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Available data on the refractive index and its temperature derivative for alkaline earth
halides were exhaustively surveyed, compiled, and analyzed. The most probable values of the
refractive index at 293 K for the transparent region were generated for the materials for which
experimental data were sufficiently abundant and reliable. Provisional values were also gen-
erated for the wavelength regions where available data were less abundant. Reasonable esti-
mations of refractive index for the very scantily measured materials were made by incorporat-
ing the dielectrie constants and wavelengths of absorption peaks into a simplified dispersion
equation. It was found that of the twenty alkaline earth halides only seven, namely, MgFa,
CaFz, SrF3, BaFs, CaCly, SrClz, and BaCly, appear in the open literature with refractive index
measurements. Most of the available data are for the first four of the seven materials. Temper-
ature derivatives of refractive index for most of the alkaline earth halides were unavailable. As
a result, data analysis on dn/dT was limited to CaFz, SrFz, and BaF>.
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1. Introduction

The purpose of this work is to present and revicw the avail-
able data and information on the refractive index of alkaline
earth halides, to critically evaluate, analyze, and synthesize the
data, and to make recommendations for the most probable val-
ues of the refractive index, its wavelength derivative dn/d A and
temperature derivative dn/d7. The recommended and provi-
sional values generated cover the widest possible transparent
wavelength ranges and are for the purest form of each alkaline
earth halide for which measurements have been made. How-
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ever, for the materials which have been scantily measured,
reasonable estimations are made.

The introductory text describes the general procedures and
methods for the evaluation and synthesis of the available data
and for the generation of recommended values. It also discusses
the present status of the experimental data and other considera-
tions concerning the body of data.

In the theoretical background section, the general theory of
the refractive index and its temperature derivative is discussed.
Correlations of the dielectric constants, absorption bands, and
the refractive index are described.

In the data presentation section we treat each material sepa-
rately, review the available data and information, and describe
the considerations involved in arriving at the final assessment
and recommendation and the theoretical guidelines or semi-em-
pirical correlations on which the data analysis and synthesis are
based. Figures and tables follow to present the recommended
values, the original data, specimen characterization, and mea-
surement information. At present, we have compiled 182 sets of
data extracted from some 80 documents in the primary litera-
ture. Distribution of the available data sets is shown in table 1.

TaBLe 1. Available data sets

Number of data sets
Material
n : dn/dT no-ne
MgF> 42 2 7
CaF» 44 29
Stk 13 4
BaFz 15 12
CaClz 7
SrCly 7
BaCl

In the conclusion, figures are presented in which all the rec-
ommended curves on the refractive index, dn/d\, and dn/dT
are grouped for visual comparison. The accomplishments in this
work are discussed and the need for further work is suggested.

The last section consists of the source references used in the
extraction of data and/or information. Only original sources of
data have been used in the analysis. The effective cut-off date for
literature research was May 1977, while the earliest referenced
source was dated 1874. With such a comprehensive compilation
of information and presentation of results, the anthor believes
that scientists and engineers in the optical trade will find this
report useful in regard to refractive index and its temperature
and wavelength derivatives.

In order to utilize any dispersive medium, spectroscopists
must have a knowledge of the index of refraction and dn/d A for
all wavelengths transmitted by the medium. Such data are also
useful to physicists for evaluating theoretical dispersion equa-
tions and for studying the forces between the constituents of the
crystal. For a transparent medium, the refractive index, n, is
defined as the ratio of the velocity, ¢, of electromagnetic radia-
tion of a given wavelength in vacuum to the phase velocity, ¢, in
the medium, ie.,

3. Phys. Chem. Ref. Date, Vol. 9, No. 1, 1980

n = c/v. (1)

Since the index of refraction of air is about 1.0003, n is conven-
tionally measured with respect to air instead of vacuum and no
correction is made. In a non-absorbing medium the refractive
index is a real quantity, while in an absorbing mediuln a com-
plex index of refraction, &, is used. The complex index is de-
fined as

N=n + ik @

where £ is the extinction coefficient or absorption index. Both n
and £ are frequency dependent. The real and imaginary parts of
the square of the complex refractive index are the real and imag-
inary parts of the complex dielectric constant, €, of the medium:

€=€ + i = N> = (0% — k) + i2nk 3)

The dispersion in an optical material is intimately related to ,
the microscopic structure of the material. On the short wave-
length side transmission is limited by electronic excitation, and
for long wavelengths by molecular vibrations and rotations. The
width of the transparent spectral range increases as the energy
for electronic éxcitation is increased and that for molecular vi-
brations is decreased. Theoretical and experimental studies on
ionic crystals indicate that crystals having small ions with strong
bonding have a wide spectral range of transparency. This is true
for alkali halides and alkaline earth halides.

Unlike the alkali halides, which form only cubic crystals, the
alkaline earth halides form crystals with a variety of structures.
The four types of structure that are found in the alkaline earth
halides are indicated in table 2. A review of tables 1 and 2 will
show that, with the exception of MgF2, only crystals of cubic
structure have been investigated.

