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Temperature and frefluency dependences of the far-infrared and microwave optical absorption
in amorphous materials
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Microwave and far-infrared absorption have been studied in several chalcogenide and oxide glasses

(A82Se3 T12SCAS2Te3, 3Si02 Na, O) at frequencies between 0.1 and 100 cm ' at 300 K and at 0.8 cm

betweee 10 and 300 K. In addition, previously published data for SiO, and other amorphous materials are

aesiyxed. The results exhibit comparable frequency- and temperature-dependent behavior for all amorphous

materials. The msyutude of the absorption in the amorphous solids over the entire frequency range is

strongly enhanced (by an order of magnitude) over the absorption in the corresponding crystalline solids. The
ekanced absorptive is interpreted in terms of disorder-induced optical coupling to Debye-like as well as to
non-Debye-like modes. The non-Debye-like modes dominate the absorption at low frequencies co/2n c +10
cm ' at tellyeratures 10 & T & 300 K. It is shown that multiphonon diA'erence processes as well as resonant

optical excitations of two-level modes do not account for the experimental observations.

I. INTRODUCTION

When a crystaOine substance becomes disordered
there is a concomitant increaie of the optical ab-
sorption in the very-low-frequency region (& 100
cm ') of the infrared spectrum. Many different
typhus of disorder lead to such an increase, includ-
ing vitrification, impurity doping (as, for example,
in alkali halides), ' partial decrystallization (as in
polymers), ' and disorder induced by evaporation
or sputtering of thin films (as in Si or Ge).~ In
each case the disorder causes a relaxation of the
selection rules which govern the optical excitation
of the lattice-vibrational modes. This relaxation
of the selection rules can create a coupling to
modes which s.re optically inactive in a periodic
crystalline solid. The experimental optical spec-
trum represents a convolution of a density of states
with an optical matrix element and neither of these
factors can be determined independently just from
the frequency dependence of the optical absorption.
Since independent measurements of either the den-
sities of states or the matrix elements do not gen-
erally exist, we attempt to discern more about
these two quantities by exploring correlations in
the frequency and temperature dependences of the
far-infrared and microwave absorptions among a
number of structurally and electronically different
amorphous selids. In the absence of a microscopic
theory of optical absorption in amorphous solids
such an approach allows us to compare key experi-
mental features with the predictions of simple
phenomenological models.

Far-inrared absorption in glasses has been the
subject of numerous Studies. Among these Hadni
et al, .' first suggested that tge far-infrared absorp-
tion in glassy SiQ, was due to a disorder-induced

optical coupling to Debye-like modes. Subsequent-
ly, Bagdade and Stolen' and Whalley' have inter-
preted similar observations in the 20-120-cm '
range in other oxide glasses, notably GeO, and

B,O„ in terms of models which assume the exis-
tence of charged defects or disorder-induced local
dipole moments.

In a previous communication' we established that
a far-infrared absorption, which is temperature
independent but depends quadraticilly on frequency,
is a characteristic feature of many amorphous
materials, at least for frequencies above 10 cm '.
For most chalcogenide glasses the ~' dependence is
clearly established with no evidence for additional
structure in the far-infrared spectra between 10
and 100 cm '. In oxide glasses, additional optical
modes in this spectral range partially obscure an
~'-dependent absorption. Nevertheless a super-
position of local optic modes and an absorption de-
pending quadratically on frequency can account for
the far-infrared spectra of glassy SiO„GeO„and
8203 In addition, if the observed absorption is
assumed to be proportional to the product of a ma-
trix element M and a Debye-like (~&a') density of
states, "' then M is found to be of.comparable
magnitude for a considerable number of amorphous
materials. This behavior indicated that the ob-
served far-infrared absorption was due to an as-
pect of disorder which was shared by many struc-
turally different amorphous materials and was
therefore in some sense characteristic of the
amorphous state.

In the present paper we provide more detailed
data for the two chalcogenide glasses As, Se, and
Tl,seAs, Te, in the microwave region (0.1-5 cm ')
at T =300 K. The temperature dependence (20
& T& 300 K) of the absorption at u&/2wc = 0.8 cm ' is
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presented for the chalcogenide g2asses and com-
pared to existing measurements on oxide glasses
and polymers. ' The disorder-induced coupling to
Debye-like modes which accounts for the tempera-
ture-independent data above 10 cm ' cannot account
for the temperature-dependent absorption observed
at lower frequencies. Consequently, the contribu-
tion of non-Debye-like modes is considered. Such
modes have been modeled as two-level tunneling
modes or as damped low-frequency lattice modes
(with momentum q &qD, where qD is the Debye mo-
mentum). We examine here to what extent models
which are based on these two interpretations of
non-Debye-like modes can account for the experi-
mental observations, particularly for frequencies
below 10 cm '.

The sample-preparation procedures and the far-
infrared and microwave measurement techniques
are described in Sec. II followed by the experimen-
tal results in Sec. III which are discussed in terms
of plausible phenomenological models in Sec. IV.
The major results are summarized in Sec. V.

