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ABSTRACT

Precise measurements have been made of the far infra-
red absorption coefficient of several glasses, vitreous
silica, GeOs, and CaK(NOs)s. Measurements were made by
Foufier transform spectroscopic techniques which employed

a Michelson or a lamellar-grating interferometer. Except

‘for temperature dependence‘nuns, the samples were all at

4L 2°K and a helium-3 cooled (0.3°K) germanium bolometer
was used as a-detector. In arriving at the absorptivity,
multiple reflections within the sample were Cdnsideredu

The three glasseé have absorption coefficient vs. fre-
quency curves which are qualitative similar, althoughvthey
differ in absélute magnitude. When graphed as the absorp-
tivity divided by the frequency squared the various spectra
had several anomalies. For.vitreous silica peaks in
al )/ at 40 ecm™* and 3 cm ' were measured. The peak at
40 em™ ! is similar to that obtained by other investiga-
tors. The peak at 3 cm * was meaéured for the first time.
For Geoghthe peak occurred at 34 em 1 and is similar
in shape to that obtained by other researchers. For
caK(NOs)s the low peak was around % cm *.

Sevéral theoreticgl models have been proposed to ex-
plain the far infrarea absorptioh of glasées. One pre—

dicts that, as a function of the frequency, the absorptivity



divided by the frequéncy squared should.closely-resem?le
the density of states. A comparison of a density of |
states derived‘from far infrared.data to one derived from
heat éapacity measurements for vitreous silica indicates
| that both have peaks around 40‘cm-1; but only the absorp- .
tivity_measurements show another peék at 3 cm *. ‘AnotherA
modzl whig@ describes the absorption in terms of defects
in the gléés'does-not fit the éxperiméntél results.

: Finally the predictions of a tunneling model were tézted

by studying the temperature. dependence of the absorption

coefficient.




CHAPTER I
HISTORY OI' DISORDERED SYSTEMS
A. Introduction

Specific heat measurements'’® at low temperatures
ﬁave demonstrated that an anomalously large number of low
1ying states occur in glasses below a frequency of 10 .
cm-l, Thermal conductivity measurements which probe the
same frequency interval have shown that all glasses scat-
ter thermal phohons in a charactersitic manner.'’2 The
electromagnetic absofption spectrum of disordered insul-
ating glassés has not yet been measured in this extreme
far infrared fegion below lO‘cm—i. The purpose of this
thesis is to close the gap between the infrared and the
microwave measurements on giasses to see if a character-

istic absorption spectrum is associated with disordered

materials.
B. Specific Heat and Heat Conduction

Measurements on the thermal conductivity and the
specific heaf of glasses have shown that for these prop-
erties a characteristic feature can be assoéiated yiith
disordered systems. Specificélly the same conductivity
has been observed in éll silica based glasses!! These
samples vary in composition from pure SiOp (vitreous

-
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silica) to borosilicate glass (pyrex), to soda-lime glass
|

' (soft glass). Even in Vastly<diffefent materials liké

polymers, elemental amorphous solids, and partially crys- o

tallized glass ceramics (pyroceran) the thermal conduc-

tivity does not differ by more than one order of magnitude
from that of silica glass.

Stepinens® has also found that a formula for the
specific heat given by C, = ciT + csT3 can be applied to
samples'aé’diverse as: As>Ssz, B20s, 3Si0-+Nay0, Ged.,

Ge No. 7031 Varnish, SiOp, Pyrex, Se, Polymethyl Meth-

arylate (PMMA), PS, Lexan, and Glycerol (Figure 1.1).

This uniformity of thermal properties among the diverse

group of glasses leads to the conclusion that the.mechanism'
determining the heat conduction and specific heat in these
solids must depend on properties shared by all non-crystal-

line solids and not on any particular materials.

C. Previous Work on Electromagnetic Absorption of Glasses

1. Infrared

In 1920 Grantham® at Cornell-measured the infraréd
transmission from 0.6 to~4.0 g of four glasses at three
different températures (80°c, 307°c, 440°C). Grantham
states that "These glasées have transmission curves which
are very similar...." even though they-are“of different
chemical c0mpos1tibnu Recent‘measurements on the infra~

red transmission of glasses? have shown that for a wide

.variety of glasses the transmission spectra are somewhat
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Polynomial fits to specific'heat data for Si0., Se, and PMMA, after
R. B. Stephens.?2 The so0lid lines are the components and sum of the
fit ey = ¢1T + ¢3T®. The_dotted lines are the components and sum.

of the fit ¢, = ciT + coT? + cgT2.
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similar as shown in Figure i.2. We see that the trans-
mission}ihcrcases steadily in the range from 6.2 yn to
0.34 i (the absorption decreages), is fairly constant
from 0.34 yn to 2.2 pm, and- then decreases (absorption
increases) to at least 5.0 ym. The absorption remains

very large until we reach the far infrared region.

2. ‘TFar Infrared

In Fhe far infrared region one of the first measure-
ments df;the absorption of glasses was made by Stolen® in
1968. His meésuréments of the room temperature far-in-
frared absorption of vitreous silica (fused Quartz) show
an absorption proportional to the square of the frequency
above 30 cm * and a sharp decrease below 30 cm 1. Stoien
explains the square dépendence.has been due to defects in
the continuous, no defects, glass. To explain the sharp
decrease below 30 cm ! he had to assume some correlation
among the defects.

In a later more sensitiQe measurement on vitreous
silica Stolen® shows that the absorption does notlvary
as the frequency squared even abo&e 30 em . His Aéta
when.plotted as oalw)/w®Vvs. w, isshown in Figure 1.3%. A
maxima occurs at 42 cm ' and a minima at 10 cm_l.. These
measurements are more precise because in arriving at the
absorptivity Stolen takes into account the effect of mul-
tiple reflectioné within the sample. From his data one
notes that below 15 cm ! there is a difference between

. his measurements at rocm temperature (300°K) and.those at
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87°K thereby implying a decrease in absorption with a Hef
crease in temperature. Above'lS cm ' there is no dif%er—
ence in the absorption between the two temperatures.
Stolen also measured the absorption coefficient of GeOs
and B»0s and found corresponding maximas in a(g)/¢? at

38 cm™! and 26 cm~! respectively (see Figure 1.4). Note
that the spectrums are very similar for the three differ-
ent glasses.