TaBLE 2. Crystal structure of alkaline earth halides

Material Structure
BeF: ! Tetragonal, Orthorhombic, Hexagonal
BeCl2 Orthorhombic
BeBr2 Orthorhombic
Belz Orthorhombic, Tetragonal
MgF: Tetragonal
MgCle Hexagonal
MgBr2 Hexagonal
Mgl. Hexagonal
Cak, Cubic
CaClp Orthorhombic
CaBrz Orthorhombic
Cals Hexagonal
SrF. Cubic
SrCle Cubic
SrBr2 Tetragonal
Srl; Hexagonal
BaF; Cubic
BaClz Cubic, Orthorhombic
BaBr: Orthorhombic
Bal. Orthorhombic
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Calcium fluoride in its naturally-occurring form is known as
fluorite. It is conventional to describe a crystal as having the
fluorite structure if its lattice is similar to that of calcium flu-
oride. In a fluorite-structure crystal of a compound AB; each ion
of species A is surrounded by eight equivalent nearest-neigh-
bour ions of species B forming the corners of a cube with A at its
center. Each ion of species B is surrounded by a tetrahedron of
four equivalent A ions. More fundamentally, the structure has a
face-centered-cubic translational group and a space lattice of
symmetry Og. If the structure is interpreted in terms of a primi-
tive cube of side a, it comprises three inter-penetrating face-
centered-cubic lattices. The first is a lattice of species A with its
origin at the point (0,0,0) and with primitive translational vec-
tors (0, a/2,a/2); (@/2,0,a/2); {a/2,a/2, 0) in the cube of side
a. The B species are located on two further lattices with similar
translational vectors but with origins at (a/4, a/4, a/4) and at
(3a/4, 3a/4, 3a/4). The site of the A ion has Of symmetry
and the site of the B ion has T symmetry. The interstitial site
again has O} symmetry, being at the center of a cube of eight
B ions. The crystal is not piczoclectric.

It is apparent that the fluorite structure provides close contact
between the different species of atom or ion. Furthermore if the
ions of species A are sufficiently large, close contact between the
ions of species B is prevented. If the constituent species are
regarded as hard spheres with radii r(A) and r(B), contact occurs
between the A and B ions to the exclusion of B-B contact and of
A-A contact [1]* when the radii satisfy the condition

4.45 > r(A)/r(B) > 0.73.

The energetic advantages of close contact between dissimilar

ions suggest that the fluorite structure will be favoured by those
strongly ionic compounds with formula AB; which possess large
ions of type A. Study of a self-consistent 1able of jonic radii, such
as that of Zachariasen [2] summarized in table 3, shows that one
is unlikely to find a hypothetical compound in which contact

between A ions could occur. This would require that the A ions
be exceptionally large, with

r(A) > 4.451(B).

In fact, the A ions are normally relatively small and it is possible
to find several series of compounds in which the lower limiting
value is passed, and contact between B ions can occur. For
example, among the halides of barium one finds that the fluorite
lattice structure occurs for the smaller halide B ions while the
iodides possess orthorhombic or sheet-like structures.

Among the compounds of alkaline earth halides those which
possess the fluorite structure are, according to Wyckoff [1],
CaFa, SrFs, BaFs, CaCly, SrClp, BaCls. The absence of bromides
and of 10dides may be interpreted in terms of a violation of the
radius requirement, the anions being relatively too large. It is
apparent on inspection of table 3 that close contact between A
and B ions cannot occur for the light cations.

There were two major reasons why only crystals of cubic
structure have been investigated. The first is that cubic crystals

1 Numbers in brackets indicate literature references at the end of this paper.

TasLE 3. The crystal radii of ions

Be?* 0.30 A F 1.33 A
Mg? 0.65 A c- 1.81 A
Ca? 0.94 A Br~ 1.96 A
Sr2t 1.10 A I~ 219 A
BaZ* 1.20 A

are optically isotropic. It is true that optical anisotropy is highly
desirable in a number of special uses, but for the fabrication of
optical components in general, anistropy of dispersion may
become an objective. It is therefore understandable that early
investigations were limited to the cubic crystals, but it is sur-
prising that even at the present age of modern technology our
knowledge of optical dispersion is still limited to that of cubic
crystals. With regard to the dispersion of the non-cubic crystals,
little work has been reported.

The second reason for inattention to non-cubic alkaline earth
halide crystals is the unavailability of the crystals or their
undesirable chemical and physical properties, such as hygros-
copy and softness. With advances in the techngiue of crystal
growth, crystals which do not occur naturally are made available
in workable sizes. Examples are BeFz [3), MgCl: [4], and BaBr2
[5]. However, no measurements on the optical dispersion of
these crystals are reported.