II. EXPERIMENTAL METHODS

A. Sample preparation

The chalcogenide glasses As, Se, and Tl,SeAs, Te,
were prepared by standard quenching techniques'
from starting material which was normally
99.9999% pure. Disk-shaped samples for the op-
tical-absorption measurements were cut with a
wire saw or hot pressed, while thin rods for the
microwave perturbation measurements were drawn
in liquid form into thin quartz tubes. %'aveguide
sections lined with Al foil served as forms to melt
samples of glass which were cut with a wire saw to
be approximately half a waveguide wavelength long
and which fit snugly into the microwave cavity.
Numerous checks were made to ensure that the
measurements were independent of sample prep-
aration. ' These checks included comparison of
hot-pressed and cut samples, measurements on
different samples at the same frequency, and com-
parison of samples prepared under different con-
ditions with different impurity concentrations
(e.g. , "pure" As,S, compared to Servofrax As, S,
which is doped with Sb). The far-ir absorption in
chalcogenide glasses was observed to be insensi-
tive to sample-preparation details. This result
contrasts with observations in evaporated Ge
films, in which case the far-ir absorption changed
dramatically in intensity for' different evaporation
rates. The latter result was interpreted in terms
of the existence of voids in the evaporated films
and the variation of void size and density with
evaporation rate. The absence of voids in chaleo-
genide glasses has been well established. '

B. Far-infrared measurements

The conductivity o or absorption coefficient
aIno. (cm ') =120m'(Q ' cm '), where n is the index
of refraction] in the frequency range 8-150 cm '
was determined from reflection and transmission
measurements. From the ref lectivity, the dielec-
tric constant e'(ru) =n' is obtained. The absorption
coefficient ~ is obtained from the usual expression
for the transmission T through a plane parallel
slab of thickness d.' For normal incidence, the
expression for T in thy high-absorption region
(o.d»1) is

T = (1 -A)'e '/(1 -R'e ' '),
where 8 =I (1 —n)/(1+n)[' is the single surface re-
flectivity at normal incidence. An alternate method
for measuring ~ without separate determination of
the ref lectivity is to measure 7 for several sam-
ples of different thicknesses d. Good agreement
was found for the absorption coefficients obtained
with either method. In general, approximately five
different samples of varying thicknesses were re-
quired to span the 1-100-cm ' range.

The optical source in these measurements was
an optically pumped pulsed far-infrared molecular-
gas laser" (see Fig. 1). A compensated InSb sur-
face channel detector" was used in the frequency
region below 150 cm ' and a Ga-doped Ge photo-
detector above 150 cm '. The high intensity and
monochromaticity of the optically pumped far-ir
laser allowed accurate absolute measurements of
the conductivity with a spectral resolution limited
only by the availability of different laser lines. "
In the following study approximately 20 different
laser lines have been used which provide adequate
resolution of the observed broad far-infrared ab-
sorption features between 10 and 150 cm

The range from 20 to 200 cm ' was also exam-
ined with a Michelson interferometer. Although
absolute determinations of the absorption coeffi-
cient with this technique are less certain than with
the laser, spectral features over a wide frequency
range can be determined rapidly.

COp LASE R PUMP
/

FIR CAVITY

&-l~~ / GAS ( FORMIC ACID,

METHYL ALCOHOL, etc. )

~SAMPLE ( 4 2 -3OOK )

~4.2 K DETECTOR

FIG. 1. Far-infrared optically pumped gas laser
system. The CO& laser is used to pump the gas in the
electrodeless far-infrared (FIR) cavity.
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C. Microwave measurements

Results below 5 cm ' were obtained by means of
microwave techniques (Fig. 2). A perturbative
method' ""was used for the highly conducting
glass Tl,SeAs, Te, at all frequencies between 3 and
75 GHz (0.1-2.5 cm ') and for As,Se, above 30 GHz
(1 cm '). Whenever the conductivity was too small
to be measured reliably with the perturbation meth-
od, it was necessary to use a nonperturbative ap-
proach. " The perturbative and nonperturbative
techniques differ only with respect to the assump-
tions made about the magnitude and distribution of
the microwave fields in the sample under investi-
gation. In the perturbation technique the field dis-
tribution is assumed unchanged by the introduction
of the sample. This condition is realized when a
rodlike sample is placed at a maximum of the elec-
tric field with the rod axis parallel to the field in
a Temp rectangular cavity, where m is typically
3 to 10. A necessary condition for the perturbative,
approach to hold is that (v —v, )/v«1 and Q

' «1,
where v, and v are the unperturbed and perturbed
cavity resonant frequencies, respectively, and Q
is the quality factor of the perturbed cavity. The
perturbative method allows direct determination
of the real (e') and imaginary (e") parts of the di-
electric constant:

v vo V 1 Q Qo Vg'=1+
2V V 4 QDQ 6

real part of the dielectric constant at low frequen-
cips is determined separately, as in a far-infrared
ref lectivity experiment or with a separate pertur-.
bative measurement, then the wavelength of the
microwave radiation, and hence the field distribu-
tion in the sample, can be determined easily. We
have utilized this nonperturbative method to mea-
sure the microwave conductivity of As,Se, at 25
6Hz over the temperature range 25-300 K and at
9 GHz (300 K only).