Wong and Whalley’ have also measured the far infrared
absorptivity of vitreous silica in the region from 100
ecm™ ! to 15 em™! at 300°K and 100°K. Their data in
Figure 1.5 shows that above 18 ecm ! the absorpti&ity‘is
independent of temperature and is "...undoubtably caused
by fundamental vibrations". A theory they propose sug-
gests that the absorption coefficient divided by the fre-
quency squared should be closely related to the density
of* vibratidnal states. Their data is very similar to that
of Stolen,® where their maxima in a(w)/w? occurs at 38
em™Y. The magnitudes of a(w)/w® at the maxima are 1.87
cm for Stolen and 2.15 cm for Whalley. Like Stolen they
also measured a decrease in absorption with a decrease in

temperature for frequencies below 18 cm *.

3. Microwave
There have been some meausrements of the microwave
dielectric loss in glass which is directly proportional

to the absorption coefficient. The coefficient is given

- by the following relation: a(m) = 27w tan § where n is
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the refractive index and w is given in wave numbers. One
- such measurement was done by Amrhein and Mulier.8 Their
measurements of the dielectric loss of vitrebus silica

at 32 GHz (1.06 cm™*) between 4.2 and 300°K are shown in
Figure 1.6a. Their measurements show an increase in the
dielectric loss (or the absorption) with ah increase in
temperature from 1°K to 1G2SK.

Other.measurements of the dielectric loss were per-
formed by Volger and Stevels.® They measured the temp-
erature dependence of the dielectric loss for different
samples (made by different companies) of fused quartz at
32 KHz from 14°K to 3oo°K. We can see (Figure 1.6b) that
the tan & vs. T curves of nearly all the samples have thé
same qualitative appearance. For measurements of the
dieiectric loss over a wide range of frequencies, from
102 to 10'° Kz, one is referred to Table 53-8 in the

‘American Institute of Physics Handbook.©®
D. Remarks on Theory

The far infréred absorption spectrum associated with
ghe lattice vibrationai modes of an ordered crystal 1is
now fairly well understood.l! For a pure orderéd crystal
a few well defined optically acti&e modes are observed in
the infrared.2’13 To first order these h§des correspond
to what is usually referred to as the reststrahlen region.
This is -the region between the tfansverse optic branch
(T0) and the loﬁgitudinal optic branch (Lb)‘and the crys-

tal ié opagque in this region. At frequencies outside the

4
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ton% X 107 (32 GHz)
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1 : | 1
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Figure 1.6a The absorption coefficient vs. temperature for
vitreous silica at 32 GHz (1.06 cm '), after
E.M. Amrhein and F. H. Muller.® o
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Figure 1.6b The absorption coefficient vs. temperature at

~ %32 Kec/s for arbitrarily chosen specimens from
four firms, after S. Volger and J.M. Stevels.®
The four firms are British Thermal Syndicate
curve I), Quartz et Silice (Curve II),. Osram
Curve III), Heraeus (Curve IV).

2
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reststrahlen region the temperature dependent absorption
stems from higher order two-phonon processes. If cubic
terms are present in the potential the absorption may oc-
cur in the following two ways: A photon is absorbed and
two phonons are created (a summation process), or a photon
is absorbed annihilating an existing phonon and creating
another phbnon (a differencg#process).

For}én impure ordered crystal, in éddition to optical

mode trahsitions, the break'doﬁn of the translational sym-

-.metry of the lattice causes almost all modes to become

infrared active to some extent. The end result is that

‘ the lattice mode density of states is revealed as well as

any 106&1 gap or resonant modes which are localized on

this impurity and its neighbor.'* 18

For glasées several theoretical models have recently
been proposéd to explain the frequency dependence of the
absorptivity. One possibility is that the absorption
arises from deféct activated acoustic médes. Stolen® con-
siders a model of an elaétic, orderéd solid to which a
disordered charge distribution is added. For vitreous
silica'this disordered charge distribution could be due
fé defects such as an bxygen tetrahedron without a sili-
con centre, or an oxygen which isknot bounded to two
silicons. To arrive at an exact expression for the absorp-
tioa coefficient -Stolen uses the works of Schloman®? and
Vinogradov.'® For small deviations of the ions the poten-

tial energy.of an ideal lattice is given Dby:
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. . \
Uo = UO(O) + %‘ z Bii,bf{’b}z,
ko

ka!
where K is the vector in the elementary cell; o is a set
of indices s and x, where s is the nuﬁber of ions in the
cell and x denotes the component of the displacement along
the x-axis, and by is the displacement of the ion and ng:
denotes the second derivative of the potentiali energy with
respect to the displacement, evaluated at the equilibrium
poéition of the ions. The equations of motion of the ions
are: méb“ = —an/abg and we can represent the solution as
a plane wave. Now consider a lattice with the potential
energy U = Up + 68U, where 8U is a nonperiodic term added
to the potential because of the disordered charge distri-
bution. Because of this term the ions will have new
equilibrium positions and expanding the potential energy
U in a series with respect to the displacement relative

to the 0ld equilibrium positions our new equations of

. ) o, oo co'yno' _ p0 _ (.S
motion are: m/B7 + k?g'(Bkk' + SBKK,)bK, - T = (ey
+ aef)Eﬁ. Here fﬁ denotes the negative derivative of the

additionql potential 68U with respéct to the displacement
taken at the eguilibrium position, and 6B§§: is the s=2cond
derivative of 86U with respect to the displacements, taken
at this same point: ei = e® is the charge of ionvﬁ of the
cell k; Sei is the nonperiodic term added to the‘charge.
The solufion to the equations of motion are too long to

be considered here and one is referred to Schlomann'? and
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Vinogradov18 for a detailed solution. Vinogradov arrives
1 - \
at an expression for the imaginary part of the dielectric
constant given by:
o = 200 12 1Y
> =
: p > c cy
where N is the number of .charges with contribute independ-
ently, §e i%s their charge, and p is the density of tne
sample. The imaginary part of the dielectric constant is

related to the absorption coefficient by: alg) = we,/c(2n)

which gives an exact expression for the absorption coef-

- ficient
_ N(8e)® o2 L\ '