The applications of high-power infrared lasers, which are now
being developed at a rapid rate, are partly limited by the lack of
suitable transparent optical materials. As a result, much of the
high-power laser research is directed toward finding adequate
high-temperature window and dome materials in the wavelength
regions from 2 to 6 micrometers and near 10.6 micrometers.
The alkaline earth halides have large transmission ranges
spreading from the ultraviolet to the infrared and are available
in large sizes and high purity. They are good materials for photo-
chemists and spectroscopists who are interested in ultraviolet
transparency, and for laser scientists who are concerned with
infrared transmission. They are considered good window mater-
ials and are recommended by the National Materials Advisory
Board [6]. Through the studies of the Advisory Board, crystals
of fluorite-type are among the serious candidates for laser
materials. Efforts are being made to improve their mechanical
strength and thermal endurance without altering their optical

" properties, particularly the refractive index.

The available refractive indices of alkaline earth halides and
their temperature derivatives have been surveyed and studied
from time to time by a number of investigators, including
Smakula [7], Rallard [8], Coblentz [9], to name jnst a few.
Refractive index data are compiled in a number of handbooks
such as those sponsored by Landolt-Bornstein {10}, American
Institute of Physics Handbook [11], and Handbook of Chem-
istry and Physics [12], etc. However, their main concern 1s to
provide a general picture through a few particular sets of data.
The purpose of the present work is quite different from that of
the above-mentioned works. It has two major aims: (1) to ex-
haustively search the.open literature so that a complete and
comprehensive bibliographic reference is compiled, and (2) to
generate recommended values based on the existing experi-
mental data on the refractive index and its temperature deriv-
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ative, so that evaluated and/or synthesized numerical data are
made available for scientific and engineering use.

In figure 1, a schematic view of the absorption spectrum of
a typical alkaline earth halide crystal is shown. At the right, at
about 30 micrometers, are seen the absorption peaks associat-
ed with optical phonons, while nearer to the left, at about 0.1
micrometer, are seen the absorption peaks associated with
excitons. In the transparent region between the two extremes
the erystal absorhs little light and has a dispersion which ean
be characterized by an optical dielectric constant €0 = no%
where n, is the refractive index at short wavelength. In
absorbing regions of the spectrum, the imaginary part of € is
non-zero. Both the real and imaginary parts of € can be
obtained from the experimental reflectivity (preferably over a
wide range of wave-lengths) and the use of the Kramers-
" Kronig relation or the Lorentz oscillator model. In optical
technology, the refractive index is needed only for the tran-
sparent region of the material. One does not have to carry out
a complicated analysis and calculation to obtain the refractive
index. Direct methods are available for high precision measure-
ments. The minimum deviation method is usually used to obtain
the refractive index accurate to the fourth decimal place, and the
interference methaod ta the third.

Scanning the open literature, one finds that in most cases the
measurements of refractive index were carried out at various
temperatures and reduced to a reference temperature chosen
according to the investigators® preference. It is highly desirable
to reduce the existing refractive index data and to present them
at a uniform reference temperature. It is therefore important
that the temperature derivative of the refractive index be made

available in the form of a function of wavelength based on the
existing data and theory, so that the users can easily calculate
the required values over a limited range of temperature.

The first task in generating recommended values was to ana-
lyze the data on the temperature derivative of refractive index.
With the analyzed values of dn/d7, all the refractive index data
were then reduced to the reference temperature of 293 K chosen
for the present work. The corrected data were then subjected to
evaluation and critical selection. Least-squares fitting of the se-
lected data to a given equation was then carried out.

Recommended values for refractive index (relative to air),
and wavelength and temperature derivatives,dn/d A, and dn/dT,
have been calculated from the correlating equations where
sufficient experimental values are available. However, for the
region where experimental evidence is either insufficient or
poor, only provisional values are provided. Data for the trans-
parent region are presented at integral wavelengths with small
increment. Intermediate values can be obtained by the follow-
ing linear interpolations:

ny = ny + (dn/dX), (\' — X),

(4)
' = iy + (dr/dT ) (T — 1)

The second expression in eq (4) is based on the fact that
dn/dT is relatively independent of temperature over a fairly
wide range of temperatures. However, the application of this
expression should be limited to the temperature range 293 *+
50 K.
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2. Theoretical Background and Empirical
Relations

The study of the propagation of light through matter, particu-
larly solids, comprises one of the important and interesting
branches of optics. The many and varied optical phenomena
exhibited by solids include selective absorption, dispersion,
double refraction, polarization effects, and electro-optical and
magneto-optical effects. Many of the optical properties of solids
can be understood on the basis of
electromagnetic theory.

classical

The macroscopic electromagnetic state of matter at a given
point is described by four quantities:

(1) the volume density of electric charge.

{2) the volume density of electric dipole strength, called the
polarization,

(3) the volume density of magnetic dipole strength, called the
magnetization,

(4) the electric current per unit area, called the current
density.

All of these quantities are macroscopic averages over the micro-
scopic variations due to the atomic makeup of matter. They
are related to the macroscopically averaged electric and mag-
netic fields by the well-known Maxwell equations [13].

