections.

C. Scattering by Magnetoplasma Sphere

1. Dimensional Resonance

8„=—p,,en~(a/mv)', (29)

As discussed earlier, we approximate the aniso-
tropic sphere scattering by the isotropic scattering
solution, using the principal value of the dielectric
constant appropriate for the incident polarization.
Thus for circularly polarized excitation of a mag-
netoplasma sphere by a wave propagating along the
applied field B, we evaluate the Mie coefficients
(3) and (4) using propagation constants k. or k ob-
tained from the principal dielectric constant (19).
Figure 5 illustrates the result of an exact (comput-
er) calculation'~'~o using parameters typical of one
of our n-type InAs samples. There are tuo curves
plotted versus applied magnetic field: The upper
curve is a specific extinction cross section, while
the lower curve is the specific scattering cross
section. The weakness of the peak in the lower
curve, seen at —55 kG, indicates (as mentioned
before) that during dimensional resonance in these
systems absorption dominates scattering. Both
curves are the sum of electric and magnetic dipole
contributions and are termed specific because the
electromagnetic cross sections are divided by the
geometric cross section ma . The two prominent
lines correspond to magnetic dipole dimensional
resonances. The electric dipole resonances are
too weak to be seen in comparison with the mag-
netic ones, as was indicated earlier. Quadrupole
contributions were also calculated and are much
too small to be seen on the scale of Fig. 5.

Thus, in the region where dimensional resonance
can occur, we need evaluate only the magnetic dipole
extinction cross section in the CRA helicon limit.
The resonance condition is &a=&, . In the helicon
limit, using Eq. (24), this can be solved for the
resonant fields
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where m =1 corresponds to a one-wavelength (fun-
damental) dimensional resonance, m=2, a two-
wavelength dimensional resonance, and so on. The
strength of these resonances is measured by the ex-
tinction cross section calculated using Eqs. (6),
(14), and (23) with the result that

in simplest form for particles satisfying the Bay-
leigh limit Aoa «1, I ka I «1, which means that the
external and internal fields are essentially uniform
over the particle dimensions. Using these condi-
tions in Eqs. (3) and (4), one finds that the electric
dipole extinction cross section is given by

12wkoa 12II(koa)

koK cRA p Den(o

fl
2Z,„~=12II(koa)a (, 2)o ( „)o (31)

a
= 12IIIIo~(koa) ne g, (30)

where the bar over a quantity denotes that the quan-

tity is evaluated at resonance. The final form is ob-

tained from the Drude expression for v", via Eq.
(29). We see therefore that, according to the Drude

model, the strength of dimensional resonance in-

creases as the fifth power of the particle size, and

decreases as the inverse fourth power of the order
of the resonance. In view of this latter fact, the

one-wavelength dimensional resonance cross section
dominates two-wave dimensional resonance by a fac-
tor of 16 (see Fig. 6). Under conditions where the

semiclassical model is not expected to be valid, the

strength of the resonance will be given by the appro-
priate form of &x„„-=v„„(0,8,), which can be taken

directly from dc transport theory, as discussed in

Sec. IIIB2.

2. Magnetoplasma Resonance

As we have shown, dimensional resonance takes
place when the bulk dielectric constant is large and
mostly real and positive. Another resonance in the
scattering coefficients occurs when the bulk dielec-
tric constant is small and negative. 2' From a scat-
tering theory point of view, this resonance is seen

while the magnetic dipole extinction cross section
is much smaller, approximately by a factor (koa) .

Equation (31) has been discussed in Ref. 21,
where it is pointed out that the resonance which
occurs when ~'= —2 is identical with the magneto-
plasma resonance first discussed in depolarization
language by Dresselhaus, Kip, and Kittel. 23 In the
high-field limit for a system of electrons only, the
magnetoplasma resonance condition ~' = —2 yields
resonance at the CRI field

JJ„=ne/~»o(», + 2), (32)

which is independent of particle size.
Magnetoplasma resonance in a multicarrier sys-

tem can differ significantly from the behavior ex-
pected in materials involving one-band conduction.
Approximate expressions taking into account the ef-
fect of an equal number of electrons and low-mo-
bility holes have been presented elsewhere, with
emphasis on the broadening effects (dominant damp-
ing) due to the heavy holes, which determine»"
at high fields.

