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The Infrared Absorption Coefficient of Alkali Halides

H. H. Li!
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Available data on the absorption coefficient of six alkali halides, LiF, NaF, NaCl,
KCl, KBr, and KI, were surveyed, evaluated, and analyzed. For the multiphonon
absorption region, an equation was formulated to describe the absorption coeffi-
cient as a function of both frequency and temperature. Constants in the equation
were determined based on data fitting calculations and empirical correlations. The
Urbach Rule is applied to the uv absorption edge of the transparent region, and our
equation is considered as its counterpart in the IR absorption edge. Comparing
with Deutsch’s exponential equation, the present expression includes the tempera-
ture as an additional independent variable. The calculated values are in concor-
dance with the experimental data.

KEY WORDS: absorption coefficient; optical constants; alkali halides; laser
windows. :

1. INTRODUCTION

The purpose of this work is to review the available data and information on
the absorption coefficient of alkali halides, to critically evaluate, analyze, and
to recommend the most probable values of the absorption coefficient. The
investigation covers the widest possible wavelength and temperature ranges
and is based on data representing the purest samples of alkali halides.
However, from the point of view of application, the data analysis is performed
only for the IR region.

For a given crystal, the width of the main transparent region is governed
by two factors. On the short wavelength side, transmission is restricted by
electronic excitation, and for long wavelengths by molecular vibrations and
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rotations. The width of the transparent spectral range increases as the energy
for electronic excitation is increased and that for molecular vibrations
decreased. Theoretical and experimental studies on the ionic crystals indicate
that crystals having small ions. with strong bonding have a wide transparency
region; this is true for alkali halides.

Among the various optical properties, those of practical importance are
the refractive index and the absorption coefficient. The latter is especially
important in the application of high-energy lasers, because many unfavorable
effects, which are not observed at low energy levels, are developed at high
power levels. No matter how low the absorption is, the effect is objectionable
at high-energy levels. As a natural consequence, the magnitude of the
absorption coefficient is the key parameter in selecting laser window materi-
als.

Over the past years extensive theoretical and experimental investigations
have been conducted in an effort to determine the absorption property for
optical materials and to identify the mechanisms influencing the absorption.
As a result, numerous measurements and calculations have been reported.
However, the available information is discordant and is dispersed throughout
the literature.

For this reason, the present work was undertaken. Although all of the
alkali halides are, in principle, good optical materials, some of them are
intrinsically unsuitable for ordinary applications. They are either physically
inadequate or chemically unstable. As a result, available data on the optical
constants are concenirated to the following six materials, LiF, NaF, NaCl,
KCI, KBr, and KI, which are presented in this work.

I | :
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Fig. 1. Typical absorption spectrum of an alkali halide crystal.
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2. GENERAL FEATURES OF THE ABSORPTION SPECTRUM
OF ALKALI HALIDES

A schematic view of the absorption spectrum of an alkali halide is shown
in Fig. 1. At the right (~40 um) are seen the absorption peaks associated with
optical phonons while near the left (~0.15 um) are the absorption peaks
associated with exitons. The spectral positions of these peaks are given in
Table L.

The typical behavior of the absorption spectrum is better displayed if one
plots the absorption coefficient vs. frequency on a semilogarithmic scale as
shown in Fig. 2. Both Figs. 1 and 2 indicate that the fundamental transparent

Table . Available Parameters for Dispersion Equations
of Alkali Halides at Room Temperature

Infrared
absorption
Ultraviolet absorption peaks® peaks?
Material € et A, (um) A; (um)
LiF 9.04 1.93 32.79,19.88
LiCl 11.86 2.75  0.130,0.143 49.26
LiBr 13.23 3.16 0.156,0.162,0.173 57.80
Lil 11.03 380 0.120,0.140,0.167,0.176,0.183,0.197,0.212 70.42
NaF 5.072 1.174 0.117 40.57
NaCl 5.90 2.33  0.050,0.100, 0.128, 0.158 60.98, 40.50,
120.34
NaBr 6.396 2.60 0.125,0.145,0.176,0.188 74.63
Nal 7.28 3.01 0.122,0.141,0.170,0.187,0.228 86.21
KF 5.50 1.85 0.126 : 51.55
KCi 4.85 2.17  0.131,0.162 70.42
KBr 4.90 2.36  0.146,0.173,0.187 87.72, 60.61
KI 5.09 2.65 0.129,0.175,0.187,0.219 98.04, 69.44
RbF 6.48 1.93 0.115,0.132 63.29
RbCl 4.92 2.18 0.138,0.166 85.84
RbBr 4.86 2.34  0.123,0.146,0.155,0.178, 0.191 114.29
Rbl 4.94 2.58  0.120,0.134,0.156,0.179,0.187, 0.223 132.45
CsF 8.08 2.16 0.110,0.118,0.136 78.74
CsCl 6.95 2.63 0.119,0.137,0.145,0.162 100.50, 80.00
CsBr 6.38 2.78 0.120,0.146,0.160,0.173,0.187 136.05, 97.09
Csl 6.31 3.02 0.180,0.147,0.163,0.177, 0.185, 0.206, 0.218 161.29, 117.65

“Static dielectric constant data are from Refs. [1-5].

bHigh—frequency dielectric constant data are from Refs. {1,4,6].