Detailed discussion of Maxwell’s equations is beyond the
scope of the present work. What we should bear in mind is
that the general solution of Maxwell’s equations is made up of
electric and magnetic fields. In the treatment of the inter-
action of light and matter, the light is considered as an oscil-
lating electric field that engulfs the component molecules of
matter. Each of the molecules may be considered to be a
charged simple harmonic oscillator. When these -component
oscillators are driven by the engulfing electric field of the
light they emit Hunygens-like spherical wavelets that contrib-
ute to and modify the electric and magnetic fields. In the early
development of the theory of propagation of light in matter,
there was no practical alternative to treating the matter as a
collection of charged harmonic oscillators subject, perhaps, 10
damping forces. Fortunately, the modern developments in the
theory of matter and its interaction with radiation have shown
that this simple model has broad utility. and that it can be em-
ployed in the discussion of refractive indices. In this section,
only a brief summary of results of the theory of the refractive
index and its temperature derivative is given.

2.1 Refractive Index

Maxwell’s theory gives the relationship
nP=¢e=1+P (5)

where 7 is the refractive index, € the dielectric constant, and P
the polarizability. If one treats the material as equivalent to a
collection of harmonic oscillators resonant to radiations of var-
ious wavelengths A;, one can derive [13] the equation

c; \?
n2—1= 2—)\2 Y (6)

where A is the wavelength of the incident radiation, and ¢; is a
constant which depends on the number of oscillators per unit
volume or the “oscillator strength” of the oscillators-resonant at
wavelength A:. Equation {6) is generally called the Sellmeier
formula. It can be derived by modern quantum theory from

_more sophisticated models of the solid, with A; denoting the

wavelengths of the various absorption bands of the material.

For the transparent region, it was traditionally believed that
the dispersion formula of the Sellmeier type best fit the ionic
crystals. The consequence of this was that most of the early
experimental works adopted eq (6) with the As’s and ci’s
as adjustible empirical constants chosen only to fit the data,
with no other experimental and theoretical basis. Nevertheless,
this equation, if used correctly, gives a good deal of informa-
tion concerning the position of absorption bands, oscillator
strengths, and the dielectric constant for a static field.

For the transparent region, eq (6) can be written as

a; A2 b A2
— —_ : J
€—n2_1+2}\2*>\2—+}\2—‘}\2‘ (7)

J

Terms in the first summation are contributions from the ultra-
violet absorption bands and those in the second from the in-
frared absorption bands. In the infrared region, however, the
Ai’s of uv absorption peaks are much smaller than A and eq
(7) is reduced to

2
=t Iyt @
J j
where €x.=1+Zai =€,—Zbdi is the oprical dieleciric con-
stant.

Real crystals are neither perfectly linear dielectrically, nor
are they perfectly harmonic. The effect of nonlinearity and
anharmonicity is to introduce a damping term [14]. Equation
(8) is extended to become

bf)\2
L

7

€= €+ =€+ 2;: o 9
Equation (9) is widely used in investigating the infrared
optical properties of ionic crystals. In the transparent wave-
length region, the effects contributed by absorption bands are
‘negligibly small. In such cases the damping terms can be
omitted and eq (9) is reduced to the Sellmeier formula.

In an ideal application of eq (7), one would need to know
the wavelength of all of the absorption peaks. This is very
difficult in practice because of the large number of absorption
peaks. In fact, only a few absorption peaks are accessible for
experimental observation. In order to include the effects due
to unobserved absorption bands on the refractive index in the
transparent region. an equation similar to eq (7) is used to
interpret the experimental data:

e bA?

2= A ] , 10
" +>;A2—7\1.2+,A2—x—; (10)
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where A;’s and A;’s are the observed wavelength of absorption
bands. A4 is a constant which equals the quantity 1 + Zax
where ax’s are the coefficients of the ultraviolet terms with
N’s much smaller than the wavelengths in the transparent
region. In the infrared region, the dominant contribution to
the refractive index in the transparent region comes from the
fundamental phonons, while other absorption bands contrib-
ute little effect on the refractive index in the transparent
region. As a result, in most cases, only one or two terms due to
the predominant contribution are included in eq (10). The
relationships between the dielectric constants and the coeffi-
cients in the dispersion equation remain with no change:

€.=4+ Sa, (1)
€=A + Za;+ b, (12)

For some materials, experimental data on n are insufficient
to justify the least-squares fitting. A means should be devel-
oped to obtain reasonable estimates by use of the available
data for other properties which are related 10 2. The following
simplified equation (two-oscillator model) of the Sellmeier
type is proposed for this purpose:

(6o~ €. )A%

(€, — AM2
”7_: od
4 A— a2’

Y (13)

where A4 is an adjustable parameter, A, the unweighted
averaged value of the wavelengths of the ultraviolet absorp-
tion peaks, and A, the wavelength of the fundamental infrared
absorption peak. The adjustable parameter 4 in eq (13) can be
determined even if only one measurement of n is available
because the quantities €, €w, Ay, and A; are in general
available.

