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ABSTRACT

FAR INFRARED ABSORPTION IN THIN FILMS
OF PURE AND MIXED ALKALI HALIDES

of

by Richard M. Fuller

Experimental techniques were developed for the
preparation and observation of thin evaporated films of
pure alkali halides and of mixtures of alkali halides.
Spectra were obtained in the neighborhood of strong
infrared absorption. From the spectra the infrared
dispersion frequency and the damping constant were obtained
for the pure alkali halides. For Lil, the only alkali
halide for which the infrared dispersion frequency had
been measured neither by reflection or transmission, this
parameter was found to be 144 cn~l, For the other alkali
halides, the values obtained were in very good agreement
with those observed earlier by others in transmission
measurements, and in good agreement with those deduced
earlier from reflection measurements. The data are used
to get a value of the effective charge e* according to
Szigeti's formula. A correlation appears to exist between
values of damping constant and deviation of e*/e from unity.
Agreement between experimental values of e*/e and those

predicted by theory can be said to be only fair,







With mixed films, composed of various proportions

of LiBr with NaBr, LiCl with LiBr, and Nal with KI, the
absorption spectra tended to have complex shapes, and
only the infrared dispersion frequency could be
determined., This parameter changes with composition
and temperature,

The dispersion frequency shows a larger shift for a
small proportion of the heavier component than that
observed when the light constituent is the minority
component, Also the absorption bands show much more
broadening for the heavy minority component films than for
light minority component films. For all of the systems
studied, the absorption minimum becomes very broad and
poorly defined as 50%-507% compositions are approached.

The low temperature data from the NaI-KI system shows
much sharper absorption at liquid-nitrogen temperatures
as well as a shift of the dispersion frequency to higher
values,

For the LiCl-LiBr system at intermediate compositions,
a single band appears immediately after evaporation.
Presently, the initial peak disappears and a new broader
one appears with a minimum at a frequency about 60% of
the initial minimum, This new minimum shifts monotonically

with composition between the values of 201 em~! and 170 em-1

for the pure LiCl and LiBr respectively.
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CHAPTER I

INTRODUCTION

Sir Isaac Newton's classic work of 300 years agd
revealed the composite nature of white light. The many
investigations since then have divided the electromagnetic
spectrum into regions based on frequencies or wavelengths.
Each of these regions has become the basis for a branch
of the science of electromagnetic spectroscopy, wherein
the scientist studies the energy levels of a materilal
system through the interaction of electromagnetic radiation
with it. Infrared radiation, usually defined as the region
between wavelengths %M - 1009}1 s Or wavenumbers 10,000 cm'i-
10 om'l, largely characterizes the interaction with the
more massive and larger basic units of matter such as
molecules and ions elther individually, or as they are
found collectively in gases, liquids, and golids.

Our understanding of the interaction of electro-
magnetic radiation with solids is far from complete.
The collective system of particles making up a solid has
held the theoreticlans at bay, and we have no rigorous
theory of absorption even for the simplest types of solids.
Nor is there a systematic experimental study of this
interaction. In our laboratory we have been concerned
with experimental and theoretical investigations of the
interaction between electromagnetic radiation and crystal-
lattice vibrations in the region where the photon energiles

1






are comparable with the phonon energies., In searching

for a system where this interaction is strong, we were

led to ionic crystals as were Czerny (1) and his followers
some 30 years ago. The alkali halides, in particular,

are excellent materials for a systematic investigation

of the photon-phonon interaction, because of their

large induced electric-dipole moments and simple structure.