“The ultraviolet absorption peaks are measured by Hilsch and Pohl [7], Schneider and O’Bryan
[8], and Ramachandran [9].

“Data sources: see Refs. [1,4]; for LiF, see Ref. [10]; for NaCl, see Ref. [11]; for KBr, see Ref.
[12]; for KI, see Ref. [13]; for CsCl, CsBr, and Csl, see Ref. [14].
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Fig. 2. Schematic absorption spectrum of an alkali halide crystal in semilogarith-
mic representation.

region of alkali halides is bounded by the Urbach tail and multiphonon
absorption. In the high transparent region, the transparency of the material is
limited by many factors, notably the crystal vacancies, dislocations, impuri-
ties, surface contamination, etc. Extrinsic absorption due to these origins
varies considerably depending on the processes of sample preparation and
physical environment conditions.

Behavior of the absorption coefficients in the multiphonon and Urbach
regions, respectively, suggests an exponential relation between the absorption
coefficient and frequency, i.e., a = ape”, where oy and ¢ are temperature
dependent constants. Investigation of the Urbach tail region may serve as an
indicator to show the extent of impurity and/or defect contents. As generally
observed, the purer the sample, the greater the validity of the Urbach rule is
extended into the transparent region. By comparing the absorption spectrum
at the Urbach tail, the purer sample is self-revealed. Studies on the Urbach
rule have been carried out by many workers, notably Haupt [15],
Martienssen [16], Kobayashi and Tomiki [17], Miyata and Tomiki [18],
Tomiki and Miyata [19], Sano [20], Tomiki [21], and Tomiki et al. [22]. The
result of this work is an expression for the intrinsic absorption coefficient in
the tail region, of the form

(1)

a(E, T) = ag exp (_US(T)k(iO — E))
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where

2kT
O'S(T) = 0y 717 tanh —2"]'(7,
0

E is the photon energy in units of eV, T is the temperature in units of K, k is
the Boltzmann constant, and 4 is the Planck constant. The parameters ay, oy,
E,, and f, for various alkali halides are given in Table 11

Absorption in the multiphonon region has been of current interest
because of its application in windows for high-power infrared lasers. At the
frequencies in this region, the absorption can be attributed to “intrinsic”
processes involving several phonons or to defect modes involving impurities,
vacancies, or surface contaminations. Available data in the multiphonon
region indicate that the intrinsic absorption coefficient can be expressed as an
exponential function of frequency. A number of investigations have been
conducted to calculate the frequency and temperature dependence of the
intrinsic multiphonon absorption. Deutsch [23] found that the exponential
dependence of the absorption coefficient on frequency holds for LiF, NaCl,
KCl, and KBr at room temperature, i.e.,

o= ayet 2)

During the process of data compilation [24] for the present work, we have
found that this exponential relation is also applicable in the cases of NaF and
KI. The parameters o and p, of various crystals are given in Table I11.

In the transparent region, absorption coefficients of a pure crystal are
usually low. Crystals with impurities and defects are characterized by the

Table [I. The Urbach Parameters of Alkali Halides

Range of
Crystal E,(eV) ag(cm™")  hfy (meV) Ty E (eV) Remarks

LiF 13.00 1.0 x 10" 0.23 0.70 10.6-12.9  Reported by Tomiki
and Miyata [19]

NaF 10.70 1.0 x 10 16.5 0.69 9.8-10.5 Reported by Tomiki
et al. [22]

NaCl 8.025 1.2 x 10'° 8.5 0.741 6.4-7.9 Reported by Tomiki
etal. [22]

KCl 7.834  1.26 x 10™ 13.5 0.745 6.4-7.2 Reported by Tomiki
et al. [22]

KBr 6.840 6 x 10° 10.5 0.774 5.3-6.8 Reported by Tomiki
et al. [22]

Kl 5.890 6 x 10° 4.5 0.830 4.4-5.8 Reported by Tomiki

et al. [22]
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Table III. The Parameters of Equation (2)

Range of
Crystal ap(cm™) v (cm™") v{cm™") Remarks
LiF 2.1317 x 10* 153.2  1450-2500 Reported by Deutsch [23]
NaCl 2.4273 x 10* 56.0 356-945 Reported by Deutsch [23]
KCl 0.8696 x 10* 50.8 317-750 Reported by Deutsch [23]
KBr 0.6077 x 10* 39.1 250-600 Reported by Deutsch [23]
NaF 6.1053 x 10* 79.5 700-1400 Reported in Ref. [24]
K1 0.4294 x 10* 35.1 250-500 Reported in Ref. [24]

appearance of a number of absorption bands, the so-called “color centers.”
The well-known ones are the F, R, M, and N absorption bands. Absorption
coefficients at these bands vary considerably with temperature, radiation, and
time. Available information on the spectral positions of the color-center peaks
is given in Table IV. Color centers can be generated in a crystal by a variety
of ways. The most important and common one is by irradiation with ionizing
radiation. All the color centers can be bleached either thermally or optically.
Both are equivalent in producing annealing.