III. EXPERIMENTAL RESULTS

The frequency dependence of the far-ir absorp-
tion for the two chalcogenide glasses As, Se, and
Tl,SeAs, Te, is shown in Fig. 3. Our results for
these chalcogenide glasses are also compared with
an average curve for glassy SiO, (Optasil) obtained
from a number of different sources, '6 ""some
of which limited their measurements to a narrow

io3 .-

C2 a

where V and v are the volumes of the cavity and
the sample, respectively. In practice, for the case
of low conducting dielectrics, the condition Q '«1
is easily satisfied, but whenever the fractional fre-
quency shift (v —v, )/v becomes &0.1 the perturba-
tive approach is no longer reliable and a nonper-
turbative technique is required to measure the
microwave conductivity. In this case, a sample
was molded to fit the waveguide cross section and
then was cut to a length equal to —,'A,„where A., is
the microwave wavelength in the sample. Both e'
and e" can in principle be determined with this
technique, however some rather complicated equa-
tions need to be solved. If, on the other hand, the
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FIG. 2. Microwave spectrometer for the frequency
range 3-150 GHz (0.1-5 cm ~).
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FIG. 3. Measured product of absorption coefficient e
and index of refraction n versus frequency. In terms of
the complex dielectric constant &= &' +jE", where n
=v e', nn (cm" )=120mo (Q cm ')=30coe". The k
point for As2Se3 at 0.76 cm is measured at 25 K. Note
that for As2See at 10 cm the 300- and 10-K data points
are nearly identical.
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TABLE I. Measured coefficient Ko and exponent p from temperature-independent (4-300 K).
far-izdxared (10-100 cm ) absorption no'=Ko(S~) . Local-field correction K = [3(n + 2)]~, n is
the low-frequency index of refraction, c3 is the low-temperature specific-heat coefficient
(from Ref. 27). Near constancy of Kp/K c3 demonstrates near constancy of matrix element for
disorder-induced coupling to Debye modes in predominantly covalently bonded solids.

Mater. ial
Kp

(10~~ erg ~cm ~) K

C3 K()/K'C3
(10~ ergg & ) (10 erg gem K+ )

Tl&SeAs& Tes
As&Se3
Se
As&SS
PMMA
GeO&

+03
SiO&

1.9
2.0
1.7
2.0
1.9
2.0
2.0
2.0

615
17.5
16.4
9.0
4.5
3.7
1.1
0.5

107
15.2
8.8

10.7
3.2
5.4
3.1
3.7

7.0
2.5
1.9
1.3
2.9
0.26
1.1
0.20

8.2
4.6
9.8
6.5
4.8

26.5
3.2
7.0

PMMA, poly(methylmethacrylate).

frequency range. The absorption observed in these
three amorphous materials above 10 cm ' is tem-
perature independent and approximately propor-
tional to the square of the frequency. This be-
havior is in contrast to that observed in the cor-
responding crystalline materials (such as crystal-
line As, Se, or Sio, ) in which the absorption over
the same frequency range is both strongly depen-
dent on temperature and at least an order of mag-
nitude weaker.

The analysis of the far-ir absorption solely in
terms of a contribution which varies smoothly with
the square of the frequency is oversimplified since
there is evidence for structure in the far-ir spec-
tra of some of the oxide glasses and polymers.
Nevertheless, we concentrate on the broad under-
lying frequency dependence of the far-ir absorption
because it appears to be characteristic of the
amorphous phase and should yield information
about the effect on the optical matrix elements of
the loss of long-range order without particular re-
gard for the details of the local structural order.

Above 10 cm ', the magnitude of the far-ir con-
ductivity can be written

na =K,(R&u)~, &u/2vc&10 cm ', (2)

where &p is a constant for each amorphous mate-
rial (independent of temperature and frequency) and

P S 2.0. In Table I are listed values of &p and P ob-
tained from our measurements for poly(methyl-
methacrylate) (PMMA), As, Se„As,S„and
Tl,SeAs, Te, and those abstracted from other pub-
lished data"' ""for SiO„B,O„and GeO, .
[The value |i=1.9 for the material PMMA repre-
sents a more accurate value than the value (1.7)
previously published. '] The materials in Table 1
are predominantly covalently bonded. Glasses such
as 3SiO, ~ Na, O, which contain some highly ionic

io-4

~io-5-
I-

O
Z0
O

As2Se

23.7 GHz

0 50 l00 I50 200 250 X)0 360
TEMPERATURE (K)

FIG. 4. Measure'd microwave conductivity o vs tem-
perature for As&Sea glass at 23.7 GHz (0.79 cm ). The
solid line represents a model fit [Eq. (11)) with p(E)
Gaussian and E~=550 K, ED=320 K, vp = 7&10 3 sec
(see text for definitions of parameters).

bonding configurations, exhibit a far-ir absorption
and hence values of + which are considerably
larger than the values of g, listed in Table I. This
enhanced coupling can be attributed to the ionic
character of the alkali constituent. '

The frequency region below j.o cm ' has not been
previously studied in chalcogenide glasses in any
detail. There exist several microwave measure-
ments by Amrhein and MQller' on the temperature
dependence of the absorption in selected polymers.
In addition, Mon et al."have reported far-ir mea-
surements over the range 2-100 cm ' in PMMA,
GeO„and SiO~ for temperatures between 1.2 and
10 K and at 300 K. However, these authors con-
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FIG. 5. Measured microwave conductivity 0 vs tem-
perature for glassy T12SeAs2Te3 at 23.3 GHz {0.78 cm ).
The solid line is a fit to Eq. (11) with p(E) Gaussian and
E = 550 K Ep= 410 K, wp= 5 x 10 sec. The dotted line
represents a thermally activated electronic band-type
conductivity (0. - exp(- &/kT), where e = 0.35 eV and
0 -4x10 0 'cm at 300 K).