In the absence of a rigorous theory we choose for
our first-order model the simple picture of ions as
charged mass points interconnected by approximately
harmonic forces. This simple model needs to be improved
to account for the shape of the absorption spectra, but
refinements soon become complex and speculative. We
have attempted to test these models in work carried out
earlier in our laboratory by W.B. Zimmerman (2), R.H.
Misho (3), and C.M. Randall (4), who have varied isotopic
composition and temperature as experimental parameters in
studies of infrared transmission through thin films of
LiH and LiF,

The frequency of the maximum absorption by thin films
of the ionic crystal is designated as the infrared
dispersion frequency. The work of Zimmerman (2) and
Misho (3) has shown that this characteristic frequency
is essentially proportional to the reciprocal of the
square root of the average reduced mass for the LiF films

composed of different proportions of the isotopes Li=6
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and Li=7 in combination with F=19, But in similar studies

with H=1 and D=2 in combination with Li=6, an unexpectedly
large shift in the dispersion frequency was observed for
a small percentage of LiD in LiH. J.R. Hardy (5) has
recently published a theoretical explanation for this
phenomenon, He suggests, moreover, that alkali~-halide
mixed crystals might produce similar anomalous shifts in
the dispersion frequency when a few per cent of the
lighter host ions are replaced by heavier impurity ions,
The temperature depencence of the dispersion frequency
is not taken into account in any simple model. Randall (4)
has made a careful experimental study of this relationship
for LiF from room temperature down to liquid=-nitrogen
temperatures, His results agree well with an effect
estimated from Szigeti's relationship (6) between the
dispersion frequency and the fundamental crystal-lattice
parameters,
‘ As might be expected, the absence of an adequate
theory makes it difficult to get meaningful insights
from the shapes of experimental absorption curves,
Randall (4) has extracted an experimental half-width
parameter from his data on LiF, So far as isotopic mass
is concerned he found no significant differences in this
parameter for LibF and Li7F; he has observed a dependence
on temperature, however, which needs further investigation.

The effect of isotopic mixtures is to give much broader
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absorption bands than in pure films.

The present thesis consists of two series of experimene
tal studies., The first part of the thesis is the determina-
tion of the dispersion frequencies for all of the alkali
halides with NaCl structure, This study includes the
determination of the dispersion frequency for Lil for the
first time, and the first determminations for LiCl, LiBr,
KF, RbF, and CsF by transmission measurements, This
work provides a complete tabulation of ﬁaCl-Cype alkali-
halide dispersion frequencies, This study of pure films,
moreover, serves to establish the soundness of the
experimental technique, the purity of the materials,
and the validity of the analysis, The second part of the
thesis is a study of the infrared absorption of some films
made from "pseudoisotopic" mixtures of alkali halides in
which one alkali metal (or halogen) is replaced in part
by another. The object of this study was to test this
conception of "pseudoisotopicality" for the systems
LiCl-LiBr, LiBr-NaBr, and Nal=-KI, and to look for other
effects due to finite concentrations of lattice impurities,
as suggested by Hardy (5).






CHAPTER II

EXPERIMENTAL APPARATUS AND TECHNIQUE

The experimental method was practically the same
for both the pure films and the mixed films. Any
differences in techniques or apparatus will be speci-
fically noted.
Sample Handling

All of the alkali halides studied in this work are
hygroscopic to some degree or other. Consequently,
certain precautions were taken to minimize absorption of
water vapor from the atmosphere, First, the materials
were stored in desiccators open to room atmosphere
only during the brief periods necessary to load evap=-
orator boats, To prepare mixed samples of desired com=
position, suitable amounts of pure materials were weighed
and mixed in a dry box charged with dry argon. The
amounts were weighed in a single-pan balance sensitive
to 0.1 mg, The samples were mixed with an agate mortar
and pestle, and then placed in weighing bottles which
after sealing were removed from the dry box and placed
in desiccators., All of the alkali halides used in this
study were commercially obtained high-purity chemicals,

Evaporation Apparatus
A commercial evaporation system was used to prepare

the films, The pumping system consists of a 15=-cfm
mechanical pump backing a 4" oil diffusion pump, with a






chevron~type liquid nitrogen baffle between the diffusion

pump and the base plate., This system is capable of
evacuating the bell jar to a pressure of 5}4 Torr within
30 minutes,

The base plate is equipped with high=current
feedthroughs and with two combination rotary-translational=
motion feedthroughs., Currents up to 250 amp are supplied
from a low=voltage transformer fed from a 1l5-amp variable
autotransformer., One of the secondary leads of the low-
voltage transformer served as a primary winding for an
instrument transformer which monitors the current through
the boat. ‘

The experimental set-up for evaporation is shown in
the schematic diagram of figure 1. The films were
maintained in vacuo in two identical sample cells
throughout the period of study. These cells, designed
by W.B. Zimmerman, are described in detail by R.H.