One of the most important impurities in the crystal is the OH™ radical,
whose existence is indicated by the absorption bands located at about 0.2 pm
in the ultraviolet and in the range 2.6-2.8 um in the near infrared. Other
stubborn impurities are oxygen containing compounds, which contribute
unwanted absorption in the laser wavelength region. Laborious processes of
crystal purification do reduce the absorption due to these impurities but
seldom eliminate it completely.

Surface absorption appears to be the limiting factor at low absorption
levels. The magnitude of surface absorption amounts about 10> cm™. At an
absorption level of 107 cm ™', the surface absorption is effectively equivalent
to 1000 cm of bulk material! The elimination of surface absorption is
therefore an essential phase of sample preparation, the achievement of which
is as yet only moderate and uncontrollable.

3. REVIEW OF FUNDAMENTAL ABSORPTION MECHANISMS
AND THEORIES

Tt is convenient to separate the origins that give rise to residual
absorption into two classes, the extrinsic and intrinsic. Extrinsic absorptions
are those associated with unwanted impurity atoms and molecules, deviations
from stoichiometry, lattice defects, and surface contaminations. The intrinsic
absorptions are those due to the electronic and vibrational absorptions in an
ideal crystal of some specified composition. In practice, extrinsic absorptions
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appear to be more troublesome in the best of currently available materials,
and there are no appropriate means to completely eliminate the objectionable
absorptions in optical materials.

In a given crystal, the total absorption can be considered as simply a
superposition of the absorptions from various origins. The total absorption
cocflicient, a(»), at frequency », is well approximated by

a(v) = 2_ Nioi(v), (3)

where the sum is over the various modes and types of imperfection. V; is the
number density of the ith mode or type and ¢, is the corresponding absorption
cross-section. In both of the extrinsic and intrinsic absorptions, the processes
that give rise to o;(¢) may be of three general types: (a) lattice vibration, (b)
free-carrier absorption, and (c) electronic excitation.

3.1, Lattice Vibration Absorption

There have been a number of recent studies on how the infrared
absorption drops off as the frequency becomes much greater than the
fundamental lattice frequencies. These studies have been mainly on the alkali
halides and alkaline fluorides. In the highly purified samples, the absorption
coefficient exhibits an exponential fall-off over two to four decades to the
lowest values of « that can be measured. Whether this exponential absorption
tail is characteristic of all other classes of materials is not known.

Presence of impurities can complicate the exponential tail, particularly
at low absorption levels. The impurities may enter the lattice singly or
multiply in a number of various types of configurations. Unfortunately, the
impurity atoms or molecules, which appear to produce troublesome absorp-
tions near 10.6 and 2-5 um, have not yet been studied adequately. These
impurities are primarily the oxygen and hydroxyl radicals whose absorptions
are centered at about 3, 9, and 13 um. The absorption cross-sections due to

these impurities are in the range 10~ "*-107% ¢cm’.

3.2. Free-Carrier Absorption

Free carriers, either intrinsic or caused by impurities, contribute a term,
o,, to the absorption that can be correlated roughly with the dc resistivity.
Except in the very pure nonpolar crystals, the free-carrier collision time, 7, is
on the order of an infrared period (i.e., »7 = 1). Under this condition, the
resistivity at that frequency is not much different from the dc resistivity and
can be approximated by the Drude formula

[30/pn()] _,

a1+ 1) ’ 4)

ae(”) =
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where p is the dc resistivity in units of ohm cm and r(r) is the refractive index
at frequency ». Although free-carrier absorption is negligible for alkalij
halides, high intensities of the laser beam may increase the free-carrier
concentration by photo-excitation.

3.3. Electronic Absorption

In the consideration of infrared transparency of the materials, only those
with a bandgap much higher than the infrared frequencies are considered. In
the case of alkali halides, electronic excitation contributes little to the
infrared absorption. However, the presence of heavy impurities may induce
significant IR absorption.

Heavy impurities generally have so low vibration frequencies that the
wing of their vibrational absorption contributes negligibly at laser wave-
lengths. However, heavy impurities may contribute to infrared absorption via
their electronic absorption tail. Assuming the impurity electronic absorption
is a Lorentzian line at »y and of half width Aw, then the absorption cross-
section is given by

0.(v) = frocAv[(v — »)7? = (v + )] em’® (%)

where r, is the classical electron radius, ¢ is the velocity of light, and f~ 1 is
the f number of the transition. In the infrared, where v < »,, Eq. (5) is
simplified to

o) = 2 ©)

It is well known that the half width, Ay, of heavy impurities is generally very
large and consequently contributes noticeably to absorption in the infrared.