Itis clear that the parameter €, €,, A, and A; play important
roles in the calculations of the refractive index. On account of
this, these parameters were also included in our searches,
though not in an exhaustive way. Listed in tables 4, 5, and 6 are
the results of our searches for €x, €, and A;.

The values of optical dielectric constant listed in table 4 are
determined either by curve fit of refractive indices to the disper-
sion equation or by Kramers-Kronig analysis of reflection spec-
tra. No method is designed for direct measurement of €=. As a
consequence, the accuracy of €= depends largely on the accura-
cies of input refractive indices and on the spectral range
covered. I is interesting to note that at a given temperature the
values of €~ obtained from various sources are in close agree-
ment. Although the values are made available at several temper-
atures, the paucity of data hampers the estimation of tempera-
ture variation of the optical dielectric constant.

The values of static dielectric constants given in table 5 indi-
cate discrepancies between investigators. Such discrepancies
can be attributed to the different methods used and the impurity
contents of the samples. Without guestion, the resnlts reported
by Andeen et al. [19) are the best, because the method of substi-
tution is by far the most reliable direct means of measuring the
static dielectric constant and the samples they used are believed
to be the purest available. However, the work of Lowndes [15] is
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important, because not only do his values at room temperature
agree closely with those of Andeen et al, but also his measure-
ments cover a wide temperature range, as shown in figure 2. In
fact, his measurements give the only set of reliable dielectric
constants as a function of temperature, a very important basis
for determining the temperature variation of static dielectric
constants.

The spectral position of the fundamental optical phonon, Ay,
is an important input parameter in the dispersion equation for
the materials with scanty infrared data. Among the data listed in

“table 6, the values reported by Lowndes are most reliable and

might be used in our correlation of physical properties to
calculate the missing refractive indices. However, as the
values from a number of other papers agree closely with
Lowndes’, the averaged values will actually be used. Lowndes’
measurements not only are believed to be the most reliable
ones available but also are used to evaluate the temperature
variation of A;. Such variations are indispensible input param-
eters for estimating the temperature derivative of the refrac-
tive index. Figure 3 presents Lowndes results of A(T).

The uv absorption of alkaline earth halides is quite complicat-
ed. There are many absorption peaks of about equal strength,
spreading into a wide uv region from about 0.124 pm down to
0.04 pm. There is no direct measurement of absorption peaks
available in the vacuum uv region because there experimental
work is difficult. To estimate the effective wavelength, A, of
vacuum uv absorption, we have to rely on the observed far uv

TasLe 4. Optical dielectric constant of alkaline earth halides

Material Temperature €, Author ®
X)
MgF2 300 1.9(0)* Barker {14}
300 1.9(e) Barker (14}
Caly 4 2.05 L
80 2.047 B
200 2.044 B
300 2.040+0.001 B
300 2.045 K
300 2.04 L
350 2.04 L
SrFe 4 | 208 L
80 2.07 B
300 2.07 K
300 2.07 L
350 2.07 L
BaF; 4 2.18 L
80 2.157240.001 B
300 2.150 B
300 2.16 K
300 2.17 L
350 .27 L

2The letters o and e in the parentheces indicate the ardinaryray and
extraordinary-ray, respectively.
®The capital letters in this column carry the following abbreviations:
L—Lowndes 15},
B—Bosomworth [16],
K—Kaiser et al {17].
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TaBLE 5. Static dielectric constant of alkaline earth halides

T
Material Temperature & !1 Author®
X) |
MgF2 300 4.87(0) D
. 4.6(0) Barker [14]
| 4.826=£0.01(0) A
300 5.45(e) D
5.4(e) Barker {14]
5.501+0.01() A
300 5.26(p) D
5.1p) Kodak [20]
5.289(p) A
CaF2 4 6.47£0.03 L
80 6.38-0.08 B
80 6.510.03 L
200 6.53+0.08 B
200 6.66:0.03 L
300 6.7+0.3 K
300 6.63:0.08 B
300 6.81£0.03 L
300 6.78£0.03 R
300 6.3540.06 J
300 6.8120:£0.0007 A
SrF, 4 6.150.03 L
80 6.04:+0.08 B
80 6.19:£0.03 L
200 6.30£0.03 L
300 6.6:£0.3 K
; 300 6.20£0.07 B
} 300 6.50-£0.03 L
300 6.481+0.03 R
300 6.4679-£0.0006 A
Bal: 4 6.9610.03 L
80 6.56£0.09 B
80 7.01+0.04 L
200 (.10 0.04 L
300 7.2+0.4 K
300 6.94+0.08 B
300 7.32£0.04 L
300 7.28+0.04 R
300 7.02:0.07 ]
300 7.3605::0.0007 A

2The letters o, e, and p in the parentheses indicate the ordinary-ray,
extraordinary-ray, and polycrystaline.