Misho (3). For the low-temperature studies, the substrate
was mounted in a liquid-nitrogen container inside the
vacuum cell, Figure 2 shows a cut-away view of the
sample cell, with the liquid-nitrogen sample holder raised
to clarify the construction, The top window was sealed
to an O-ring by a brass holder as shown in figure 1.
Throughout this study the material for the windows and
the substrate was high-density polyethylene 0,40" thick.

The second window, to be sealed after evaporation, was
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placed in a holder mounted on one of the rotary feed-

throughs in the vacuum system, The entire sample cell
was aligned for the proper sealing of this window, and
the cell was then secured by means of a mounting bracket
rigidly mounted to the base plate,
Film Preparation

Small quantities of the material to be evaporated
were placed in the boat, Each boat was made of molybdenum
and mounted on an insulating support which in turn was
mounted on the second rotary feedthrough of the vacuum
system, The boat was connected to the high=-current
terminals in the base plate. The system was then
evacuated, and the window mount on the rotary feedthrough
was placed between the boat and the substrate mounted
in the sample cell (see figure 1). This window mount
served as a shield for the substrate during the period
of preheating before evaporation, The preheating of the
material in the boat was monitored by means of the pressure
of the system as measured on an ion gauge. The pressure
usually stabilized after heating for a few minutes., This
period of outgassing is very important when dealing with
the hygroscopic materials used in this study. Without
this precaution some of the evaporant sputters out of the

boat, and useful films are not obtained, After the period
of preheating, the current to the boat is raised until

the powder melts, As part of this study, the substrate






shield was removed at different times during evaporation.

The resulting films from the different portions of the
evaporation produced no observable differences in their
transmission spectra. The period of evaporation was
approximately 20 seconds with the boat 10 cm from the
substrate, and with a boat current of 100 amp. After the
current to the boat was turned off, the window holder

was rotated into position and the window was pressed firmly
against the O-ring in the sample cell (see figure 1).

Air was admitted to the bell jar. The pressure difference
between atmosphere and the inside of the sample cell
sealed the polyethylene window in its position, thus
maintaining the film in a vacuum inside the sample cell.
The cell was then removed from the mounting bracket in

the evaporator and placed in the sample compartment of

the Perkin-Elmer 301 spectrophotometer, Hose connections
were made between the sample cell and forepump, so that the
cell could be pumped on at any time during the experiment,
With this arrangement the pressure inside the sample cell
could be maintained below 10=3 Torr throughout the course
of an experiment,

The output from a copper-constantan thermocouple was
fed into a Daystrom=-Weston multiple-station self-balancing
recording potentiometer to measure the temperature of the
substrate for the low-temperature runs. The thermocouple

junction was clamped firmly against the high-density
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polyethylene substrate, Randall (4) ascribes to similar
thermocouple temperature measurements an accuracy of
+ 1 deg=C at liquid-nitrogen temperature, and a higher
accuracy at room temperature,
Transmission-Spectra Measurements

The transmission spectra of the films were obtained
with a commercial double-beam far-infrared spectrophoto=-
meter, the Perkin-Elmer Model 301, A diagram of the
optical path of the instrument is shown in figure 3.
Between the source at I and the Golay detector, several
of the reflection elements, the transmission filters at
F3, and the crystal choppers may be changed in order to
isolate a narrow band of the electromagnetic spectrum for
dispersion by the grating Gl. The mechanical drive for
the grating is designed so that the frequency of the
radiation passeq by the monochromator is directly
proportional to the number of drive=-shaft turms, which
is based on an arbitrary scale of 100 "drum turns" per
revolution, The "drum turns" scale was calibrated in
terms of frequency for each grating by operating the

instrument in the single-beam mode, and measuring the
positions of the absorption bands of atmospheric water
vapor. The frequencies of these bands are tabulated in
the literature (7), and a straight line between these
values and the experimental data was fitted by the






Figure 3.