3.4. Surface Absorption

Surface absorption can affect high-power laser window materials in
many ways. The heat due to absorption can cause distortions of the optical
phase front. In the case of fragile surfaces, such as those of the alkali halides,
the surface may develop cracks, which subsequently propagate or enlarge, or
become hygroscopic. When antireflection coatings are used, surface absorp-
tion may tend to dislodge or evaporate the coatings. The theory of surface
absorption may be thought of in terms of the same mechanisms that were
discussed for bulk absorption. The most commonly observed surface absorp-
tions are those associated with oxygen and hydroxyl radicals, whose absorp-
tions are centered respectively at 2.8 and 9.3 um in various crystals.

The fractional power of radiation, «,, absorbed at the surface, is
expressed in the same form as Eq. (3):
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a,(v) = Z M;o;(v), Q)

where a is in units of cm ™2, M, is the number of imperfections of ith type per
unit surface area, and o, carries the same meaning as in Eq. (3).

3.5. Processes in Multiphonon Absorption

Ever since the advent of high-power infrared lasers, the numerical values
of the absorption coefficient of window materials has attracted much atten-
tion and has been receiving serious consideration in the wavelength regions
where absorption is low. Because the wavelength regions of laser interest are
located at the tails of the fundamental absorption bands, a number of
theoretical and experimental investigations in the multiphonon absorption
region have been carried out in order to define the intrinsic limits on the
absorption.

The exponential frequency dependence of the absorption coefficient on
the high frequency side of the fundamental absorptance band has been
interpreted by a multiphonon absorption theory, in which the fundamental
process that contributes to the absorption is that a photon is absorbed by the
crystal through the virtual excitation of the fundamental (TO mode) phonon,
which in turn emits # phonons. The various processes involved in such a
transformation are best demonstrated through a schematic representation.
Shown in Fig. 3 are typical processes of n-phonon creation: (a) absorption of a
photon and creation of a TO phonon through the dipole moment interaction
(open circle), and subsequent decay of the TO phonon into other phonons
through anharmonic interactions (closed circles); (b) direct creation of
phonons by a photon through higher-order clectric moment interactions (open
square); (c) the same process as in (b) with subsequent decay of the created
phonons; and (d) the sum of all processes of n-phonon creation equivalent to
the creation of n phonons by a single process with a “renormalized” nth-order
interaction vertex (open hexagon). The anharmonic absorption coefficient,
a4, is the sum of n-phonon absorption, a,,:

o, = Za,,. (8)

3.6. Theories on the Multiphonon Absorption

The bulk of the theories concerning multiphonon absorption were
developed during the years 1972-1974. Essential simplification, modification,
and improvement of these theories were also made during these years.
Currently, our understanding of multiphonon absorption is basically at the
same level as in 1974.

The intrinsic absorption may be due to two possible mechanisms: (a) the
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VNS Photon

TO mode phonon created
via dipole moment
interaction.

Phonon created via
decay of TO phonon.

Phonon created directly
via higher order elec-
tric moment interaction.

Equivalent single
process representing
the sum of all of
n-phonon creation.

Fig. 3. n-Phonon creation processes in multiphonon absorption.

anharmonic coupling of phonons to the fundamental phonon and (b) the
displacement-induced electric moment of the ions, which may couple directly
to the radiation. The first mechanism is termed as anharmonicity, corre-
sponding to (a) in Fig. 3, and the second as the higher-order moment,
corresponding to (b) in Fig. 3. Although these two mechanisms are not totally
distinct, as both result physically from charge overlap, traditionally they have
been treated differently. For the highly ionic crystals, the constituent mole-
cules are less polarizable, and therefore the effect of the higher-order moment
is expected to be less important. As a consequence, the bulk of investigations
on ionic crystals has centered on the anharmonically induced absorption.
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There are two fundamentally « .Yerent approaches in the calculation of
the anharmonic absorption in ionic crystals. Each of them requires the
solution of the harmonic lattice probiems followed by a perturbation treat-
ment of the anharmonicity. Sparks and Sham [27, 28] and McGill et al.
[29, 30] employed diagrammatic techniques for evaluation of the Green’s
function, while Bendow et al. [31-35] used the equation-of-motion method.
As detailed discussion on the theories is beyond the scope of the present work,
the interested reader is referred to additional references [36—43]. Expressions
for a4 as obtained in the literature are rather complicated. In the following,
we will give the basic part of the expressions from two versions of the theories,
that of Sparks and Sham and Bendow et al.