The absorptidn shoﬁld'then be direcﬁly proportional to
the frequency squared. To explain absorptions proportional
to higher powers of the frequency one is'required to as-
sume some correlation among the defects. Such a correla-
tion would exist if the defécts in the neighbornood of a
positive defect were more likely to be negative, creating
_neutral'éiusters. | |

vy Another mbdel,Wnicn‘attempfs té explain the far in-
fraréd absorption of glasses has been préposedlby P. W.
Anderson'® and W. A. Phillips;zo. The ceﬁtral hypothesis
of their model is that there are tunneling states in amorf
phous solids; that in-ény glass tﬁere should existla cer—'

tain number of atoms (or groups of atoms) whicn can sit




more or 1less equally‘wéll in two equilibrium positiohé.
They consider a particle in an asymmetric potential well
as shown in the figure to |

the right. There afe two . S {

minimas, separated by a |

barrier, which differ in

energy by an amount 2A.
Each isolated well has a
set of wavefunctions w?,
wS but they assume the
temperature sufficiently low for all states, but the
ground state to have negligible probability of ohcupation.
For a weakly coupled'symmetric double well the wave func-
tions are of the form ¥, = 1//2(4f + ¥8), ¥2 = 1/v2(4% -
¥8) with energies xAo. In general the well will not be
symmetric and in particular an electric field B applied

to the system introduces an asymmetry: tnhe potential of
one well is changed relative to the other by ;o-f, where
Ppo is the dipole moment when the particle is definitely

in one well. TFor an asymmetry 2A the states have ener-
gies +¢ where ¢ = A% + A3, the particle is partly
localized, 1eaﬁing to a resultant dipole moment of nag-
nitude p = pO(A/e). The energies pf the two states differ
and in thermal equilibrium at a temperaturé T ﬁhe average
dipole moment is po(A/E)tanh(e/kT) Although each well
has a dlpole moment the average distribution makes the

entire solid show no net polarization. The approach to



thermal equilibriuwn occurs with a relaxafion time T between
states ¥, and V- with absorption or emission of a phonon of
energy 2e. Phillips2© arrives at . the real part of the-
dielectric constant over the different frequency regions

given by:

0(0) - 1 = 560 Siksola/c))bann( o/kT)

F
<

e~(w1v) - 1= ;—PofE tanh( e/kT)——(oo(A/ )
elo) -1 =0

‘where 1/7 < wi < 2¢/h and where the region from 0 < w < w,
corresponds to relaxation abéorption and the-region<froﬁ
w, < w < o corresponds to resonant absorption (see,Figure
1.7). w the imaginary part of the dielectric constant

is related to‘the real part by the Kramers—Kronigbequa-

tions which give:

@y

Sm Lﬁéﬂ’ldu{ = 2 elw,) - elx)) = [ 50 tanh( e/kT) (/)

We,now have that the area under the resonant absorption

divided by the frequency squared curve is:

S‘%de = 2 p “E22 otanh(e/kT)a (A/e) . - (1.2)

Whenever we have a tunneling mode we should then expect
that at low temperatures the area under the a(y)/w? curve
should go as tanh( ¢/KT) where 2¢ is equal to the energy

. of the absorbed phonon (i.e. ¢ = hwy/2, where wo is the
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- Figure 1.7
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The real (e;) and the imaginary (e») parts of
the dielectric constant vs. frequency. The
region near 1/« corresponds to relaxation
absorption and the region near 2e¢/n corres-
ponds to resonant absorption.
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frequency ét which the tunneling mode oécurs).

The last model which we consider has been proposed
by E. Wallay.” Hisitheory is based on certain assump-
tions which‘are: (1) The glass is composed of units 5;
which might be atomic or molecular, arrangéd in an ir-
regular glass-like manner; (2) The ?btential energy U
can be written as the sum of squaré'terms~in the inter-

nal coordinates s(%,k), U = % £ ¢(k)s?(2,k) where k iden-
L4,k

tifies the kind of internal coordinate and ¢ identifies

the particular unit of the kth internal coordinate. For

the potential to be written as given it is important that

‘the internal coordinates be chosen so that the potential

energy contains no cross terms in the internal coordinates.
(3) The gléss has a dipole moment which is linear in the
interval coordinates. The dipole moment derivatives are
M( 4,k) = du/3s(4,k), where u is the dipole moment. It
is'also assumed that there is no correlation among the
values éf M( 4,k) for neighboring coordinates. The solid
has no net polarization so the mean value of M(g,k)
a?efagéd over all g is zero. " (4) The quantity M2( g,k)
occurs only in sums like szM = (4,% )raaéi X1, And that
there is llttle correlation between the mechanical and
the electrical properties of the crystal, so thatvfor any

] ]
vibration the above sum can be replaced by:

5, k)12

0 (£,%)) v{a ol
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where (), means the average over all 4. It is further
assumed that this average is independent of the partiqular
. vibration. Whalley expects this to be true in the acous-
tic branches but not in general for the vibrations associ-
ated with defects in the glass structure such as broken
bonds. From these assumptions Whalley arrives at a for-

mula for the absorption coefficient given by:

2 : n_2 :
olw) =2(2 ;g\ég RuPg(w) (1.3)

where n is fhe refractive index at frequency w, ¢ the
speed of light, R is the effective dipole moment deriva-
tive, and g(w) is the density of vibrational states per
unit volume.

The three models which attempt to explain the far
infrared absorption in glasses show that the important
thing to consider is not the absorptivity but the absqrp—
tivity divided by the frequency squared. The first model,
equation (1), predicts that the a(y)/¢? vs. @ curve should
be constant; the second model, equation (2) predicts that
the area under this curve at frequencies where modes exist
should go as the tanh(nwAkT); the third model, equation
(3), predicts that the olw)/4? curve should be closely |
related to the density of states. Our data will be pre-
sented in this form (Chaptar III) so that some comparison
éah be made to the various thcoretical models.