12

Optical path of the Perkin=Elmer 301 far-
infrared spectrophotometer. Reflection
elements on Fl, Fl', and F2 may be changed

from outside the instrument, Mirrors M4,

M4', and M12 along with the choppers may also
be changed to isolate a band of the electro=
magnetic spectrum for dispersion by the grating
Gl before being detected by the Golay cell near
M22,
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method of least squares,*

The ratio of the two beams is displayed on a
digital=-readout indicator and on a strip-chart recorder.
The position of the pen on the chart is correlated with
the position of the grating through pips on the edge of
the recorder chart, These pips are made by a microswitch-
pen system synchronized with the grating-wavenumber drive,
A pip appears for every drum-turn number ending in zero,
and an extra pip appears for the numbers ending in 95,

The slit system of the instrument may be operated
in a manual mode, or in a constant-I, mode. In the manual
mode the slits may be set to a fixed width up to a maximum
opening of 10 mm, In the constant-I, mode, a constant
signal level is maintained in the reference beam by
adjusting the slit width by means of a servomechanism,

To minimize the signal fluctuations due to atmospheric

*
A recent paper (8) gives a list of more precise values for

the atmospheric absorption lines as found with a Perkin=-
Elmer 301 spectrophotometer. The differences between the
frequencies assigned in this paper and those taken by us
for the calibration of the gratings used in this study are
less than 0,25 cm"l, These differences are unimportant in
the study of lattice-vibration spectra which show broad
half-widths of the order of 25 em~l,
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absorption, the instrument is continuously purged with
dry nitrogen.

The two sources available for the instrument were
used in this study., A Globar operating at about 200
watts power input was the source for spectra in the
wavenumber range 300 cm'l to 125 un"l, and a high-
pressure mercury arc was the source in the range 125 em-1
to 50 em~l, The dispersive element was a 20-line/mm
grating with the Globar as the source, and an 8-line/mm
grating with the mercury source.

The amplifier gain was adjusted to give a slit width
of about 5,0 mm in the region of the absorption maximum,
This geometric slit width corresponds to a spectral slit
width of about 1 micron. The correction for this spectral
slit width is negligible.

The records of the stray light for the wavenumber

ranges 250 a1

to 145 em™!, and 145 en~l to 55 em-l
should be less than 2% and 4% respectively,

The damping in the various servomechanisms is adjusted
so that little noise is apparent in the recorder trace.
The damping required for this type of spectrum must be
coupled with a slow scanning speed in order to keep the
tracking error small. The spectra were scanned at the
rate of 7.73 cm~l/min, or slower. Figure 4 is a typical

reference spectrum for the sample cell, No change was noted
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in the reference spectrum of the sample cell at liquid=-
nitrogen temperatures.
Spectral Analysis

Analysis for Pure Alkali-Halide Films: In the usual
manner the dispersion frequency, (), is defined experi-
mentally as the limit of the position of the absorption
peak as the film thickness approaches zero, If we use films
sufficiently thick to overcome instrumental limitations,
we must adopt some model that enables us to extract w,
from the observed spectrum. We have chosen the
phenomenological model, proposed initially by Lorentz,
consisting of a single dispersion oscillator of frequency
@), and damping constant § . On this model the dielectric

constant € at a frequency ) is:
(1) €(w)= €at (Com ) [1- @Y - i () (%)

where €, is the static dielectric constant, and €.

is the high-frequency dielectric constant (visible region).
For a plane parallel film of thickness d with a complex
refractive index N= €”2 , the transmission T for
electzomagnetic radiation of frequency ) 1is:

(2) =|4n e /{(1+n) e Y (_ay “‘“’d} \

It is readily shown that as d goes to zero, T approaches

a minimum at =W, . The problem of spectral analysis

becomes that of selecting the "best" values for the
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parameters to fit the observed curve with the equation
resulting from the substitution of (1) into (2)., Taking €,
and €, from the literature, we choose values for d, ¥ ,
and &), so as to minimize the integral of the square of
the deviation between the adjusted experimental spectrum
and the computed curve. For this purpose selected points
from photographs of spectra from the spectrophotometer
are entered on punched cards with the aid of a Hydel
scanning machine employing a Datex encoder system, These
cards are used as input for a CDC-3600 computer, The
computer is programmed first to determine the adjusted
experimental spectrum by dividing the input spectrum by
the appropriate reference spectrum, and next to yield
the best-fit values of the parameters d, ¥ , and W, .
The computer also plots the adjusted experimental spectrum
and the calculated curve, Figure 5 shows the result for
a LiBr spectrum. The solid curve is the adjusted
experimental spectrum, and the dashed curve is the
calculated spectrum, :