Returning to the system of electrons only, we
finally remark that, while the expression for ~' cal-
culated semiclassically remains valid under quan-
tum conditions discussed in Sec. IIIB 2, ~" is in
general expected to be significantly larger at high
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FIG. 5. Theoretical specific dipole
cross-section spectra for a single
sphere of n-type InAs. The lower curve
is scattering while the upper is scatter-
ing plus absorption. In this case, elec-
tric dipole contributions are too weak
to give observable structure. The
peaks represent one-wavelength (- 55
kG) and bvo-wavelength (-15kG) dimen-
sional resonances in the magnetic dipole
cross sections.
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FIG. 6. Temperature dependence of
the transmitted microwave power T
(relative scale) through an intrinsic
InSb powder. The central absorption
line, shown at increased gain by the
dashed curves, is known to be size de-
pendent. The circles represent theo-
retical transmissivities, computed for
a semiclassical electron-hole plasma,
as discussed in Sec. IV B 1.
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fields than the corresponding semiclassical value.
Thus in an extrinsic material we do not expect a
shift in the resonant field, defined by Eq. (32), but

[as is readily seen from Eq. (31)]we can expect an
enormous broadening of the resonance due to the
behavior of ~" in the quantum limit. Such broaden-
ing is empirically similar to the effect of the heavy
holes just mentioned, but arises in this case from
the mechanism of orbital quantization.

IV. EXPERIMENTAL RESULTS AND INTERPRETATION

In this section we report the experimental results
obtained on powders and interpret the niain features
in terms of the single-particle scattering theory
just presented. Quantitative emphasis is on the
dimensional resonance effects which are expected
in the CRA configuration (for electrons), since only
for that field orientation is the internal wavelength
small enough to fit inside a powder grain while the
internal skin depth is large enough to allow the in-
terior waves to traverse the particle. We also
give a qualitative discussion of the general trans-
mission line shape, and discuss quantum oscilla-
tions of the CRI propagation.

A. Dimensional Resonance

1. DePendence on Cm'ries Concentration

Variation of the dimensional resonance with car-

l5

IO.

CQ

IN SIC)

05'.m

0 I 2 3 4 5 6 7 Sxla'

ELECTRON CONCENTRATiON n, cm~

FIG. 7. Position of the size-dependent resonances in
Fig. 6 vs electron concentration. Note the linear depen-
dence, expected for dimensional resonance.

rier concentration was studied in a powder of rela-
tively pure InSb having grain diameters 88 & d & 105
p,m. By varying the temperature of the powder in
situ, it was possible to vary the carrier concentra-
tion in known fashion in the range n & 10' cm 3,

where dimensional resonance is expected at moder-
ate field values. Figure 6 shows experimental
transmission data through the undiluted powder for
three temperatures above room temperature (solid
curves). The dashed lines show the same data taken
at higher gain settings so that the positions of reso-
nance are more accurately defined. The circles
represent theoretical computer calculations, to be
discussed later. As the temperature increases,
from lower to upper curves, the resonance shifts
to higher CRA magnetic fields, as is predicted by
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FIG. 8. Relation of the experimental position of size-
dependent resonance to the square of maximum nominal
particle diameter. This is the behavior expected for di-

mensionall

resonance.

Eq. (29), since increasing temperature is accom-
panied by increasing carrier concentration. %e re-
call that, although the material is intrinsic, ~' is
primarily determined by the electron plasma under
condition p~B& 1, as has been demonstrated in heli-
con experiments on corresponding bulk samples.

Using the known variation of carrier concentra-
tion with temperature for intrinsic InSb, ' we obtain
Fig. 7, which shows that the resonance fields in
Fig. 6 increase accurately as the first power of
electron concentration, as predicted by Eq. (29).
Quantitatively, the single-sphere prediction has a
slope 38'k less than the line drawn through the data,
largely due to the neglect of pulling effects, noted
in Sec. IVA3.

2. DePendence on Particle Size

The size dependence of dimensional resonance in
granular media was investigated in InSb and InAs

by crushing previously characterized single-crystal
specimens and size fractioning, as described in
Sec. II. Figure 8 shows that the resonance fields
observed in powder transmission increase precise-
ly as the square of powder particle size, in accor-
dance with Eq. (29). In this case, we have plotted
the resonance field against the nominal maximum
particle size because, according to Eq. (30), the

strength of resonance absorption increases rapidly
with particle diameter. In. this case, the single-
sphere prediction has a slope 24% less than the line
shown through the data (see Sec. IVA 3).