/
iOK /"

1000
~ I

100t)l IO IO

WAVE NUMBER ( CtIt ')

FIG. 7. ne/~2 ge taken from Fig. 3) vs wave num-
ber (cu/2xc) for glassy As2Ses and glassy Si02. Plot
illustrates constancy of matrix element Kp [Eq. (2)]
above - 10 cm ' and the frequency dependence of the
optical coupling at lower frequencies. The dash-dotted
curves represent the one-phonon matrix elements
Kpg (co l/VD) calculated from Eq. (7) with l = 9 A for
As&Se3 and l = 18 A for SiO&,
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FIG. 6. Imaginary part of dkegectric constant e" [e"
= 3x10 pne(cm )/u(sec )] vs temperature for crystal-
line Si02, amorphous Si02, amorphous Si02 with 0.1%
H20 (all from Hef. 3) at 32.0 GHz, md for the partially
ionic glass 3Si02 Na20 at 24.4 GHz. All curves for the
glasses can be fitted with Eq. (11) and E 500-550 K, -

Ep=300-430 K, and yp-—(1-2)x10 sec.

centrate on the subtle temperature variation of the
absorption observed between 1.2 and 10 K, and do
not attempt to interpret the strong temperature
dependence that is observed between 300 and 10 K.

In Figs. 4 and 5 we present the temperature de-
pendence of the absorption at O.g em ' (24 GHs) for
glassy As, Se, and TlgeAs, Te, . Is As, ge, (Fig. 4)
the absorption is relatively independent of temper-
ature between 300 agck 100 K, bgj decreases rapjcg. y

with decreasing temperature below 100 K. At the
lowest temperatures, the absorption again becomes
less temperature dependent as can be best seen
from the data at 0.8 cm ' for Tl 'SeAs, Te, in Fig.
5?8

In Fig. 6 our measurements for glissy
38iO, Na, O at 24 GHx are compaied to measure-
ments by Amrhein and MQ11er' for glassy Sio,
(Optasil), glassy SiO, +1200 ppm H,O (infrasil),
and crystalline quartz. The temperature depen-
dence of the microwave absorption in these oxide
glasses exhibits features qualitatively similar to
those observed in the ehaleogenide glasses (Figs.
4 and 5), with the exception that the flat tempera-
ture dependence over the approximate range 100-
300 K in the chalcogenide glasses is replaced by a
slight bump in the absorption versus temperature
plots of Pig. 6 near 100 K. There is also some
evidence for a residual absorption at low tempera-
tures (-10 K) similar to that which is observed in
the chalcogenide glasses. In Fig. 7 a replot of the
4ata of Fig. 3 is presented in which the absorption
so is divided by the factor (e/2wc)'. For simplic-
ity, on1y SiO, and As, 8e, are shown. Figure 7 em-
phs, sixes the departure at low frequencies of the
low-temperature absorption from the quadratic de-
peadence on frequency. Although the exact fre-
quency dependence of the low-temperature absorp-
tion is not well establiahed because of the limited
data, it is evident from Fig. 7 that the frequency
dependence of zz at 10 K is considerably stronger
than quadratic below 1 cm ' but very nearly quad-
ratic above 10 cm ' for both glasses. In the case
of glassy SiO„ the broad structure centered near
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50 cm ' is a complicating feature; nevertheless,
a relatively frequency-independent region in the
ne/uP plot is evident between 15 and 150 cm ' in
this material.

If the absorption due to the thermal excitation of
carriers into the conduction band" is ignored, the
far-infrared absorption in chalcogenide glasses
over the frequency range 0.1«u/2vc&100 cm '

can be expressed in the following empirical form:

no =K(u), T)(Ku)}',

where K approaches the temperature- and frequen-
cy-independent value &, of Eq. (2) for frequencies
above 10 cm '.

Our approach here is to review briefly the
charge-fluctuation model, to suggest why this mod-
el may be applied to amorphous solids, and finally
to examine the predictions of the model. It will be
shown that our extensive frequency range (1-100
cm ') provides a more meaningful test for corre-
lation effects. We will further show that the tem-
perature-dependent optical absorption observed at
frequencies below 10 cm ' can be interpreted in

terms of the charge-fluctuation model provided the
existence of highly damped non-Debye-like modes
is stipulated.

We proceed by expressing the disorder-induced
far-ir absorption o.(u, T) in the following form":

IV. DISCUSSION o(~, T) = Q c(q)p(q, (u) (4)

No microseopie theory for the optical response
of amorphous materials at far-infrared frequencies
presently exists. Nevertheless, comparison of a
phenomenological model to be outlined here with
the experimental data suggests that the observed
far-ir absorption is due to a disorder-induced in-
teraction of the optical radiation with the lattice
exeitations of the amorphous solid. Other inter-
pretations do not appear to account for the main
features of the data. For example, an absorption
e' is predicted for the ease of direct optical tran-

sitions between localized electronic states. " How-
ever, the magnitude of the experimental absorption
in the 10' -10"-Hz range is at least an order of
magnitude larger than is predicted by the electron-
ic model.