Analysis for Mixed Alkali-Halide Films: There are no
experimental values for €, and €, for the mixed alkali-
halide films used in this study. Therefore, for the mixed-

film spectra the analysis problem degenerates to simply
determining the frequency of the transmission minimum.

This determination was made by a computer search of the
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Figure 5 Absorption spectrum for LiBr. The solid line is
the corrected experimental spectrum, and the broken
line 1is the computer calculated spectrum.
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adjusted experimental spectrum, and by graphical analysis.
The computer search consisted of finding the minimum sum

of five consecutive data points, and then assigning the
middle point as the spectrum minimum.

In all cases the
agreement between computer search and the graphical

analysis was excellent,
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CHAPTER III
Experimental Results and Discussion
The first part of this study consisted of the
determination of the dispersion frequencies for all of
the alkali-halides having the NaCl crystal structure.
These frequencies were determined from thin-film
transmission data, as explained in the previous section

concerning spectral analysis. The values of the

dispersion frequencies from this study and from that by
Randall (4) for LiF provide the most complete tabulation
of dispersion frequencies for the alkali halides as
obtained with common experimental techniques and spectral
analysis, Moreover, this investigation constitutes the
first determination of the dispersion frequencies for
LiCl, LiBr, LiI, KF, RbF, and CsF by transmission.

These dispersion frequencies are given in table I,
together wi._;:h previous data where available, The
agreement between the results of this study and those

of previous transmission measurements of the dispersion
frequencies is very good. This agreement serves to
validate the technique, Some disagreement exists, however,
with the reflection data of Hass (9) for LiCl and LiBr,
even though his data for KF and RbF agree quite well
with the data reported here. An actual spectrum for
each of the alkali-halide films studied is given in the
appendix, »






22

Table I
Experimental Data for Pure Films

This Study Previous Work

Material ), (em-1) Wy o (em=1) Yy, Reference
LiF 306 0,09 (4)
Licl 201% 2 0.20 191 9) *
LiBr 170f 2 0.25 159 (9) *
Lil 144t 2 0.38
NaF 246t 2 0.10 239 (11)
NaCl 164% 1 0.10 164 (1)
NaBr 135t 1 0.09 135 0.07 (10)
NaI 115t 1 0.16 116 0,18 (10)
KF 191t 2 0.12 190 (9) »
KCL 142t 2 0.10 144 0,05 (10)
KEr 115% 1 0.08 116 0.06 (10)
KI 101t 1 0,07 102 0.07 (10)
RbF 156t 2 0,23 156 (9) *
RbCl 118t 1 0.07 119 0.08 (10)
RbBr 88t 1 0,08 89 0.06 (10)
RbI 76t 1 0.12 75 0.06 (10)
CsF 127t 2 0.20
CsCl 101t 1 0.11 99 0.10 (10)

1 0.05 74 0.08 (10)

CsBr 74%

* Data obtained from reflection measurements
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Table I contains also the values of the half-width
parameter y/m,, extracted from the data as described
earlier. These values may be compared with the values
reported by Jones, et al. (10); again the agreement is
quite good, particularly in view of the fact that the
methods of extracting this parameter from the experimental
data are different,