®The capital letters in this column carry the following abbreviations:
D—Duncanson [18),
A—Andeen et ai {19],
L—Lowndes [15], )
B—Bosomworth {16], &
K—Kaiser et al [17],
R—Rao and Smakula [21],
J—Jones [22).
reflection spectra. It is accepted that corresponding to each of
the peaks of a reflection spectrum there is an absorption peak at
somewhat shifted wavelength; the sharper the peak, the less the
shift. The far ultraviolet spectra of alkaline earth fluorides have
been studied by Rubloff {24}, Nisar and Robin {25], etc. Rub-
loff’s work is used in the present work because his observations
were made at several discrete temperatures. This feature opened
the possibility of estimating the temperature variation of Ay.
Figures 4, 5, and 6 show his results for the normal reflection
spectra of CaFz, SrF; and BaF; crystals in the far ultraviolet. For
clarity, a vertical shift of 0.0175, respectively, separating the 90

K spectra (above) and the 400 K spectra (below) from the spectra
taken at 300 K, were made in these figures. According to Rub-
loff, the spectral regions marked in each of the spectra with I, 11,
and 11 correspond, respéctively to:
1. excitation of an electron from the upper valence bands to
the lower conduction bands,
11. excitation of an electron from the outermost core states of
the metal ion,
I11. interband and ionizing transitions of core electrons.
Shifts in energy with temperature are observed and are deter-
mined for sharp peaks. The energies of such peaks at various
temperatures are given in table 7, from which the room tem-
perature effective wavelength, Ag, can be estimated. The re-
sults are: Ay=0.09315 micrometer for CaFz, A,=0.09566
micrometer for Sr¥2 and Ay =0.10208 micrometer for BaFs.
These values will be used as guidelines in the data analysis.

2.2. Temperature Derivative of Refractive Index, dn/dT

For users of the refractive index, information on the tem-
perature derivative, dn/d7, is indispensable. The tempera-
ture dependence of the refractive index of crystals is of con-
siderable interest in connection with a wide variety of opiics
applications. In the area of high-power lasers, dn/dT plays an
important role in thermal lensing problems. A great deal of
research effort is spent in finding the magnitude of dn/dT and
its frequency dependence on the laser wavelength regions.

With regard to the thermo-optical behavior of the alkaline
earth halides, the existing data are not useful. Much of the
data is for two materials, CaFz and BaFz, and is concentrated
in limited spectral regions, the visible and near ultraviolet.
Qutside these regions, especially in the infrared, limited data
are available, a very discouraging fact to workers in laser
rescarch. Itis, therefore, highly desirable to obtain a theoreti-
cal prescription which allows prediction of dn/dT over a wide
range of wavelengths, based on at most a small number of
experimental measurements.

Ramachandran [26] presented a semiempirical theory of
thermo-optical effects in crystals, in which the dispersion was
fitted to experimental data, employing a series of oscillator
frequencies and strengths as adjustable parameters. A close
correlation was found between temperature shifts of various
parameters and those of the fundamental oscillator frequen-
cies. Unfortunately, the parameters chosen were rather nu-
merous and often physically obscure or not unique; no gener-
al prescription was presented for determining their
temperature variations, which are necessary for calculating
dn/dT. Teay, Bendow, and Mitra [27] introduced a two-oscil-
lator model which accounts for the variation with temperature
of the energy gap (electronic contribution to dn/dT] and the
fundamental phenon frequency (lattice contribution to
dn/dT). This model seems to fit the infrared data, but it does
not agree well with the existing data in the uv region. A some-
what modified approach is to formulate a semi-empirical
equation which serves the dual purpose of giving a good fit to
existing data and a reasonable prediction of missing
information.

Unlike the case of alkali halides, dn/dT data for the alka-
line earth halides are not abundant enough to establish an
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TasLE 6. Special position of the fundamental optical phonon of alkaline earth halides
Material Temperature Aro Ao Author®
(K) (Micrometer) (Micrometer)
MgF2 300 22.2,
24.2,
40.6(c)® Baker [14]
300 18.0,
25.0{¢e) Baker [14]
CaFe S 37.04%0.19 20.66+0.10 L
80 37.4510.28 B
100 37.00+0.19 L
200 37.45+0.19 L
300 389 21.6 K
300 38.02£0.19 20.75+0.10 L
400 38.76%£0.19 L
500 39.53:0.20 L
SrF2 5 43.76:+0.22 25.19240.13 L
80 44.44+0.40 B
100 43.86:£0.22 L
100 44.64 D
200 44.25+0.22 L
300 45.05+0.23 25.32+0.13 L
300 46.1 26.74 K
300 45.66 3]
400 46.30%0.23 L
500 47.39+0.24 L
BaF: 5 52.63:0.26 28.00:0.14 L
80 52.91+0.56 B
100 52.63+0.26 L
200 52.91+0.26 L
300 53.3340.27 29.07+0.15 L
i 300 54.3 30.67 K
400 54.20%0.27 L
500 55.56+0.28 L