The possibility of disorder-induced optical ab-
sorption in crystals in the far-infrared spectral
range was treated by Vinogradov" in terms of a
charge-defect model. The role of correlation ef-
fects induced by lattice interactions between de-
fects was subsequently examined by Schl6mann. "
There exists at present no firm experimental evi-
dence for the existence of these disorder-induced
effects in crystals. (We are not referring here to
the observation of the distinct vibrational defect
modes as discussed, for example, in the review
by Barker and Sievers in Ref. 2.) Bagdade and
Stolen' later suggested that the disorder-induced
absorption model could be applied to explain the
far-infrared absorption in glasses. In oxide glass-
es the absorption above 30 cm ' was found to be
temperature independent and greatly enhanced o'ver
the corresponding crystalline materials —quite sug-
gestive of Vinogradov's and SchlOmann's predic-
tions. It was also thought that correlation effects
were observed, ' but the identification of such ef-
fects was greatly obscured by the presence of far-
infrared optical modes as well as the limitation to
the frequency region above 15 cm '.

where the summation is taken over all phonon wave
vectors q (a summation over various phonon
branches is also assumed but not indicated). In Eq.
(4), c(q) is the phonon-photon coupling coefficient
and p(q, ~) is the oscillator response function of the
system. For damped lattice oscillators we have

p(q, u) ~ [+' —+'(q) + iyw] '. For a model of dis-
order-induced charge fluctuations the coupling co-
efficient in Eq. (4) becomes"

c(q} = const~ g(q), (5)

where g(q) is the correlation factor proposed by
Schlomann. This factor arises from the assump-
tion of charge neutrality on a scale of a correla-
tion length l. Consequently, statistically distri-
buted charges of opposite sign will reduce the
optical absorption whenever the regions of charge
interact. Such interaction takes place when the
phonon wavelengths are larger than the average
charge separation, i.e. , at sufficiently low fre-
quencies. An explicit expression for g(q) is found

by assuming a specific form of the compensating
charge distribution which surrounds a given charge
fluctuation. For a compensating charge distribu-
tion which falls off exponentially as exp( —r/l) it is
found that

(6)

i.e., the normalized Fourier transform of exp(-r/
l). It has been shown that charge distributions
other than the exponential type do not significantly
alter the functional form of g(q}.'

Equations (4)-(6) have been derived for defects
in crystals. The same model can be applied to
amorphous systems provided the averaging im-
plied by the summation in Eq. (4) is properly done
and if average quantities such as an average cor-
relation length l, average effective charges e*,
etc. , can be defined. In addition, information must
be available about the nature of the lattice excita-
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tions, in particular the dispersion relations and
the density of states. This type of information is
very incomplete for amorphous solids and we must
generally base our conclusions on a comparison of
model and experiment. It is convenient to separ-
ate the experimental results into temperature-de-
pendent and temperature-independent portions.
The reason for this separation is made evident by
noting that for Debye modes (q =—qv:—u/Vv, in a
crystalline matrix the sum over q in Eq. (4)
yield

nn((u, T) =K,(h(u)'g(qv), (7)

where K, is a constant which is independent. of
temperature and frequency, provided the physical
quantities entering K, such as optical dipole mo-
ments and index of refraction n are independent of
temperature (generally a good approximation for
glassy solids at far-ir frequencies). 'Ihus, ac-
cording to this model, a temperature independent
far-ir absorption is tied to the excitation of Debye-
like modes with momenta qv = v/Vv. An absorp-
tion which is strongly temperature dependent, as
observed in glasses at frequencies below 10 cm ',
cannot be related directly to Eq. (7) unless addi-
tional 6.ssumptions about the phonon lifetimes and

dispersion relations are made.

A. Temperature-independent absorption

Equation (7) was derived for a Debye density of
states. Is such an assumption realistic for a
glass? In the limit where the phonon wavelength
X» l, the amorphous solid is well approximated
by an elastic continuum and Debye-like sound
waves will exist, even at frequencies as high as
-1 cm ' as has been verified by Brillouin scat-
tering. " At higher frequencies, (&10 cm ') ex-
perimental evidence for Debye-like modes is less
direct, as from analyses of thermal transport
results. ""There is evidence"'" for remnants
of "crystal-like" (but not crystalline) order on a

0
scale of 10-20 A. Hence Debye-like excitations,
although severely damped, can exist at a frequency
of -30 cm ' where the Debye phonon wavelength in

As,Se, is on the order of 10 A. Thus, at least in
the limiting cases of high and low frequencies as
defined above, the summation in Eq. (4) can be
performed and Eq. (7) is expected to apply to
amorphous solids.

We wish to compare the frequency dependence
and the magnitude of no(e) as predicted by the
charge-fluctuation model. The frequency depen-
dence is controlled by the factor ~'g(qv). At high
frequencies (&el/V, »I), &o'g(qv) —uP and at low
frequencies (u&l/vv«1), &u'g(q~)- u'. The u' de-
pendence of a(u) (i.e. , a coupling coefficient pro-
portional to m') is due to the q' dependence of the

K = [(e*)'N/6'pc)(1/V')a (8)

where K'= [3 (n'+2))' is the local-field correc-
tion, ' c is the speed of light, p is the mass den-
sity, and N designates the density of charge fluc-

photon-phonon coupling coefficient which is a gen-
eral feature of optical-acoustical interactions in
the hydrodynamic regime. We refer here to the
model of Martin and Brenig ' concerning Brillouin
scattering in a disordered medium. As seen in
Table I the functional form of n(&u) for &u/2vc