In Chapter II, we will discdss the far infrared tech-

niques and apparatus with emphasis on how we measured the



absolute value of the absorption coefficient. Chapter IV

will be to compare our data to: (1) measurements done by
cher-researchers on the same glasses, (2) measurements
done on other glasses, and (3) the absorption predicted

by the various models presented here.



CHAPTER IT

FAR INFRARED TECHNIQUES AND APPARATUS
A. Introduction

The far-infrared is. characterized by frequencies be¥

tween microwaves and infrared. This is considered to be

in the range from 2 cm ' to 200 cm %,

\

given in terms of wave numbers (ecm™) but these can easily

Frequenciés are

be converted into other units of energy by the following,
relations: 1 cm™* = 30 GHz = 0.124 meV = 1.44°K. = 1.88
x 1072 ergs. | ~
The source of the far-infrared radiation is the black
body radiatioh from a mercury arc. The spectrum is analyzed
by Fourier transform spectroséopic techniques which employ
eitﬁer a Michelson or a laméllar—grating interferdmeter,
An interferometer produces an interferogram by the super-
position of two coherent light beams as a function of their
optical path difference. The interferogram is recorded in
terms of-the intensity vs. the distance distribution and
by Fourier analyses converted into an intensity vs. fre-
quency distribution. The Michelson interferometer will be
described briefly. A complete description of the lamellar

is given by Kirby,?! Lytle,®2 and Sievers.®®
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B. Michelson Interferometer

A schematic diagram of a
Michelson interferometer is - ' D
shown at right. The light from: I

the source is divided by the

beam splitter into Beams I amd el 2%

. \E'
II. Each beam is then reflected | )\, MI
at Mirrors I and II and divided ‘ T

B Mn '
again at the beam splitter. We '
are only interested in the parts Figure 2.1
of Beams I and II which overlap Michelson Interferometer

and form Beam III, traveling toward the detector. Let us
first consider a monochromatic source with the distance
from the beam splitter to the Mirrors to be the same (x =0).
Then there is no phase difference between Beams I and IT,
when they recombine they interfere constructively and the
signal at the detector “is a maximum. Now move Mirror II
a aistance x/2, still with a monochroﬁatic source. The
superposition of the two beams can now be expressed as
g{x) =24 (1 + cos(2nwyx)) where /A is the amplitude of
the equal fractions of Beams I and II and wo is the fre-
quency of the monochromatic light and x is the path dif—
ference. For X = 0,1,2%¢%c ¢+ we will get a maximum signal
at the detector and for x = )/2, 3x/2f..we will get a
minima. |

Now we will consider a source that emits light of

- a continuous spectrum of frequencies O < w < w. The

& -
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amplitude A becomes a function of @ and we have to inte-

grate from y = 0 to ¢ - w.

g(x) SEA( (1 + cos(2mex)dw

.§f2A(m)dw + SméA(w)COS(2nmx)dw

for x = 0 we have: g(0) = S 2A(w)dw + S 2A(p)dw =

QS 2A(w)dw We can now rewrlte our equatlon as:

s(x) = g(x) - glo)s2 = S 2A(w)cos(2mwx)dx

o

where s(x) is the interferogram function; intensity as a
function of distance (mentioned in introduction). Figure
2.2a shows a diagram of either s(x) or g(x). Taking

A(y) to be an even function we can rewrite s(x) as:

s(x) = Sw Al w)cos(2rpx)duw

-

and its .Fourier transform as: A(g) = Sm s(x)cos(QnQX)dx
= gm [g(x) - ;g(o)]cos(enwx)dx. We hav;wtherefore arrived
at ;:r de81red result, an‘%hténSity vs. freguency spectrum
(Figvre 2.2b)... The g(x)'s are fed directly to an online

computer as x is stepped from zero to Xmax in increments

- on Ax. Stopping x at a finite value introduces errors

which determine our resolution. This is described in
more detail by Nolt.2*

Figure 2.3 shows a schematic diagram of the data

. acquisition system. The signal from the detector is
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INTERFEROGRAM -

g(O) ;' ".",...............................--.................. - e
g(X) : -é—g (O)
;“ : _ Y
0 X (in.) 0.256
; o . Figure 2.2a
- SPECTRUM
A (UJ) :o. o..

Frequency, cm™
Figure 2.2b ..

Figure 2.2
: ) sample of vitreous silica.

Interferogram and spectrum for a 2 cm. long

50
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Figure 2.3 Schematic diagram of the data acquisition system.
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amplified, digitized énd is then sent on line to a PDP-11
computer.25 Using a program written by H..Ziegler, tAe
computer immediately Fourier transforms a given number of
points and continuously displays the interfengram, the
spectrum, ratio, or absorption to a previously obtained
spectrum on the oscilloscope. The computer controls the
stepping, has noise discrimination capability and can

average consecutive runs.
C. Cryostat

The cryostat used for all measurements was designed,
built and described by D. Tanner.2® e will give a brief
description here. The apparatus is shown diagramatically
in Figure~2.4. The cryostat is surrounded by glass liquid
helium and 1iqﬁid nitroéeﬁ dewars. Going from top to
bottom we have the radiation going down a 1/2" i.d. brass
light pipe to the samples which are contained in a sample
rotator. The sémple rotator allows us to use up to 5
samblee'for each run. After going through the sample,
the radiation then goes through two quartz vacuum windows,
dnd through-a section surrounded by a He? pot. This pot
is connected tO an outside pump and is filled from the
outer bath by a needle valve; after which the He? inside
is pumped to a tempereture of about 1°K. The fadiation
then goes through a condensing cone which increases the
maximum angle that it makes with the axis of the light

pipe from 18° to 90°. The radiation then enters the
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Figure 2.4 Sketch of detector cryostat. Glass liquid-
helium and liquid nitrogen dewars surround

the cryostat.
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hemispherical integrating cavity where a germanium detec-
tor sits. This cavity is surrounded by a He® pot. This
pot is connected to a charcoél pump which is located in
a vacuuwn can Jjust above the detector section. When the
charcoal is cooled (vy filling the vacuum section around
the charcoal section) it pumps the He® to a temperature
of about 0.3°K.