Sparks and Sham [27, 28], in an attempt to explain the nearly exponen-
tial behavior of absorption, proposed the n-phonon summation process, in
which the photon is absorbed by the crystal through the virtual excitation of
the fundamental phonon, which in turn emits n-phonons. In other words, the
electromagnetic field drives the fundamental phonon off resonance (since
v > rg), whose relaxation frequency is determined by the sum of all possible
processes of splitting the fundamental phonon into n normal modes of lattice
vibration. Using the results and notations of Sparks and Sham, the corre-
sponding anharmonic absorption, «,, as a function of frequency w, is

4nNe*? ww Ty (w)
emnQ (08 - o) + [0, (w)]?

9)

an(w) =

where N is the number of unit cells in a sample of volume €, e* is the Born
effective charge, ¢ is the velocity of light, m, is the reduced mass of the two
ions in a unit cell, n, is the refractive index at w, w, is the frequency of the
fundamental mode, and T, is the relaxation frequency of the fundamental
mode. It is clear that the central task of the theory is in the calculation of T,.
The value of T', can be calculated from the standard peturbation-theory
expression for the n-boson-summation relaxation frequency [44]:

D) =25+ % T 1AGQ, - Q)P A@O@R,  (10)
O

...

where Q; is the phonon mode with wave vector g; and branch b;, and
gis) g
Jj=1
w is (w - Z ij)

Jj=1
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A is the modified Kronecker 6, which is unity when the argument is zero or a
reciprocal-lattice vector and zero otherwise, and

o = =1 ;:—:—11 (1

with
7, = n(Q)) = [exp (hwy /kT) — 117 (12)

and
n, = (e"/*" — 1) (13)

where k is the Boltzman constant and #; and #, are Bose-Einstein population
factors. The factor, A(fQ, ... Q,) denotes the renormalized vertex corre-
sponding to Fig. 3(d).

Bendow et al. [32] introduced an anharmonic perturbative potential into
the Hamiltonian of the phonon. This potential is considered as a portion of the
full lattice-interaction potential in the form of a sum of interactions between
pairs of atoms in the crystal, under the assumption that the electronic motion
is completely separated from the ionic motion (i.e., adiabaticity) and that the
point-ion model is valid. As the lattice is set in vibration, the perturbing
potential contains cubic or high-order terms of displacement. Their results,
when all lengths are scaled in units of the lattice constant a,, can be written
as

M, (14)

P (w,)3 1 (g 1 )n+1(a"+ly(r))z [7(w) + 112

(@) = 6mce, w) n 2 up "o, | Alw) + 1

where ¢, is the static dielectric constant, ¢ is the optical dielectric constant,
up=nh/ (/.waaoz) is the dimensionless reduced mass, c¢ is the velocity of light,
ry is the nearest-neighbor equilibrium spacing, M is the coordination number,
£, is the vertex correction factor [28], and 7 is the Bose-Einstein population
factor.

Reviewed above are typical theories in the interpretation of multiphonon
absorption. Modifications and simplifications have been made by a number of
later investigators, notably by Boyer et al. [45] and Harrington et al. [46]. All
the theories indicate that corresponding to a given n there is an n-phonon
absorption centered at the frequency nw, and that the observed absorption
spectrum actually corresponds to the convolution of all possible n’s. It is
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therefore expected to see structure features in the spectrum. In practice,
however, the structure is observable only at low temperatures. At room
temperature, the spectrum is well represented by an exponential law of the
form of Eq. (2).

3.7. Temperature Dependence of Multiphonon Absorption

Although the existing theories do predict the exponential dependence of
the absorption coefficient as a function of frequency at room temperature,
with regard to the temperature dependence of absorption, theories have not
been very successful. In these theories, the phonons are considered as bosons
and thus lead to the following expression:

a,~(n+ 1"~ (n)" (15)

where # is the usual Bose-Einstein population factor as given in Egs. (12) and
(13). The transition matrix elements are assumed to be essentially tempera-
ture independent. After rearrangement of Eq. (15), the coefficient a, can be
expressed as a function of temperature given by

1 — exp(—rhw/kT)

~ — 16
* ™1~ exp(— hw/kT)]" (16)
where w is the phonon frequency and nw = wypeop-
" In the limit where kT > Aw, we have
n(kT)”-‘
I U
or 17

oy~ Tn—l

Disagreement in the value of # is indicated, however, by the best available
experimental data [45, 47, 48]. With subsequent modification of the theory
by taking into consideration the temperature dependence of the physical
parameters used [49], some qualitative improvement is noted.

4. ANALYSIS OF AVAILABLE DATA AND RECOMMENDED
VALUES

Absorption in the IR region is of current interest because of its
application in windows for high-power infrared lasers. At the frequencies
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encountered in this region, the total absorption can be attributed to processes
involving several phonons, defect modes due to impurities, vacancies, and
surface contaminations. A number of studies have been conducted to investi-
gate the frequency and temperature dependence of the intrinsic multiphonon
absorption. It has been found that the exponential dependence of the
absorption coefficient on frequency holds for LiF, NaF, NaCl, KCl, KBr, and
KT at room temperature.