2 The letters o and e in the parentheses indicate the ordinary-ray and extraordinary-ray, respectively.
" The capital letters in this column carry the following abbreviations:

L—Yowndes [15},
B—Bosomworth [16],
K—Kaiser et al [17),

D—Denham et al [23].
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Figure 2. Temperature dependence of the Static Dielectric Constant of Alkaline
Earth Fluorides [16] :
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Figure 4. Near-Normal Incidence (=6°) Reflectance Spectrum of CaF, Crystal in the Far Ultraviolet [24].
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Figure 5. Near-Normal Incidence (=6°) Reflectance Spectrum of SrF; Crystal in the Far Ultraviolet [24].
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f‘igure 6. WNear-Normal Incidence (®6°) Reflectance Spectrum of BaF» Crystal in the Far Ultraviolet [24].

observable trend of data ameng materials. This leaves us no

of the cnergies uf shaip reflcviauce peaks chwice bui w resurt w ihe exisiing iheories. Furihermore, in
(after Rubloff) practical applications, the true dn/dT of the material rather
than the relative dn/dT (relative to air) is generally used. -
) Peak energy (eV) Therefore, the true dn/dT is discussed in the present work.
Material The following terms appear in various theories of dn/d7:
90 K 300 K 400 K (1) A constant, 4,, representing the total effect of contribu-
tions other than those considered explicitly in other terms.
CaFe 1118 1102 10.85 (2) A term arising from thermal expansion of the crystal. Var-
13.04 12.97 12.92 ious theories yield the same expression, —3a (n2—1), for
13.93 13.86 13.79 this term, where o is the linear thermal expansion and n the
15.53 15.40 15.37 refractive index corresponding to the wavelength under
25.10 25.05 2500 consideration
27.70 27.75 27.75 ) 3 .
392.85 32.85 392.85 (3) A term due to thermal shift of the uv resonant wavelength.
34.50 34.50 34.50 Starting from the two oscillator model, it is found that this
contribution is
SrFa 10.60 10.41 10.27
12,02 11.98 1191 Ad d)tu
13.711 13.61 13.55 (€, —4)— A2— A2
15.86 15.85 15.80 A, dT
22.47 22.42 22.37
2??2 zg’ig ;2;2 where A, is the effective wavelength of uv absorption bands.
29.70 20.70 20.40 In some theories A, is replaced by @y, the frequency corre-
sponding to the gap energy of the crystal. To evaluate this
BaFa 10.00 9.80 9.76 term requires knowledge which is in general not accurate or is
12.66 12.44 1246 missing. In cases where there are sufficient dn/d7 data for
14.34 14.20 14.24 the uv region, one can determine this quantity through curve
17.10 17.08 17.09 fitti We shall ider th it
19.19 1912 1914 itting. We shall consider the quantity
19.89 19.81 19.80
22.13 22.05 22.10 dh,
(€o— 4)—
dT
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us an adjustable parameter 41 in the data-fitting calculation.
) A term due to the thermal shift of the optical phonons.
This contribution can be evaluated using the expression

A dA /
—_e) 1 AZ— A2)2,
(§° ) A 4T ( l)

where A; corresponds to the wavelength of the TO optical
phonon. The quantities €, €, and Ay are in general available
in the literature and dA;/d7 can be estimated from Lowndes’
work (see figure 3). Therefore there is no unknown param-
eters in this term.

{5) A term due to the thermal variation of the transverse effec-
tive charge, e*. This term is proportional to the expression

“ [ o

Theoretical treatments and direct measurements of de*/dT
do not appear to exist. There is therefore no alternative but to
estimate the effect of this contribution by fitting the dn/dT
data to the dn/dT formula with

1
(60— €.,) -~
e

(€ € )_1_ de*
O el 4T

as an adjustable parameter 4.
The following equation summarizes the five contributions men-
tioned above:

AN

Zrldn/dl) = =3l = ) + Aot 5T e

(14)

AN? 2(€g— € )A* (1 dh, )

AZ— A3 (A2— A3)? A dT

In the cases of Cal?, Srkz, and Baks, the quantities €o, Ay,
and dA;/dT are made available by Lowndes [15], and €« is
available from the literature. Although A, and dA/dT can be
estimated from Rublaff’s [24] ahservations on the reflection
spectra at various temperatures, it is prefered to determine 4y
through the data fitting for CaF2 and BaFa. For Sr¥z, uv dn/dT
data are not available, and Rubloff’s results must be used. How-
ever, in the case of Mgk, Callp, Sr(lz, and BaCls, such informa-
tion is not readily available, and no attempt is made to apply the
dn/dT formula. It should be emphasized that equation (14) gives
the true dn/dT of the material, not that relative-to-air. True
dn/dT can be determined either by an interferometric method or
by reduction of relative dn/dT values which are usually deter-
mined by the prism method. The following relation is used to
calculate true dn/dl from the corresponding relative-to-air
values:

dn ( dn ) dn,;,
o= +n—
dT dT relative dT

dnaiy / dT is approximately proportional to the volumetric ex-
pansion coefficient of the air [11]. It can be shown that the value
of dn a5y / dT is about —1.1X 1078 Therefore, a correction of
—1.1 X107 % should be added to relative dn/dT to obtain the
true dn/dT.