The operation of the cryostat is as follows: The
night before a run we pump..out the glass dewar double
wall section and leave an air pressure of about 200 mi-
crons; ‘pump out the charcoal vacuum insulation; bump out
the helium, éample and detector sections and backfill
them with an atmosphere of helium gas; fill the liquid
nitrogen dewar. Next day, refill the liquid nitrogen
dewar and re-backfill the helium and sample sections with
an atmosphere of helium gas. Check to see that everything
is at liquid nitrogeh temperature and begin transferring
.liguid helium. Once the level of the ligquid helium is
above the needle valve the 1°K pot ié filled and pumped-
down. Since the charcoal is isolated from the outer bath
it is still at liquid nitrogen temperature and the HeS3
will condense against the 1°K pot and drip down into the -
pot surrounding the detector. This takes gbout 20 minutes
and after checking to see that the He® and the He* are
at 1°K one is ready to pump on the He®. This is done by
letting a pinch of helium gas into the vacuum can suf—

rounding the charcoal. The charcoal cools down and at
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about 20°K it begins to pump on the He3. The He® is pumped
down to about 0.3°K very quickly and the dewar is refilled
with sufficient liquid helium. We again refill the 1° pot

and we are now ready to take data.
D. Measuring the Absorptivity

To arrive at an exact expréssion for the intensity
going through a sample of length d, one must include the
effect of multiple reflections within the sample. Figure
2.5 illustrates how.multiple reflections can occur in a
‘samﬁle with flat faces. In order to determine thé result-
ing amplitude of the entire emerging beam and hence the |
total transmitted intensity, it is necessary to sum over
the. amplitudes and phases of all the emerging rays. The
phaée difference between two successive rays emerging
from the glass is.A¢ = 2m/)x2d.  Which becomes pp =
Mnn@d, whefe m is inem ! and ¢ = 1 and n is the refrac-
tive index. We can now add all the amplitudes, which

give the following infinite series:

—ad/2

= Ao*(1-R)%e -20dxPine, )

A

‘ (1 + R*¥a™ el Ao pa e

where Ap is the amplitude of the incident radiation, a is
the absorption coefficient and R is theArefiection from a
single surface: R_=‘(n~l)2/(n+l)2. This geometric in-
finite series is easily solved to give the resultant trans-

mitted amplitude:
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Figuré 2.5 Multiple reflections within a glass slab.
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A

. = ho (1 - R)%e

Which gives a transmitted intensity spectrum of :

I(w)-=,I°(w)(l"Rjg*e~ad (2.1)

1482 %2 2% oR*e "% (G5 (4 rpdn)

where To(w) is the intensity spectrum of the incident

beam. To calculate the absorption coefficient from
equation 2.1 one must know the incidenf intensity as a
function of tbe freguency, the transmitted intenéity as

a function of the frequency and the index of refraction

as a function of the frequency. Our apparatus 1s capable
of measuring I(w) and Io(w) butAnotln(w). Tt would there-
fore be a gfeat advantage if we could calculate the absorp-
tion coefficient without having to know the index of re-,
fraction.

Not considering the multiple reflections within the
sample one would arrive at a transmitted intensity spec-
trum given by |

1(y) = Io(w)(l—R)z*e—ad . (2.2)
Although this equation aiso includes the index of refrac—
tion, it can be eliminated by taking the ratio of the
transmitted intensities of two,samplés of different lengths.
The absorption coefficient would then be equal to the
natural log of this ratio divided by the differeﬁce in

the sample lengths
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a = n(I2/1,)/(d1-d2) - ' \

which does not involve knowing the index of refraction.

The difference between equations 2.2 and 2.1 is seen to

2ad ad

be 1 + RZ%e™°%" - 2R¥e” cos(4nvdn). Let us first see

how large this effeét is and then how we can eliminate

it. PFor vitreous silica the value of the index of refrac-
tion is n = 1.95,27 which gives a value of R = 0.1. The

2ad

maximum value of R2®*e” is then 0.01 and the value of

~%di0s(g) oscillates from -0.2 to +0.2. We arrive

2R*e
at a maximum error of 21% by using equation 2.2 instead
of equation 2.1. The easiest way to reduce this discrep-
ancy is to use longer samples. For our quaftz samples
we used various lengths such that the value of ad was
always greater than 0.5. This would make the second term
in the correction factor negligible; The third term would
oscillate from -0.1 to +0.1. Using these lengths our
‘error ﬁould be less than +10%. .This error is still sig-
nificant so to further reduce it we rounded the flat faces
of our saﬁples,to at least .2 mm. Appendix A shows how a
non-flat face would eliminate multiple reflections making
the usé oi’ equétion 2.1 not neéeséary. .
Another effect which we had to consider was the'ih—
ternal reflections off the sides of our samples. Thg
Figure on the next page shows how an incident angle dif-
ferent from zero will result in some internal reflections.

The transmission through the sample is given by: T = e

-a T,
e

?



where a, 1s the measured absorption. %

coefficient in’'the light pipe. Be- A\
cause of these internal reflections

aeL = al, where ¢ is the real ab-

eff’
sorption coefficient and Leff is the
effective length given by: Leff

= L(1 + &1L + e2L + ...) with ey,

€2, €3,... = coOrrection factors. Yi
{ .
Then L ..L = (1 + e1L + €12 + ...) )
: eff L :
_ eff _ -
and ae = a—i__‘ Now we have ae =

o (1 + eil, + enl? + ...). TIn practice we measure the ab-
-sorptionlcoefficient by taking the difference of two
lengths, therefore o, = al(l + €1 AL + exAL® + ...). Now
when AL - O, ox, - d. To arrive at the real absorption
coefficient we graph the effective absorption coefficient
as 'a function of AL (the difference in length between
samples). For four samples in the sample rotator this
would give six boints on the graph (i.e. L,-Li, Lsz-Li,
Lo-L1, La-Lz, Ls-La, L.-Ls). These points are connected
by a straight line (see Figure 2.6), which is extrapolated
to zero differehce to give the real absorption coeffi- ‘
cienc.