&10 cm ' is (d with P~ 2.0. This dependence is
emphasized for As, Se, and SiQ, in Fig. 7 by di-
viding n(&u) by &u'. The application of Eq. (7) to
the entire frequency region below 100 cm ' yields
the dash-dotted curves in Fig. 7, which are nor-
malized to the magnitudes of the data above
10 cm '. There is considerable uncertainty about
this type of fit in SiQ„as has been discussed
earlier in this paper. 'Ihe dash-dotted curves
were calculated with the Debye sound velocities
Vv=1.2x10' cm/sec for As, Se, and Vv=4. 1

x 10' cm/sec for SiO, . The only adjustable para-
O

meter is l. The values of 1=9 A for As, Se, and

l= 18 A for SiO, were chosen to agree best with the
temperature independent data above 10 cm ' and
the T -0 extrapolation of the microwave results
in Figs. 5 and 6. The calculated curves in Fig. 7

represent the temperature-independent disorder-
induced one-phonon absorption. The upper bounds

of l, defined by the microwave data at 20 K, are
20 and 40 A for As, Se, and SiO„respectively.
Lower bounds are determined by the onset of the

temperature-independent z - u' regime at ~
a 10 cm '. Using Eq. (7), these minimum values
of l are 5 A. for As, Se, and 10 A for SiO„. The
significance of the difference between the values
of l for As, Se, and SiQ, cannot be assessed here
because of the uncertainites involved in these
quantities. However, it is evident that in each
case correlation lengths exist which are co»sider-
ably larger than a single interatomic spacing
(i.e. , -2-3 A). We further note that, althou .h it

is by no means certain that correlatio» le»„.the
determined for a given glass by differe»t viper&-
mental techniques should be the sa»ic. the cnrrc la-
tion lengths determined here are co»sist'»t ivith

those inferred from some x-ray diffractin» studies
on the same materials. " It is also illustrat&~'c tn

relate the correlation length l to the cn»ce»tratin»
of charged regions N. The simplest possible re-
lationship is N=l, from which are obtai»eel val-
ues of N for Si.Q„and As, Se, of 1.2 and 8.0
x 10 cm, respectively.

For comparison of the magnitude of the absorp-
tion with the charge-fluctuation model we write
the explicit form for the constant in Eq. (7) as



16 TEMPERATURE AND FREQUENCY DEPENDENCES OF THE. . . 5519

IOOO.

IOO:

E
cg

I

IO:

O

IO:

Ol
IO

~ ~ I

IO

, ~ ~ I ~ ~ ~ I

IO~ IO4

CP(erg g-' K 4)

FIG. 8. Comparison of measured coefficient gp of
far-infrared ~~ absorption (P - 2.0) with coefficient c3
of low-temperature T3 term of specific heat (from Ref.
27). Values for the local-field correction K [3(n +2)]
are given in Table I.

tuations of magnitude Ie~I. Taking the value of
K, obtained for SiO, as listed in Table I and p
= 2.2 g cm ', VD = 4.1 x 10' cm sec ', z' = 3.7, we
find Ne*'=1.3x10' e' cm ', where e is the elec-
tronic charge. Combining this result with our
previous estimate of N = 1.2x 10' cm ' for SiO„
we conclude that the charge fluctuations in SiO,
are on the order of a single electronic charge.
The same calculation of As, Se„with p=4.0gcm ',
VD = 1.2 x 10' cm sec ', ~' = l5, yields Ne'
= 0.8 x 10 e' cm ', and since N- 8 x 10"cm ' this
implies e*'-O.le' or local charge fluctuations of
Ie*I -0.3e. Thus, although the magnitudes of the
far-ir absorption in glassy As, Se, and SiO, differ
by two orders of magnitude, the optical coupling
coefficients ~N(e*)' and effective charges are very
comparable. Similar values of the disorder-in-
duced coupling are exhibited by other amorphous
solids. In order to illustrate this behavior we
rewrite Eq. (8) in tei'ms of the coefficient c, of
the T' ccmtribution to the Debye specific heat as

K, = 5.'f X 10'N(e*/e)' i~'c„

where we have, normalized the average effective
charge to the electronic charge and where K and
Q3 are in units of erg ' cm ' and erg g 'K
respectively. thus a plot of K, vs a'c3 as in Fig.
8 provides information about the magnitude of
N(e*)' for different amorphous solids. These data
are well approximated by a straight line of unit
slope which implies a direct correlation between
the optical matrix element (ccff, ) and the Debye
density of states (~c,), provided local-field ef-
fects (~x') are taken into account.