The damping term is introduced ad hoc in the theory
as developed by Born and Huang (14). The atomic origins
of this damping are thought to be 1) anharmonic terms in
the lattice potential, and 2) higher-order induced-
dipole-moment terms, Qualitatively then, we will
associate larger values of YA). with greater importance
of these two factors in the theorectical picture of our
system, We will have occasion later to make use of

this correlation.
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From the classical theory of dielectric constants
for ionic crystals, Szigeti (6) has developed the following
equation relating the dispersion frequency to other
experimental parameters:
3) 60—6,=(e,.,+2)“[41rN(2e)2] /IM o
where € is the high-frequency dielectric constant,
€, is the low-frequency dielectric constant, W), is
the infrared dispersion frequency, N is the number of ion
pairs per unit volume, Ze is the ionic charge, and M is
the reduced mass of the positive and negative ion pair.
Equation (3) is not satisfied by the experimental data.
Consequently Szigeti (6) introduced an effective charge
e* in place of e in this relation. Then the ratio of e*/e
is given by
(4) (e*/ef= 9 Wb (€am €0)/BTrN € (Em# 20 (for Z =1)
Thus the difference between the ratio e*/e and unity serves
to show the discrepancy of the classical model with respect
to the experimental data, Table II compares the ratios of
e*/e as calculated by equation (4) with this ratio as
predicted from other models, The discrepancies between
experimental data and the simple theoretical models have
been confirmed by previous studies. Jones et al.(10), in
particular, have shown that these differences do not
disappear even at liquid-helium temperatures where the

models are more likely to be valid.
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TABLE II
Comparison of e*/e Values

Dick & Overhauser

Material Szigeti Havinga e*/e (e*/e)extreme
LiF 0,81 0.77 0.91 0,88
Licl 0.77 0.67 0.92 0.90
LiBr 0,77 0.71 0,91 0.90
LiI 0,55 0,52 0.90 0.88
NaF 0.95 0.85 0.93 0.86
NaCl 0.74 0.68 0.91 0.84
NaBr 0.70 0.71 0,89 0.82
Nal 0.70 0,64 0.89 0.83
KF 0.88 0,83 0,98 0.87
KCl 0.80 0.80 0.93 0,84
KBr 0.77 0.81 0.93 0.84
KI 0.71 0.74 0.91 0.82
RbF 0.95 0.71 1,05 0.88
RbCl 0.83 0.76 0.95 0.84
RbBr 0,83 0.80 0.92 0.83
RbI 0.76 0.76 0.93 0.85
CsF 0.86 0.89

Mean deviation 0.056 0.134 0.082

From Szigeti Value
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There have been a number of theoretical discussions
concerning the origin of these deviations of e*/e from
unity, and we now discuss our results in light of these.
The three main factors affecting the value of e*/e that
are not accounted for in the simple theory are 1) ionic
overlap, 2) ionic distortion, and 3) anharmonic forces,
The shell model, first proposed by Dick and Overhauser

(12), is an attempt to correct for overlap and ionic

distortion in determining the ratio of e*/e. Havinga (13)
has modified this model, and in Table II the theoretical
values of e*/e based on each of these papers are compared
with those determined from the experimental data and the
Szigeti formula.

The shell model may be qualitatively understood in
the following way. An ion is assumed to consist of a
spherical shell of n outemmost electrons aﬁd a core
consisting of the nucleus and tightly-bound inner electronms,
In an applied electric field the shell is assumed to
maintain its spherical shape, and to move with respect
to the core. A harmonic restoring force acts between
the core and the shell, Now, the shells of the positive
and negative ions repel each other and tend to become
displaced with respect to the ion cores because of this
repulsion, This displacement represents a short=-range
polarization of the ions. Since the restoring force in

the larger negative ions is in general weaker than that
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in the positive ions, we expect the short-range polar-
ization of the negative ion to exceed that of the positive
ion (if shell charges are the same). Thus there is a

net dipole per ion pair directed opposite to the applied
field, and this contribution serves to lower e*/e (i.e.

to reduce the total dipole moment) below unity,

The results in Table II show that the shell model
accounts for some of the disagreement between the
experimental data and the simple theory. Havinga's
values are in general closer to the experimental values,
but one would hope for still better agreement,

We note a correlation between larger values of l/ﬂl-
in Table I, and the larger deviations of e*/e from unity
in Table II., This correlation, which is consistent with
taking ionic overlap effect as one of the origins of the
damping, might prove to be a valuable area for further
studies, in which one would seek an inclusive theoretical
description of the interaction of electromagnetic
radiation with ionic crysta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>