One problem we came across was that at low frequencies
(pelow 15 cm ') we were getting as much transmission through
the long samples as through the shorter samples when we used

samples which were 3/8" diameter. When we switched to 1/2"

diamcter samples-this effect disappeared. This effect
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could occur if the absorption of a 3/8" i.d. brass light
pipe is the same order of magnitude as that of fused \
quartz. This can be shown by letting the absorption coef-
ficient of the quartz and the light pipe be ai and az.

Then the transmission is

Taexp. (-0g, - g) where g, = length of quartz;

length of 3/8" light pipe

2

and g1 + 22 = 4 constant length of.sample holder. Which
becomes Taexp;(—(al-d)zl - asg) and if a; = az we have
T exp. (-as 2) or the transmission is independent of the
length of the‘sample. Does fhe absorption of a 3/8"
light pipe have the same order of magnitude as quartz?
Using the theoretical and experimental data of
Richard528’29_dn the transmission of brass light pipes,
we arrived at .an absorption of about 0.007 cm ! at a
frequency of 10 cm *. The absorption of quartz at this
frequency (from our data) is 0.066 cm * or one order of
magnitude higher than that of the light pipe. The ab-
sorption of the light pipe is therefore a large effect
at small frequenc1es but not 1arge enough to explain what
occurred with our 3/8" samplesn This discrepancy remains

a puzzle.
L. Samplés.

‘A1l samples used were (in cylindrical rods. At first
samples with a diameter of %/8" were used, but these re-

sulted in some problems (see previous section) and for

B



' the measurcments reported here samples of 1/2" diameter
were used. " The vitreous silica samples were obtained both
from the glass_shop at Cornell and also from Valpey Corp.3°
There was no hoticeable diffexrence in the absorption
spectrum between these different samples. The samples
frém the Valpey Corp. were G.E. 125 which contained no
water. -The concentration of impurities was less than 200
ppm. with the largest impurity being AlgOé.

-~ .The GeO, samples Were grown at the Cornell crystal
growing facilities by heating germanium powder contin-
uously in a vacuum for 24 hours until it reached a temp-
erature of 1100°C. Then introducing slightly less than
an atmosphere of oxygen for 6-hours at 1200°C. Then let-
ting the glass cool slowly.

The CaK(NOs)s was produced from equimolar amounts
of AR grade KNOs, and Ca(NOz)z-4H20.2' It was heated
by a bunsen burner in air in a pyrex beaker until the mix-
ture dissolved into its own water of hydration. It
_boiled’until a white precipitate formed which redissolved
upon further heating: One can not heat the material much
beyond this point since the NOs starts to break down with
the emission‘of brown fumes. We heated the mixture for a
couple of minutes after the precipitate had dissolved and
then poured it into a clean hot test tube. It is hard
to avoid nucleation centers so about 1/% of the sample
would crystalliZe, but these can be reheated. Since

CaX(NOsz)a is very hygroscopic it was left to cool, at

Ly
7
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room temperature, in a bell jar. During cooling-the
glass contracts and breaks the pyrex test tube, and we

are left with cylindrical rods.




CHAPTER IIT

EXPERIMENTAL DATA
A. Introduétion

In thiS-Chapter all ot our data will be presented.
We have measured the far infrared absorétion coefficient
of-thrée glasses; two of which are very similar in chemi-
cal structure (SiO. and GeO.) and the other (cak(NOs)s), an
ipnic glass, has a completely differenﬁ chemical structure.
Our data is given in the form of a(w)/w? vs. w to comply
with the various theoretical models discusséd in Chapter I.
Before discussing our measurements of the absorption curves
»of the various glasses we will compare our measurements
of a disordered ‘ionic crystal to that of a glass. Figure
3.1 shows our measuremehfs of the far infrared absorption
spectrum of KClgo%:KBr8O%,and vitreoué silica. The‘crystal
shows an absorption‘cbefficient.which is constant over our
rénge of frequencies, which was surprising siﬁce we éx-
pécted a.freQuency squared dependence (see equation 1.1).
Tﬁé glass on the other hand shows a very definite frequency
dependence. We can see from Figure 3.1 that the far infra-
red absorption of the disordered ionic crysﬁal (KCl2O%:

KBrSO%) and the glass (Si0») are in no way similar.

38
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‘Figure 3.1 . The absorpﬁion coefficient vs. frequency tor

KCl2O%:KBr8O%- and v:itre'ous SiOg.
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B. Absorption Coefficients

; Figure 3.2 shows the graph of the absorption coé;fi—
cient.divided by the frequency squared (a(wj w2) Qersus |
the frequency for vitreous silica in the range from 2 c¢m ?*
to 78 em™! at 4.2°K. The point at 1 cm™® comes from the
dielectric loss measurements made by E. M. Amrhein. There
is a peak in our graph at 40 ‘cm™-'similar to other wofks.
~ which have shown peaks at 38 em ' 7 and 42 cm 1.% Our -
data also show another peax ét 3.0 cm—'l where other re-
searchers had not been able to extend their results.
Although we have been the first to measure thié peak, it
had been suggested by Whalley’ from the density of states
derived from heat cépacity measﬁrements. These measure-
ments show fhat'the heat capacity divided by the tempera-
ture cubed falls with decreasing temperature down to about
2%K32 put then increases between that temperature and
O;GMOK.33’34 From these measurements Whalley expects
there to be a maximum in,the'density of states at a few

cm *. Recent measurements! though, show thaf the density

of states from the specific heat increases steadlily to

at least 0.13°K and is expected to increase linearly with.

decreasing temperature. There is therefore no peak in
the density of states at a few cm—I;

Figure 3.3 shows our meaéurements on GeOs from 10
em™! to 40 em”! at 4.2°K. There is a peak in alw)/u? at

34 cm™ !, similar to that reported by Stolen® at 38 ecm .