At this point, we return to Fig. 1(b), which shows
the behavior of an unsifted powder, containing a
large range of particle sizes. The apparent rever-
sal of handedness (inasmuch as the powder trans-
mits the circular polarization for which the single-
crystal slab is opaque, and vice versa) has a
simple explanation in terms of dimensional reso-
nance and the size dependence just discussed. In
the CRA configuration, the large range of particle
sizes in an unsieved powder provides resonant ab-
sorptions at all CRA field values and renders the

sample opaque at those fields. At each field value
the powder behaves like a collection of strongly ab-
sorbing magnetic dipoles (see Fig. 5) circularly
rotating about the applied field in the CRA direc-
tion. In this sense the powder, formed from non-
magnetic material, can be viewed as a continuous
medium whose electrodynamic response is deter-
mined by a macroscopic magnetic permeability.

In the CRI configuration, the wavelength inside the
particles is large and the decay length small, so
that the waves are largely rejected by the particles,
as discussed in Sec. IIIA 4. The first layer of par-
ticles is excited by the incident circularly polarized
wave, which induces currents around the surfaces
of the particles. These currents absorb some ener-
gy in accordance with Eq. (16) but (being good re-
flectors when a' &0) reradiate a great deal and thus
excite the next layer of particles, and so on. In
this fashion appreciable CRI energy passes through
the powder relative to the CRA case.

Figure 9 illustrates that the "reversed handed. -
ness" occurs in many materials, here n-type InAs,
InSb, and Hg Te. The basic requirement is that the
electron concentration be high enough to give di-
mensional resonances for waves of the CRA config-
uration. The structure, particularly conspicuous

T*4,2 K

CRA CRI

t
n- InAs

l6 -3
n 9,6xlO cm

I i I i I & I i I i I

n- InSb

n 5.I~IOPcm

I I I I I I I l I I I I I I l

n- HgTe
t l7 -3

n I,0~10 cm

I i I i I i I i I i I i I

-I20 -80 -40 0 40 80 I20

MAGNETIC FIELD (ItG)

FIG. 9. Transmitted power T through unsieved powders
of three different g-type semiconductors, all showing
similar behavior, especially the "reversal of handedness. "
The scale of T is arbitrary, with peak transmissivity of
0.1 to 1.0% for samples 8 mm thick.
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magnetic fields for denser distributions, as shown
in Fig. 11 for a series of 1-cm-thick InAs powder
samples. Note that the rate of shift appears to de-
crease at large values of 5. The field value for un-
diluted powder is =45% greater than the projected
value for 5 =0, corresponding to an isolated particle.
Particle interaction may therefore account for the
fact that EEl. (29) yields values 25-40/& smaller than
the experimental results shown in Figs. 7 and 8.

We have subsequently studied the 5 dependence
of Rayleigh magnetoplasma resonance, where the
shift is toward louer CRI fields. ' This apparent
difference is resolved on the unified magnetic field
scale (- ~ & 8&+~) where both kinds of resonance
shift in the same direction-toward more negative
field values, for increasing 5.

4. Variation of TI ansmissivity Tcith

SarnPle Thickness
I ~ I a I I I s I s I i
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FIG. 10. Transmission through fine and coarse frac-
tions of a highly doped n-type InSb powder. The well-de-
fined dimensional resonance in the upper curve is associ-
ated with the largest particles in the fine powder. Gain for
the lower curve is 10 times that for the upper curve, using
samples of the same thickness (8 mm).

in the CRI transmission of the n-type InAs powder,
is due to the Shubnikov-de Haas effect in this ma-
terial, to be discussed in Sec. IVB3.

It is also of some interest to note that sharp di-
mensional resonance can be seen in a powder of
broad particle distribution, as long as the maxi-
mum particle size is not too large. This is exem-
plified in Fig. 10, showing the transmission of an
n-type InSb powder which has been divided into two
fractions: particles with diameter less than 40 p,

(the upper curve); and particles greater than 40 II,
up to 250 p, (the lower curve). The coarse powder
in the lower curve behaves in the usual fashion of an
"unsieved" powder, already discussed. The fine
powder in the upper curve shows a well-defined
resonance because the largest of the particles are
just large enough to undergo dimensional resonance
while the host of smaller particles are too small
to resonate.