This exponential relationship attracted considerable attention in the
theoretical interpretation of such behavior. Theoretical results indeed predict
the exponential dependence of the room temperature absorption coefficient
on the frequency. With regard to the temperature dependence, however, the
results are not satisfactory. Discrepancies between experimental results and
theoretical predictions are of several orders of magnitude. In the case of NaF,
NaCl, and KCI, for example, theory predicts that at high temperatures the
absorption coeflicient varies with temperature according to Eq. (17), where
the values of (n — 1) are predicted to be 3, 5, and 6 for NaF, NaCl, and KCI,
respectively, while the corresponding experimental values are 2.6, 3.3, and
2.8. As a consequence, many investigators have questioned the validity of the
basic assumptions in the transition matrix of Bose-Einstein statistics. It is
therefore conceivable that an empirical formula that closely fits the available
data should be established until such time when an improved theory becomes
available.

4.1. Status of Available Data

Available data on the absorption coefficient of alkali halides were
exhaustively compiled from ultraviolet to far infrared regions and were
reported in Ref.-[24]. Absorption coefficient data, as a whole, are scanty. It is
well known that impurities are the major factors that contribute to the total
observed absorption. However, the amount of this contribution is generally
unknown, partly due to unawareness on the part of investigators and partly
due to the inadequacy of the facilities used. As a result, errors are inevitable.

The Urbach rule appears to be generally applicable to the uv absorption
edge of alkali halides. Measurements of absorption coefficients as a function
of frequency at various temperatures enable the establishment of the equa-
tions for the Urbach tails. These equations are useful in predicting the
intrinsic absorption coefficients for these materials. Compared with the
experimental results at the tails, this rule provides clues regarding the extent
of impurity or defect in the samples. To ascertain if the Urbach rule can be
extended into the transparent region requires experimental data on ultrapure
samples. The current available data are less than adequate to provide such
positive evidence.

In the highly transparent region, absorption coefficients are usually low.
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Since refractive indices, n, in the transparent region can be measured
accurately, the corresponding absorption coefficients can be calculated from
the expressions

(n— 17+ &
S+ D+ A (13)
and
o = 4wk, (19)

where « is the absorption index. It is clear that « can be determined provided
that reliable reflectivity data are available. Such important data are currently
missing as reflectivity measurements are concentrated in the fundamental uv
absorption band and the reststrahlen region.

In the IR region, it has been found that the following facts are common
to all of the measurements in the laser wavelength region:

1. Surface absorption predominates at low bulk absorption levels. As a

consequence, the observed total absorption is higher than the bulk.
The surface absorption band at 9.6 um is strong enough to mask the
intrinsic behavior of the crystal in the wavelength region centered at
9.6 um.

2. Absorption due to impurities contributes to bulk absorption as well as
to surface absorption. At wavelengths of 2.8 and 3.8 um, absorptions
due to hydroxyl ion and oxygen impurities are particularly outstand-
ing. ’

3. It appears that the above mentioned extrinsic absorptions may render
the crystal an unfavorable window material. It has been found,
however, that the objectionable extrinsic absorption can be reduced
through improved purification and polishing processes.

4. Low total and bulk absorptions, of the order of 10~ cm™' or less, were
found at wavelengths of 1.06 and 5.3 um. Although this value is still
very much higher than the respective intrinsic limits, the results
represent the limit of instrument sensitivity. Were the sensitivity of
the instrument increased considerably, one might be able to observe
very low absorption.

Surface contamination is known to contribute to absorption and is
usually in the order of 10~ cm™" per unit surface area. At high absorption
levels, the effect of surface absorption is negligible. At low absorption levels,
say a < 107* em™!, surface absorption may predominate over the bulk
absorption, resulting in difficulties in the determination of the intrinsic
absorption; examples are NaCl and KCl. Additional errors are introduced in
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the data available to the end-user, when they must be read off from graphs.
The latter errors are unnecessarily contributed in the process of data
presentation.

As a result of the combination of above considerations, the errors in data
are estimated in general at 3 to 10% in the high absorption range for @ > 0.1
cm™'. At low absorptions, errors increase with decreased absorption. At very
low absorption, errors can be in excess of 100%. As a consequence, intrinsic
behavior is only revealed in the high absorption range, while at low levels, the
extrinsic factors can predominate and mask the intrinsic.

In special applications, particularly in the area of lasers, high tempera-
ture (>300) absorption coefficients are usually needed. It is unfortunate that
absorption coefficients are seldom measured at elevated temperatures. The
only known systematic measurement of absorption coefficient as a function of
frequency and temperature was made by Barker [50] for LiF, NaCl, and
KBr. As Barker’s values are mostly in the high absorption range and are well
behaved, it is highly probably that his results represent the intrinsic absorp-
tions of the corresponding crystals.