The solids included in Fig. 8 are predominantly
covalently bonded. It is evident from Fig. 6 that

the addition of highly ionic constituents such as
H,0 or alkali ions greatly enhances the optical
absorption. For example, in glassy 3SIO, ~ Na, O
the value of Ne ' is about a factor of 50 greater
than in glassy SiO, .'" Since c3 and z' are both
essentially the same in these two materials, the
Na-containing silicate glass will fall considerably
above the straight line in Fig. 8. In general, ma-
terials which are predominantly covalent fall near
the line of unit slope in Fig. 8; solids with some
highly ionic bonds fall well above the line in the
upper left quarter of the plot; partially crystal-
line solids generally fall below the line of unit
slope, as is the case for the partially crystalline
polymer polystyrene. '

The results of the preceding discussion show
that the magnitude of Ne*' is, found to vary by at
most a factor of 10 for a diverse group of pre-
dominantly covalently bonded amorphous solids.
In fact, within the subgroup of chalcogenide glass-
es, Np*' is of constant magnitude within a factor
of 2. This insensitivity of the far-ir absorption
in amorphous materials to structural details is
reminiscent of the structural insensitivity of the
magnitude of the anomalous low-temperature
specific heat, which has been interpreted as due
to highly anharmonic tunneling modes. It is tempt-
ing to suggest that charges or dipole moments as-
sociated with the anharmonic modes may be at
least partially responsible for the enhanced tem-
perature-independent far -ir optical absorption
described in this paper. %his argument finds
some support in the comparison of the low-temper-
ature (&1 K) dielectric and acoustic measurements
with the relatively high-temperature (& 10 K) far-ir
absorption data. From application of the charge-
fluctuation model to the far-ir absorption we es-
timated e~= (0.3-1.0)e when the total density of
charged regions was N = 10" cm '. The energy
densities of configurational modes commonly
found for glasses"" are 10"-10"K ' cm~ which
imply that there are in this case also 10"-10'
cm ' states contributing up to energies of about
100 K. Thus an effective charge in the range
(0.1-1.0)e is suggested for the two-level configura-
tional states. 'Ibe expected dipole moment P is
then on the order of P- e* which, for r = 1 A and
e* =0.5e, yields p= 2.5D. This is of comparable
magnitude. to those values of p determined from
very-low-temperature microwave and far-in-
frared measurements. "'

B. Tem peratore-dependent absorption

Although the far-ir absorption in amorphous
solids is independent of temperature above -10
cm ', below 10 cm ' the absorption is tempera-
ture dependent, particularly for temperatures
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below 100 K. Possible interpretations of this
temperature-dependent optical absorption include

(i) highly damped phonon modes, (ii) multiphonon
processes, (iii) resonant coupling to atomic con-
figurational modes, and (iv) relaxation processes
involving configurational modes. We consider
briefly the applicability of these four processes as
explanations for the temperature dependence of
the microwave absorption in glasses.

(i) The finite lifetimes of phonons were not con-
sidered in the previous section. We further dis-
tinguish the damping of Debye-like modes (sound
waves) and the finite lifetime of more localized
non-Debye -like modes. Thermal conductivity and

Brillouin measurements are primarily sensitive
to Debye-like modes. Thermal conductivity mea-
surements suggest that the phonon mean free path
A is relatively short above 30 cm ' (&50 A) but
increases rapidly with lower temperature and fre-
quency below 10 cm '. In fact, Brillouin-scat-
tering results" at 300 K in oxide glasses suggest
that A & 1000 A at frequencies -1 em '. Since
temperature-dependent effects on the conductivity
are expected for A- l, these effects are most
likely restricted to the frequency region around
-10 cm '. At the lower microwave frequencies,
damped non-Debye-like modes may contribute to
the optical absorption. Such modes have been pro-
posed by Fulde and Wagner" in order to account
for the enhanced low-temperature specific heat in
amorphous solids. Winterling" considered such
modes in the qualitative interpretation of the tem-
perature-dependent low-fretluency (-5-cm ')
Raman-scattering measurements in SiO, which are
quite analogous to the far-ir optical-absorption
measurements. As proposed by Fulde and Wagner,
these modes are described in terms of the spec-
tral distribution p(q, m) for large q, low u." In
other words, at a given frequency co there exists
a distribution of lattice modes with momenta
q& q~. The lifetimes of such modes are expected
to decrease with increasing temperature. Winter-
ling" considered the qualitative effect of varying
lifetimes on the distribution function p(q, +). The
form of the Raman-coupling coefficient, which is
similar to c(q) in Eq. (4), was assumed to be
~q'. This is strictly valid only for Debye phonons
in the long-wavelength limit.

We propose that the non-Debye-like modes with

q &qn may have a significant effect on c(q). Quali-
tatively, our argument is as follows. At any given
temperature and frequency there exist lattice
modes with a distribution of momenta q. Let the
average of this distribution be q. At low tempera-
tures the lattice modes are essentially Debye-like
with q=q~ and thus c(q) c&g(q~) = 1 —(I+qnl') '. At
higher temperatures, more localized and highly

damped modes contribute and q &q~, so that
g(q) &g(qn). For example, for As,Se, at ~/2vc
=1 cm ', q~= 1.6&10' cm '. For i=10 ' cm,
then qual=0. 16 and g(qn} =0.025. At some higher
temperature, we may have q =10' em ', then
ql= 1 and g(q} =0.75. We may speculate on the
functional form of q(T) Fo. r frequencies below
10 cm ' the condition I & «kT holds generally for
T &10 K. If modes with q&q~ obey Bose statistics,
(although such modes may be highly damped, )
then for all temperatures &10 K the number den-
sity of lattice modes is proportional to T. If the
phonon mean free path A is limited by phonon-
phonon collisions, as in crystals at high tempera-
tures, then A(q)-1/T. For highly damped modes
the phonon mean free path is comparable to the
spatial extent of the mode, i.e. , A(q) -1/q."
Comparison of these relations suggests that q(T}
~ T. This relationship, together with the as-
sumption that the dominant temperature dependence
in Eq. (4) is due to c(q), leads to an n(T) curve
very much as is observed for As, Se, in Fig. 4.