3. Effect of PaI'ticle Intexacti ons

The effects of particle interaction were investi-
gated by diluting a powder with inert material,
thereby enlarging interparticle separation and di-
minishing interaction. As expected, transmissivity
decreased rapidly with increasing powder volume
fraction 5. More importantly, however, the position
of dimensional resonance shifted toward higher CRA

It is of considerable interest in connection with
line-shape analysis to determine the variation of
transmitted power with powder slab thickness. When
the slab is thick compared to the skin depth of ef-
fective waves in the powder, transmissivity will de-
crease exponentially with slab thickness and "spec-
tral" structure due to Fabry-Perot resonances of
the powder slab can be ruled out.

Figure 12 is constructed from curves of trans-
missivity versus field taken on an intrinsic InSb
powder for four different slab thicknesses: 0. 6,
2, 4, and 8 mm. Each solid line is a linear fit to
the behavior at one magnetic field for the three great-
est thicknesses; the dashed curves indicate the
trend for smaller thickness. The five lines repre-
sent five distinct sensitive portions of the trans-
missity curve (cf. Fig. 6). For thicknesses greater

25-

~

~

24 IO-2
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n-InAs

n=2.7XIO'6cm ~

300' K

l77p, m & d & 250pm

(UNDILUTED PowDER: 8 = 0.5M g
0 O.I 0.2 0.5 0.4 0.5

VOLUME FRACTION 8

FIG. 11. Dependence of the position of dimensional
resonance on the volume fraction 5 of powder particles
in a series of diluted samples =1 cm thick. Note that in-
creased particle interaction associated with higher 5 shifts
the resonance to higher (CBA) magnetic fields.
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FIG. 12. Dependence of powder slab transmissivity on
slab thickness at several field values. Note the approxi-
mately exponential behavior above 2-mm thickness.

than about 2 mm, the transmissivity T appears to
obey the exponential relation T = T0e ", where T0
is independent of t and apparently only weakly de-
pendent on B, while c is also independent of t but

strongly depends on magnetic field. This conclusion
supports our use of the Lambert-Beer law in the
following discussion of line shapes. The reason
that T0 is less than unity is unclear; it may be
associated with guided wave effects including losses
and mode conversion at the rough powder interface,
or other sources which we cannot identify in the
present analysis.

B. General Transmission Line Shape

l. Intrinsic Materials: Effect of Holes

Intrinsic materials merit a more detailed discus-
sion because they represent a special case where
the entire line shape can be satisfactorily presented
in terms of the Drude model, without recourse to
other refinements discussed in detail in Sec. III B2.
As remarked earlier, the position of dimensional
resonance in intrinsic material (where n = p) can be
satisfactorily explained in terms of electrons only,

because it is the highly mobile electronic plasma
which determines g' as long as the condition p~B
& 1 (satisfied throughout our experimental range)
holds. However, as has been shown in helicon ex-
periments on bulk intrinsic samples, the presence

TABLE I. Concentrations and cgs mobilities of InSb used
in Fig. 6 (Ref. 25).

310
341
376

g=p (cm 3)

2.4x 10'6
4, 3 x10

x10

&n

5.7 x 104

4.5 x10
3.5x10

pp

7.2 x10
5.6 x102
4.5 x10

of holes has a drastic effect on ~" when p~p, „B2
~ 1, a condition reached at relatively moderate
fields (e. g. , approximately 25 kG in intrinsic InSb
at room temperature).

In powder experiments performed in the intrinsic
range, discussion of the entire transmission spec-
trum will therefore demand consideration of the
holes. Specifically, the holes are required to ac-
count for the strong absorptions observed at large
CRA and CRI magnetic fields, observed in the case
of intrinsic InSb, Fig. 6. Considering electrons
only, we expect dimensional resonance at essen-
tially the fields observed, and according to Eq. (32),
we expect Rayleigh magnetoplasma resonance at
fields above 800 kG in CRI configuration only. The
resonance linewidth, predicted semiclassically us-
ing Eq. (31), is quite narrow, measured by n.B
=2/p„=l kG. Furthermore, the Drude model does
not predict the strong absorption at large CRA fields
(beyond dimensional resonance) when electrons only
are considered.