4.2. Typical Trends of Data

Typical trends in experimental data (room temperature or higher) can
be clearly seen when frequency-dependent absorption coefficients are plotted
on a semilog scale (i.e., log a vs v) and temperature dependent absorption
coeflicients are plotted on a log-log scale (i.e., log « vs log T). Both appear as
straight lines in the plots. The implication of this straight line behavior is that
the absorption coefficient is rejated to frequency and temperature, respective-
ly, in the form a(v) ~ e™* and o(T) ~ T*, where A and A’ are constants for
each of the given lines.

The exponential behavior observed in the multiphonon region is similar
to the Urbach tail region as shown in Fig. 2. The power law is not only obeyed
at the frequencies in the multiphonon region, but the same is also observed in
the frequency region on the other side of the fundamental restrahlen band.
Readers interested in details of the available data are referred to Ref. [24].

4.3. Formulation of an Empirical Model

A straight line in a semilog plot of log « vs v indicates an exponential
relation of the form

log o = log &y — 0.434294(v + B) (20)

where A is the slope of the line at a gi\}en temperature, and «, and B are
arbitrary constants corresponding to the coordinates of a point on the line.
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Therefore three parameters are required to define a straight line in the
semilog presentation.

It has been observed that the slopes of these straight lines vary with
temperature. This means that «, and B also vary with temperature unless
there exists a pair of values that is common to all of the lines for a given
material. This requirement sets a restriction that all the lines must converge
to the point («,, B). To see whether this point could be found, a graphical
extrapolation was made by drawing straight lines through corresponding data
sets and extending them to a region where they tend to meet. Indeed, one does
find a definite point of convergence for each of the materials, LiF, NaCl, and
KBr. Since adequate data are available at various temperatures, the existence
of such a point of convergence provides a reliable clue that oy and B are
constants for a given material and that only the slope, A, varies with
temperature, i.c.,

log & — log &y — 0.43429(» + B)A(T) (21)

To find the functional variation of 4 with 7, we have made use of the
fact that the plot of « vs T is a straight line on the log-log scale. To meet this
condition we are limited to considering the expression

A(T) = C(D — log T), (22)

where C and D are constants for a given material. Combining Egs. (20) and
(22) leads to the following empirical equation to represent the absorption
coefficient as a function of frequency and temperature:

a(v, T) = agexp [—a(v + b)(c — log T)] (23)

where g, a, b, and ¢ are constants for a given material. At a given
temperature, this equation is reduced to the form a(r) ~ e”**, while at a given
frequency, the equation is a(T') ~ T?, where @’ and b’ are constants.

It is interesting to point out that Eq. (23) is analogous to the Urbach rule
in the ultraviolet absorption edge. The pair of constants o and b defines the
“crossover point,” where the curves of a vs v converge and the factor
a(c — log T) is defined as the “steepness’ of the lines. The physical meaning
of these parameters remains to be ascertained.

4.4. Numerical Data Fitting for LiF, NaCl, and KBr

Numerical values of the constants &, a, b, and ¢ can be defined through
least-squares fitting of the experimental data to Eq. (23). Needless to say, the
reliability of the values depends on the availability of experimental data and



IR Absorption Coefficient of Alkali Halides 117

their accuracies. Review of the existing data indicates that adequate data
fitting can be achieved for LiF, NaCl, and KBr. Since the errors in the data
are in the range of 10%, the uncertainty in the results of such fitting is at best
10%.

The least-square calculation was performed using the equation

log o = log ay — 0.43429a(v + b)(c — log T) (24)

The first approximate values of @ and ¢ were evaluated by holding «, and b
fixed at their graphically determined values. The final values of the constants
were then determined by allowing free adjustment of all four constants. The
results of the best fit are given in Table V. It was found that, except for LiF,
the resulting equation also predicts a values for the molten phase of the
materials as if there is no significant change at the phase transition point.
This is consistent with Barker’s observation.

4.5. Prediction of Key Parameters for NaF, KCl, and KI

Available data for NaF, KCl and KI are not adequate for least-squares
calculations in which both frequency and temperature are treated as indepen-
dent variables. In order to utilize the existing data of these materials and yet
give some meaning to the calculations, we have to reduce the number of
unknown parameters in Eq. (24). Clues have been observed that enable us to
define the parameters a and ¢ for these materials, thus reducing the number
of unknown parameters to two.

From careful examination of the list of parameters above, we can see
that the values of the parameter ¢ merge as almost a constant for LiF, NaCl,
and KBr. The small differences among them can very well be accounted for
by errors in the data. Hence it is assumed that an average value of 5.434 may
be used as the value of ¢ in Eq. (23) for alkali halides.