Figure 3,2 The absorption coefficient of vitreous

Si0, plotted as alw)/w? vs. w.
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Qualitatively the absorption spectra of the two glasses

are very similar even though' their absolute magnitudes
differ.

Our measurements for the ionic glass,'CaK(NOs)s,
are shown in Figure 3.4. We have measured its absorp-
tion from 3 Em—lvto 18 ecm™ ! at 4.2°K. We measured a peak
in ol w)/w? at 3.8 cm-;. No previous measurements have

been made on this type of glass.
C. Temperature Dependence of the Absorptivity

Our measuremenfs on the absorption of the variqus
glasses show some low lying modes. If these were caused
by low energy tunneling states there would be a strong
temperature dependence of the absorption at the frequen-
cies where these states occur. At other frequenciés
there would be little change with temperature. Our
measurements of the temperature dependence of vitreous
silica tend to disprove the tunneling model. For vitreous
silica we measured an anomoly at 3.0 cm . Thes energy

difference between the tunneling states would then be on

the order of 2.8 cm™* or 4.0°K. Then according to

Phillips2® (equation 1.2 iffieidactditanh( ny/2KT) repre-A
sents the increase in the absorption with decrease in
temperature because of the change in the relative popula-
tions of the two levels. To see if this mode is due to

tunneling states we measured the transmission through a

5.1 cm long sample of SiO, at 4..°K and at 1.0°K. A
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change from 4.2°K to 1.0°K should increase our abéoer

\

tion coefficient by about a factor of |

tanh(nw/2k(1
Lanh(hw/?k

tanh(%.0k/2.0k)
‘ Lanh(4 0k/8.4k)

vv
A

L] 201

at a frequency of 2.8 cm *. The ratio of the transmission
at the two temperatures should then be equal to:
7(1.00k) _ g 2-1od

- T(4.2°K) £4ad

~ 0.92 (at frequencies near 2.8 cmn %)

R = %%%fggg =1 (at other frequencies)

where o is our measured absorption at 4.2°K. 1In actﬁalr
practice changing froﬁ 4.2°K to 1.0°K will increase the
signal by almost a factor of 2 because the sensitivity of
the detector is greater at lower temperatures; but this
inérease is frequency independent. Our transmission

ratio will then be given by:

0.92 x C near 2.8 cm™ ?*

C otherwise

where 1 < C < 2. Figure 3.5 shows the ratio of the trans-
mission at 1.0°K divided*d§"tHé” transmission at 4.2°K
One sees that the ratio is frequency independent to within
+5% over our measured range of frequencies, from'2 cm * to
16 cm *; which tends to disprove the tunneling model.

Note that we have not proven whether or not the ab-

sorption coefficient changes in going from 4}.2°K to 1.0°K,
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a) The ratio of the transmission of a 5.1 cm.
long sample of. vitreous silica at 1.0°K to the
transmission at 4.2°K. .The ratio is frequency

" independent to withir +5%; b) The errors in

the absorption due to a +5% error in the trans-

" mission for the 5.1 cm. long sample.
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but.we have shown that if.there is a change the change.

is constant from 2 cm * to 16 qm;?, at least to the ac-
curacy of our measurements. Figure 3.5b shows the errors
in the absorption due to a 5% error in the transmission.
Althoﬁgh the absolute error in the absorption is constant
the percentage error decreases as the value of the absorp-
tion coefficient increases (i.e. aa/a is.bigger at.B cm” *

then at 16 cm 1).
D. Summary

Our measurements of the absorption coefficient of
the three glasses show absorption curves which afe'quali—
tatively very similar and do not differ by more than one or-
der of magnitude frbm each other. In the far infrared region
each Qf our glésseé showed two maximas in a(u',)/w2 VS.
o with the respective maxima within 5 cm ' of each other.
Measurementé on two different types of vitrecus silica
showed no noticeable difference. Temperature runs on
vitreous silica showed that from 2 cm * to 16 cm ! the

change in the transmission is fairly frequency independent.




CHAPTER IV
CONCLUSIONS
A. Comparison with'Others

Figure 4,1 shows a comparison of our data on SiOs
with‘the results of other researchers. No comparison can
be made for the CaK(N03)3 since we have been the iirst to
measure its'absorption. Above 10 cm™} there is a good
agreement among our various measurements. The SiOz
samples used by Stolen® are G.E. type 101 and 106, those
by Whalley” are G.E. type 101 and ours are G.E. type 125.
It is believed that the difference in our measurements
are mainly due to the methods used to derive the absorp-
tion coefficient rather than the different impurities3®
in the samples. Below 18 cm ! there appears to be a
temperature dependent absorption while at higher frequen-
cies the absorption as measured by Whalley and Stolen
shows no temperature~dependence. Below 10 cm ! no cem-
parieons are'yet pbssible.'

Since there.apnears to be a temperature dependence
of the absorption we have drawn an absorption vs. tempera-
ture graph (Figure H.é) for vitreous silica at severel
frequencies;' The graph is drawn for frequencies of 10
cm_l; 15Acm—'1 and 20 cm ', where the points at 4.2°K are

from our own data, and at 87°K and 300°K are fromvStolen.ﬁ'
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Figure 4.1 The absorption coefficient of vitreous

silica from our measurements and after

"R. Stolen® and E. Whalley”.
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Figure 4.2 The absorption coefficient vs. temperature for vitreous silica at
different frequencies; 5 cm™*, 15 cm™ and 20 em™!. The points
at 87°K and 300°K are after R. Stolen.®

Ny

.....“...-.,,.A...,,
AR




Lobking at Migure 4.2 we sce. that at a given freqﬁency
the absorption increcases linearly with the temperature.
The slope of the line decreases with increasing frequency
so'that at 20 ecm * the slope is zero (i.e. the absorption
does not depend on the temperathre). These results are
not very conclusive and precise measurements of the temp-

erature dependence of glasses should be investigated,

especially at very low frequencies.
B. Characteristic Spectrum?