Including the holes in a semiclassical manner,
we find three effects in addition to those ascribed
to the presence of electrons only. 2' First, a sec-
ond absorption maximum is predicted at large mag-
netic fields. This may be regarded as the residue
of the magnetoplasma resonance due to holes only
(which would in the absence of electrons appear at
—800 kG). At the same time, the two magnetoplas-
ma resonances are drawn together, toward field
values lose~than 800 kG by a factor of 2 or 3, be-
cause of interaction of the electron and hole plas-
mas in each individual grain. Finally, both absorp-
tion peaks are enormously broadened because they
occur at sufficiently high fields that the hole terms
dominate the imaginary part of the bulk dielectric
constant ~". The holes are about 80 times less mo-
bile than the electrons, so the fundamental line-
widths n, B= 2/p~ are then expanded to the order of
100 kG. Thus, qualitatively, the holes appear suf-
ficient to account for the observation of strong ab-
sorption at large CRA and CRI magnetic fields.

The effect of the electron-hole system on the high-
field absorption is quantitatively illustrated in Fig.
6 by the circles, which represent calculated trans-
mission, computed from the Lambert-Beer law of
absorption"

T e-Nct
0
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assuming noninteracting primarily absorptive par-
ticles. In Eq. (33) N is the number of scatterers
per unit volume, t the thickness of powder sample,
and Z the total cross section of an isolated scat-
terer. The total cross section is taken as the sum of
electric and magnetic dipole extinction cross sec-
tions Z ='Z, + Z, evaluated using Eq. (6), the exact
Mie coefficients for spheres [Eqs. (3) and (4)], as
well as the complete Drude formula for a system of
electrons and holes, Eq. (19). The results are too
large by about two orders of magnitude if To is taken
to be unity. For this reason, the theory was nor-
malized to the data in the lowest curve (310 'K) by
comparing the experimental values of in(T) with the
theoretical values of Z. The experimental and the-
oretical curves were found to coincide rather well
if the theoretical cross section was multiplied at
all fields by a single constant differing from the ex-
perimental value of the product Nt. This procedure
is interpreted as an operational correction for the
neglected effects of particle interactions. The
multiplicatively corrected theoretical quantity was
used to replace NZt in Eq. (33), and then T0 was
chosen so that the computed CRA peak at —40 kG
had the same height as the experimental one.

Thus, with the use of only two field-indePendent
adjustable parameters we obtained the fit shown at
310 'K and, with no change in these adjustable pa-
rameters, the theory automatically gave the excel-
lent fits at the two higher temperatures, where only
the carrier concentration (n= p) and the mobilities
have been changed in accordance with their known
temperature variation. Table I shown the concen-
trations and mobilities used. '

The systematic excess of the normalized theo-
retical transmission over the experimental curve
appearing in the intermediate CRI fields of Fig. 6
is understood as follows: The experiments are
carried out in cylindrical waveguide in the circular-
ly polarized TE» mode, whose electric field is per-
fectly circularly polarized onLy at the center of the
guide, and everywhere else is elliptical, containing
therefore some circular polarization opposite to
that at the center. Thus, some of the particles
nominally excited by the CRI mode are in fact also
excited by an appreciable component of the CRA
polarization, which is promptly absorbed in the
field range roughly corresponding in magnitude to
the dimensional resonance absorption of the CRA
mode. For this reason, less energy passes through
the powder in this range of CRI fields than predicted
by CRI plane-wave theory, which assumes pure CRI
polarization at every point.

2. Line ShaPe in Fxtrinsic Range:
Qualitative Remarks

Discussion of the transmission line shape, away
from resonance, is in general quite difficult. We

were able to accomplish this with reasonable suc-
cess for intrinsic materials. In that case, however,

Eq. (19) provides an adequate model for magneto-
conductivity, and the complete dipole cross sections
(electric and magnetic) can be calculated exactly
by computer. An analytic approach is, on the other
hand, complicated by the fact that the relative im-
portance of the electric and magnetic cross sections
varies with field. Attempts to relate transmission
line shape in a physically revealing manner to mi-
croscopic parameters of the medium is therefore
possible only in certain limiting cases. Further-
more, for the case of extrinsic semiconductor
powders at high fields, where the Drude model does
not provide a satisfactory description of v" (see
Sec. III B2), the analysis can be carried out only in
a qualitative manner.