Although these details are quite speculative, we
stress our main argument that the model of dis-
order-induced charge fluctuations, if combined
with the optical excitation of highly damped and
relatively localized lattice excitations, can account
for the low-fretluency (&10-cm ') temperature-de-
pendent optical absorption (or Raman scattering).
This approach is attractive in that a single model

[Eq. (4)] can explain the dominant temperature and

frequency dependences observed in far-ir absorp-
tion.

(ii) Amrhein and co-workers' have reported re-
sults on organic polymers similar to those re-
ported in this paper for inorganic amorphous
solids, but their results for the region ~ 1 cm '
were interpreted in terms of three-phonon dif-
ference processes. We have attempted to fit the
experimental data in Figs. 4 and 5 with the ap-
propriate phonon difference equations' for dif-
ferent sets of phonon frequencies without success.
Although the rapid drop of the absorption with
decreasing temperature below -80 K can be repro-
duced, the absorption curves over the entire tem-
perature range, particularly the broad maximum
around -150 K, cannot be accounted for in terms
of the phonon difference model. We conclude that
although phonon difference processes may be
important in certain types of disordered mater-
ials, such as impurity-doped alkali halides and

perhaps partially crystalline polymers, they are
unlikely to play a significant role in the micro-
wave and far-ir optical-absorption spectra of chal-
cogenide glasses.

(iii) The existence of highly anharmonic modes
in glasses appears well established by low-tem-



16 TEMPERATURE AND FREQUENCY DEPENDENCES OF THE. . . 5521

noPuP d EP(E),~ ),
r(E)

1+ QpT E (10)

where p =(kT), p(E) is the energy density of two-
level states wiih barrier height E, f(v, T) is the
Stokes or anti-Stokes thermal occupation factor
and 7 (E) is a relaxation time for the two-level
states, which is taken to be of the form v(E)
= voexp(PE). The simplest approximation to P(E)
is to assume that P(E) = const. For this case
Eq. (10) is formally identical to the expression
for the ac conductivity for frequencies -10' Hz
as proposed by Pollak and Pike. ' With the as-
sumption that the barrier heights E range in mag-
nitude considerably above and below the tempera-
tures of interest (10-300 K), a constant P(E) in

Eq. (10) yields nn- ~ independent of temperature.
This result does not agree with any of the observed
far-infrared and microwave data.

The temperature dependence of the Raman scat-
tering intensity in SiO, at 5 cm ' has been fit"
using a Gaussian form for P(E}-exp[-(E—E„)'/
Eo), where E, Eo Iand r, in the expression for
7(E}]are taken from fits to the temperature de-

perature ultrasonic-attenuation experiments. ' It
is, however, diff icult to attribute the temperatur e-
dependent absorption observed above -20 K at
wave numbers below 10 cm ' to the resonant ab-
sorption of photons by such modes. The optical
excitation of a system of two-level oscillators
results in an optical absorption which diminishes
with increasing temperature, "which is opposite
to the experimental observations (Figs. 4 and 6).

(iv) A relaxation mechanism which couples
photons to anharmonic configurational modes has
been proposed"" to explain the low-frequency
light- scattering properties of glasses. " The
philosophy of this approach is to fit the tempera-
ture dependence of the low-frequency Raman scat-
tering intensity I(e, T) using the energy density of
tunneling modes as deduced from ultrasonic at-
tenuation measurements. " If the microwave and
far-ir absorption and the Raman scattering in-
tensities are related as' na(&u, T) ~ tuI(&u, T)/f(&u, T)
(i.e., if the electric polarizability and ir effective
charge are independent of temperature and fre-
quency}, then the predicted absorption due to this
mechanism becomes

pendence of the ultrasonic attenuation. Although
a similar fit to the temperature dependence of the
far-ir absorption below 10 cm ' can be obtained
with slightly different (+20%) values of E,E„and
Tp from those which best fit the ultrasonic attenua-
tion data" (Figs. 4-6), this distribution function
daes not reproduce the observed frequency de-
pendence which is ~ aP. One could construct a
more complicated distribution function which
would fit both the frequency and temperature de-
pendences of the data, but without supporting evi-
dence for such a function this exercise is of ques-
tionable significance.

V. CONCLUDING REMARKS

The microwave and far-ir absorption in glasses
can be separated into temperature-dependent and
independent contributions. The temperature-in-
dependent absorption has been interpreted in
terms of a coupling of photons to Debye phonons
which occurs as a result of disorder-induced local
variations in static or dynamic charge e*. These
charge fluctuations can be characterized by an
average correlation length l which is on the order

0
of 10-20 A. In this phenomenological interpreta-
tion, the frequency dependence of the absorption
depends on the magnitude of the phonon wave-
length with respect to l. The temperature-depen-
dent absorption observed in the microwave region
(-1 cm ') was interpreted in terms of the tem-
perature-dependent lifetime of non-Debye-like
modes. Such modes are modeled as highly
damped low-frequency lattice excitations or as
two-level quantum-mechanical modes. These re-
sults suggest that microwave and far-ir optical
absorption may provide a sensitive tool for the
study of low-frequency lattice excitations in amor-
phous solids. However, before such measure-
ments may be fully exploited, a comprehensive
framework for the description of elementary lat-
tice excitations in amorphous systems is required.
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