One of the questions this thesis has hoped to answer
is whether or not a characteristic far infrared absorp-
tion spéctrum can be associated to glasses. If there is
a characteristic spectrum then any theoretical model which
attempts to explain the absorption of glasses'must be
based on properties common to all non-crystalline solids
and not on any special features. Measurements of the
heat conduction and the specific heat’2 have shown that
the mechanism determining these properties must be the
same for'all non-crystalline solids. We will aftempt to
show that the same is true for the far infrared absorp-
tion. ‘

Figure 4.3 shows the absorption vs. frequency data
for several non-crystalline solids. The samples are as
diverse as SiOz, GeOp, CaK(NO03)s, and Bz03.° These di-
verse sambles show absorption spectra which are very

similar and which do not differ vy more than one order
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The absorption coefficiént vs. frequency for
several glasses. The data on B>03 are after
R._Stolen;® those on Si0, that begin at 10
cm * and 15 cm™* are after R. Stolen® and

E. Whalley? respecctively.
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of magnitude from that of silica glass. This sampling'
\

' i
is not as large as that done for the heat conduction '

measurements where they!’? also included AsSs, Se, Ge

No. 7031 varnish, PMMA, PS.
C. Evaluation of Theoretical Models

1. Defects

Stolens® proposal that the absorption in glasses is
due to defects in the continuous glass appears to be
incorrect. His pfediction that the absorption should go
as the frequency sqﬁared (equation 1.1) does not agree
with the experimental results (figures 3.2, 3.3, and 3.4).
His basic premise that the absorption is due to defects
is implausible since a wide variety of samples with dif-
ferent chemical structure, defects, and composition show

absorption spectra which are very similar (Figure 4,3).

2. Tunneling.states

We have already shown that the temperature dependence
of fhe absorption predicted by a tunneling state model
does not agree with our experimental results (Chapter III,
section C). Comparing our measurements done at 4.2°9K to
those done at higher temperatures there appéars to be a
small increase in absorption with an increase in tempera-
ture at frequencies below 18 em™!. But this change is
‘opposite to that expected by a tunneling state model
which predicts a large increase in absorption with a de-

. crease in temperature.
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3. Whallcy Model

Whalley” predicts that for all glasses the absd}p—
tivity divided by the frequency. squared should be closely
related to the density of vibrational states (equation
1.3). To see if Whalley's moael is correct we will com-
pare the density of states derived from the absorptivity
to that derived by other meansizspecifically heat capacity
and inelastic neutron scattering measureménts. Sufficient
work has been done on the hcaﬁ capacity and inelastic
‘ neutron scattering'of SiOg; so we will consider the silica
glass. Figure 4.4 shows the density of states derived in
two ways: The heat capacity divided by the temperature
cubed! and the absorption divided by the frequency squared
(from Figure 3.2) for vitreous silica. Inelastic neutron
scattering measurements3® show a broad peak in the density
of states, P(Q,w), at 40 em *. The ﬁeat capaclty measure-
ments show a peak in the density of states at'around 36 |

em Y. Our measurements in o(y)/o® show peaks at 40 cm

1
and 3 cm . The density of states from the three ways
are consistent for the peak around 40 cm !, but only the
absorptivity measurements show another peak at 3 em 1,

| It appears that Whalley's basic assumptions are justified
afound 40 em™! since he predicts a density of states coﬁ-
sistent with other measurements, but the assumptions are
not justified'aﬁ very low frequencies. Whailey's model
also fails to predict the observed temperature dependence

of the absorption below 18 cm *.



Figure 4.4 The density of states vs. frequency

for vitreous silica. The heat

capacity data are after R. Zeller.l
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APPENDIX

@

A. Elimination of Multiple Reflections by Nonparallel

Faces

As mentioned in Chapter ITI, toﬁérrive at an accurate
value of the absorption coefficient one must elther take
into account or eliminate the multlple reflectlons within
the sample. To consider_the multiple reflections one uses
equation 2.1 nhich involves knowing the value of the in-
dex of refraction at the frequencies wherc the absorption
coefficient is being measured. Since our method for
determining the absorption coefficient (equation 2.2)
does not depend OnAknowingathe:value of the index of re-
fraction, it is more advantageous to eliminate the multiple
reflections. This is done by makiné_the faces of the
samples non-parallel as‘snown in Figure A-1.

The way this eliminates the multiple reflections in-
volves uéing Snell's1law and knowing the maximum angle
bf the radiation which will pass through our light cones
to the detector is 18°.37 Qur faces were rounded off to

¥ S
at least 2 mm, so the value of ¢ in Figure A-1 is:

6 =~ tan ¢ = : 0.2 w~ 12°
Then using Snell's law on the slanted face we have:

Q56_
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Figure A-1 Transmission through a glass sample

with non-parallel faces.
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where wé have téken the index of refraction for vitreous
silica to be equal to 2. After feflecting off the flaf'
face it will again reflect off the slanted face and thus

the reflected angle will be equal to 12° + 6° = 18°. This
angie is further increased when it is refracted from the
flat face and the radiation of this second ray will not

be able to go to the detecteoer. We have therefore eliminated

the multiple reflections.

B. Unsuccessful Experiments

" diameter

As mentibned in Chapter II when we used 3/
samples we were getting és much transmission through the
long samples as through the short samples at frequencies
below 15 em ', It was believed that this was due to the
absorption.of the 3/8" brass sample holders. To eliminate
the absorption of the light pipes we platted the light
pipes with leaq which is a superconductor at 4.2°K, When
we did a run with our samples in these lead—coated sample
holders we still had as much transmission fhrough the
long samples as through the‘short samples.

This experiment was not an actual failure because

measurements of the absorption of 3/8" light pipes show

~that the absorption of the light pipes would not produce
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such a large cffect. That we saw the same effect ‘with
. ' ' |

the lead platted sample holders confirm the hypothesis

that the effect was nol caused by the absorption of the

light pipes. This effect still remains a puzzle.
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