From the presentation in Sec. III it can be readily
seen that whenever dimensional resonance conditions
(ua&1) are satisfied in the CRA mode (e.g. , the
entire left-hand side of Fig. 9), the CRI excitation
in the corresponding field range (e.g. , the right-
hand side of Fig. 9) is described by Eqs. (16) and
(17). Specifically, CRI transmission is then over-
whelmingly determined by the magnetic dipole
cross section, Eq. (16). In.the helicon approxima-
tion this "large-particle behavior" can be described

~CRA

n-InSb
n = l.6x IO' cm ~

T= 77OK

I i I i I I I

n-InAs
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T=300o K
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FIG. 13. Typical line shapes of transmitted power T
(relative scale) for InSb and InAs well above liquid-helium
temperatures. The sample parameters satisfy small skin-
depth conditions of Sec. III A 4 for the CRI mode through-
out the entire field range. The InAs curve does not change
qualitatively as the temperature is lowered to below 77 K.
Peak T is approximately 0.1% for samples 8 mm thick in
both instances.
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(&)SINGLE CRYSTAL (CRA) n-InSb
& hen, » k~T, which has been referred to as the
"oscillatory region" in Sec. III B2. In this region,0„is still described by its asymptotic "classical"
form, Eq. (2V), while o„„displayssharp maxima
whenever

fz(B) = (I + 2)k&o, + 2S)g) tLsB, (36)

0
0 -20 -40 -60 -80

(b) POWDER (CRI)

8 8

I
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0 20 40 60 80 IOO l)0 I40

MAGNETI'C FIELD (kG)

FIG. 14. Shubnikov-de Haas resonances in transmis-
sion through z-type InSb in (a) single crystal and (b) pow-
dered form. Note the well-resolved spin splitting (Bf Bf)
in the powder data.

according to the well-known Shubnikov-de Haas ef-
fect. Here gz(B) is the magnetic-field-dependent
Fermi energy, L, is an integer, p~ is the Bohr mag-
neton, Igl is the magnitude of the conduction-elec-
tron g factor, and S takes the values of +1 or —1 for
the two spin orientations.

In the helicon approximation, where Eqs. (21)
hold, it should be possible to observe clear evidence
of orbital quantization in powder propagation for
materials with isotropic band structure. Specifical-
ly, recalling Eqs. (16) and (23), we expect sharp
oscillatory behavior in the CRI transmission under
small skin-depth conditions, described in Sec.
IGA 4.

Figure 14 compares the oscillations seeninhelicon
(CRA) transmission through a single-crystal slab
with those seen in the CRI transmission through an
unsieved coarse powder of the same material,
whose particles satisfy the criteria of Sec. IIIA4.
The arrows mark the theoretical positions of the
Shubnikov-de Haas peaks in o (0, B) calculated for
an InSb electron gas of the given concentration.

3na'(~a'o)'" 3~3

(34)
Before discussing the quantum oscillations in

Sec. IVB 3, we consider the general trend of the
nonresonant CRI transmission at high fields. We
note that the transmission drops off particularly
fast in the case of the InSb sample of Fig. 9, where
the quantum limit is attained at about 25 kG. Be-
yond that point, for degenerate ionized impurity
scattering, '6 a„gradually becomes directly propor-
tional to B, and the cross section (34) is therefore
expected to' increase rapidly.

In Fig. 13 we present transmission in InAs and
InSb powders under similar conditions at higher
temperatures. Inspection of the InAs data on the
CRI side reveals that cr„„(0,B) must fall off less
rapidly than B beyond 25 kG. Magnetic field
dependence of the InSb data at 77 K shows a more
complicated behavior, suggesting a faster rate of
decrease in 0 . It is to be noted that the quantum
limit is not satisfied in either of the samples in Fig.
13.

3. Quantum Resonance

At low temperatures and high carrier concentra-
tions, when degenerate statistics prevail, o„„(0,B)
displays an oscillatory character in the range f~

I

0 20
I I I I I I

40 60 80 100 I20 140

MAGNETIC FIELD (kG)

FIG. 15. Shubnikov —de Haas resonances in powdered
g-type InSb and InAs of different carrier concentrations.
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Note the well-resolved spin splitting (marked B~ and

8,) of the L= 1 Landau level in the powder data. It
is well known that Shubnikov-de Haas oscillation can
be used to estimate the carrier concentration and,
when spin splitting is observed, also the conduction-
band g factor. The data demonstrate that such basic
quantitative parameters may therefore be gotten
from powder transmission experiments in suitable
cases. Figure 15 shows that the effect is also seen,
accurately, in n-type InAs of two different concen-
trations. The resolution is an indication of the high
spherical symmetry of the conduction band in these
materials.