Comparing Eq. (23) with Deutsch’s representation, Eq. (2), we can see
that 1 /vy ~ a(c — log T). At a given temperature, say room temperature, the
factor (¢ — log T') is a constant, and therefore 1/y; ~ a. Indeed, we have
found that this is the case for LiF, NaCl, and KBr, for which the values of a

Table V. Values of the Constants «, a, b, and ¢ in Eq. (24)

a b
a, (cm) (em™) ¢
LiF 104451 0.002237 49.1557 5.39574
NaCl 10°0%5 0.005909 83.8511 5.50982

KBr 1049073 0.008862 93.7115 5.39708
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Table V1. Values for Various Parameters of Alkali Halides

Vg a 1/a M /M Y10
(cm™) (cm) (cm™) (g mol ™) (mol g™") (em™)
LiF 153.2 0.002237 447.03 26 0.0385 305
NaF (78)° (0.00437) (228.83) 42 0.0238 246.5
NaCl 56.0 0.00591 169.20 58.5 0.0171 164
KCl 50.8 (0.00700) (142.86) 74.5 0.0134 142
KBr 39.1 0.00886 112.87 120 0.0083 114
KI (36) (0.0098) (102.04) 166 0.0060 102

“The values in parentheses are those predicted graphically (see the text).

are obtained from fitting the data. It was noted that the parameter v, is
inversely proportional to the molecular weight, M, of the corresponding
material [24]. This implies that 1/a is related to M in a similar fashion.
Listed in Table VI are the values of v, a, 1/a, M, 1/M, and vy, of various
materials, where vy, represents the frequency of the transverse mode funda-
mental phonon. The inclusion of v, here is based on the fact that it was found
that »p, is proportional to v, and 1/a as well, except for LiF, as shown in the
table.

Figure 4 shows a plot of 1 /M vs 1/a and v,. It is seen that the lines of 1 /a
vs 1/M and », vs 1/ M are parallel to each other, and the points for LiF, NaCl,
and KBr on the 1/a vs 1/M plot precisely define a straight line. Values of a
for NaF, Kcl, and KI are thus predicted. Based on the above discussion, one
now has only two unknowns in Eq. (23) for NaF, KCI, and KI. What remains
is to be done is the evaluation of the parameters o and b.

4.6. Final Results of Data Analysis

Although there is a significant amount of data available for NaF,
measured in a wide range of temperatures at a number of discrete frequen-
cies, large uncertainties are inevitably introduced through the rough graph-
ical presentations. As a result, only selected data sets are included in the data
fitting calculations.

In the case of KClI, frequency dependence data are only available at
room temperature. Although there are temperature-dependent data obtained
at 10.6 um, it is difficult to define the intrinsic bulk absorption because of the
extrinsic absorption band at 9.7 um. As a result, the existing temperature
dependence data cannot be used in the determination of o, and b, and one has
to rely on the room temperature frequency-dependent data to define the
values of «, and b. In the case of KI, only the room temperature frequency-
dependent data are available.

Least-squares data fitting was carried out for NaF, KCl, and KI. For
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LiF, NaCl, and KBr, the values of oy and b were redefined by least-square
fitting. The final results of data fitting yielding the constants «, a, b, and ¢
used in Eq. (23) are given in Table VII.

4.7. Recommended and Provisional Values of the Absorption Coefficient

Equation (23) is proposed to yield the absorption toefficient as a
function of frequency and temperature in the multiphonon absorption region
and in the temperature region where 7 = 300 K. Uncertainties in the
predicted values are in the range of 10%. In the case of KCl and KI, this
uncertainty is applicable to room temperature only. At higher temperatures, a
higher uncertainty should be assigned, and the resulting values should be
considered as provisional because limited data were available in the determi-
nation of the parameters o and b.

Recommended and provisional values are calculated using Eq. (23) and
are given in Tables VIII-XIII. For visual demonstration, Figs. 5-10 are
provided to show the “crossover point” and the calculated absorption spectra
at various temperatures.

5. CONCLUSIONS

In conclusion, it should be emphasized that the present work does not
resolve the discrepancies between the available data sets; it simply establishes
the most probable values of the absorption coefficient that a pure crystal
alkali halide may have with the quoted uncertainties. Also, it should be
remembered that, as in any statistical study of this type, Eq. (23) is valid only
to the reported accuracy and within the region of experimental data it is
based on. In general, extrapolation of the equation for use outside this region
is invalid for quantitative results. Finally, the type of analysis presented here
assumes the model is an absolutely correct representation of the data at hand,
which is not generally true, since the model is an oversimplification of the true
behavior of matter. However, for predictive purposes, based on selected

Table VII. Final Values for the Constants aq, a, b, and ¢ in Eq. (23)

g a b
(em™") (cm) (em™) c
" LiF 104312 0.002237 44.1 5.434.
NaF 105480 0.00437 108.4 5.434
NaCl 104978 0.00591 94.5 5.434
KCl 10842 0.00700 230.2 5.434
KBr 1044 0.00886 90.2 5.434

K1 108" 0.0098 207.3 5.434
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experimental data from several sources, and within the usable region of the
data, we believe that Eq. (23) is valid for calculation of the absorption
coefficient in the given wavelength and temperature regions. It is important
to point out that the relationship established in the present work is restricted
to the temperature region where 7' = 300 K.
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