It is clear from Figs. 14 and 15, which display
the field values B~ corresponding to the theoretical
0 singularities30 calculated from the known pa-
rameters for each sample, that the CRI transmis-
sion minima occur very near the maximum values
of a„„,as predicted by Eg. (16). This fact is further
borne out qualitatively by the spin splitting observed
in the transmission minimum for L = 1 in the Insb
data, since it is the O„„maximum which exhibits two
peaks. ' This feature is important for the following
reason: At high quantum numbers one is generally
concerned with the period of the oscillations rather
than the absolute positions of the extrema. How-
ever, at low quantum numbers, such as in the case
at hand, actual field values corresponding to the
singularities of 0„,are critically important in the
data analysis because of the B dependence of f~.
A criterion for locating these field values (rather
than measurement of the period of the oscillation
alone) presents therefore a valuable experimental
tool. For our purposes, these features also serve

to further substantiate the validity of Eq. (16) and,
ultimately, of the assumptions which lead to its
derivation.

V. CONCLUDING REMARKS

The approximate single-particle theory presented
in this paper has proven adequate for explaining all
the qualitative features of the transmissivity data
observed so far. The model is such a drastic
simplification of the true system that its moderate
quantitative successes seem remarkable, and one
is tempted to pursue the work further. According-
ly, our group is involved in efforts at several the-
oretical improvements, and the acquisition of new
and more precise experimental data. Theoretical-
ly, we are expending further effort toward an exact
solution of the single gyrotropic sphere scattering
problem, as well as a multiple-scattering effective
medium treatment of the particle interactions in a
powder system. Experimentally, we are gathering
phase and Faraday rotation data, and are attempting
to relate transmissivity to reQectivity and absorp-
tivity. In addition, we are pursuing measurements
comparing the behavior in Faraday configuration
with that in the ordinary and extraordinary Voigt
configurations. Measurements are also planned us-
ing random aggregates of spherical grains to exper-
imentally determine the effect of the irregular
shapes found in crushed powders. It is hoped that
this experimental information will enable adequate
empirical extension of the single-particle and multi-
ple-scattering theory to the very difficult region of
dense distributions encountered in a real undiluted
powder,
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Bound optical phonons associated with the phonon-assisted 1t (4888k} transition in Cds have
been observed. These states arise from the bonding of an LO phonon to a neutral acceptor,
which provides an attractive interaction for the phonon. The interaction is with LO phonons
of small wave vector (near ~ =0). Both the I'& and I'g Lpphonons, which result from a split-
ting due to anisotropic short-range interatomic forces, are observed in the bound states. The
optical transitions described in this paper are similar to those described by Dean et al. , which
involved optical phonons bound to neutral donors in GaP. The observed bound states were
identified as 2$, 2P, and 3D states with measured binding energies of 26. 4, 21.6, and 11.6
cm ~, respectively.

I. INTRODUCTION

Phonon interactions with both free and bound

excitons as well as other types of optical transi-
tions in CdS have been reported by a number of
investigators' ' over a period of more than two
decades. Electron-phonon and exciton-phonon in-
teractions are, indeed, quite strong in highly
polar crystals, such as CdS, whose Frohliche po-
laron coupling constant is o, = 0. 7, where

In CdS, as in other polar materials, phonon in-
teractions with optical transitions are strongest
of all for the LO phonons. But, among the many

optical transitions observed in this material, it is
the I, transition which shows the strongest inter-
action with the LO phonon. The I, transition in
CdS has been identified as an exciton bound to a
neutral acceptor site, ' and it has been observed

to couple to both the I'& and I'5 LO phonons.
Optical transitions have been observed in a num-

ber of ionic crystals in which the energy sep-
arating the parent transition and its LO phonon
sideband is less than the LO phonon energy h&0

by approxitnately 10/c. In absorption spectra of
AgBr: I transitions associated with the bound ex-
citon occur at energy separations approximately
30% less than h~c. Several theories" ' have been
produced in terms of which these results can be
explained, bearing mostly upon the bound-phonon
quasiparticle model.

Toyozawa and Hermanson" have described a
quasiparticle consisting of the exciton-phonon
bound state. They have calculated binding ener-
gies and oscillator strengths for this new quasi-
particle which can account for phonon interactions
whose energies are less than that of the LO pho-
non, k&0. Recently Dean et al. ' have observed
LO phonons bound to neutral donors in both Raman-
scattered and luminescence spectra of GaP crys-
tals, which were doped with S, Te, Si, and Sn.