3. Numerical Data

Reference data are generated through critical evaluation,
analysis, and synthesis of the available experimental data. The
procedure involves critical evaluation of the validity and ac-
curacy of available data and information, resolution and recon-
ciliation of disagreements in conflicting data, correlation of data
in terms of various controlling parameters, curve fitting with
theoretical or empirical equations, comparison of resulting val-
ues with theoretical predictions or with results derived from
semi-theoretical relationships. Physical optical principles and
semi-empirical techniques are employed to fill gaps and to ex-
trapolate existing data so that the resulting recommended values
are internally consistent and cover as wide a range of each of the
controlling parameters as possible. No attempt was made to ana-
lyze the thin film data and the regions of strong absorption,
because of the scantiness of reliable information. However, ex-
perimental data for such regions are also presented along with
those for the transparent region in the experimental data tables.

A number of figures and tables summarize the information
and give data as a function of wavelength and temperature. The
conventions used in this presentation, and specific comments on
the interpretation and use of data are given below. Each subsec-
tion in this section gives all the information and data for a given
material. The subsections are arranged in the following order:

3.1. Calcium Fluoride, CaFs
3.2. Strontium Fluoride, SrFy
3.3. Barium Fluoride, BaF:
3.4. Magnesium Fluoride, MgF:
3.5. Calcium Chloride, CaCl;
3.6. Strontium Chloride, SrCl
3.7. Barium Chloride, BaCly

Presented in cach subsection are information and data in the
following order:

a text describing the material and discussing the data, analy-
sis, and recommendations,

a table of recommended (including provisional) values on z,
dn/d\, and dn/dT,

a figure of n,

a figure of dn/dA,

a figure of dn/dT,

a table of measurement information on n,

a table of experimental data on z,

a table of measurement information on dn/dT (if any),

a table of experimental data on dn/dT (if any),

a table for comparison of proposed dispersion equations (if
any).

In all figures containing experimental data, a curve number
corresponds to a data set number assigned in the accompanying
tables on the measurement information and experimental data.
When several sets of data are too close to be resolved, some of
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the data sets, though listed in the table, are omitted from the
figure for the sake of clarity.

In the figures of index r and dn/dT, the wavelength is plotted
on a logarithmic scale in order to cover a wide wavelength range
in a single plot. In the figures for dn/dA, both dn/dA and A are
logarithmically plotted. The tables on the measurement infor-
mation give for each set of data the following information: the
reference number, author’s name (or names), year of publica-
tion, experimental method used for the measurement, wave-
length range covered by the data, temperature range, the de-
scription and characterization of the specimen, and information
on measurement conditions contained in the original paper. In
these tables the code designations used for the experimental
methods for refractive index determinations are as following:

Abeles method

Deviation method (prism method)
Pulfrich or Abbe refractometer
Interference method
Transmission method

Reflection method

Immersion method

High frequency modulation method
Brewster angle method
Polarization method

Thickness determination method
Multilayer method

Focal length method

HELATIDERS~ T >

The methods listed above are arranged in the order of the inher-
ent accuracy or their popularity. The deviation method is the
most popular and accurate means of determining the refractive

indices to the fifth decimal place or better. The Pulfrich refrac- -

tometer and interference technigue can be used up to the fourth
decimal place. Transmission, reflection, and immersion meth-
ods yield results good to the third place, while the multilayer and
focal length results are no better than two or three places. For a
comprehensive yet concise review of all these methods, the
reader is referred to the text in [8] and [9].

For some materials, dispersion equations have been pro-
posed in a number of earlier works. In such cases, a table
listing a few typical proposed equations is given. All equations
are converted to the form of eq (7) whenever possible so as to
facilitate a visual comparison. This table is by no means an
exhaustive collection; however, it gives the reader a general
picture on the evolution of the dispersion formulas used in the
calculation of the refractive index.

In the tables of recommended (including provisivnal) val-
ues, the values are presented with step-wise increasing incre-
ments in wavelength. The magnitudes of the increments vary
with the slope and curvature of the curve 1o facilitate linear
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interpolations. The following scheme (in units of micrometer
is uniformly adopted for this presentation.

Wavelength range Increment

<0.30 0.002
0.30— 0.40 0.005
0.40— 0.60 0.01
0.60— 1.00 0.02
1.00— 5.00 0.05
5.00—10.00 0.10
10.00—15.00 0.20

>15.00 0.50

In the tables, values for each property are given to the same
number of decimal places in order to show the variations of
the property and for tabular smoothness; this should not be
interpreted as indicative of the accuracy of the values. The
uncertainties of the tabulated values for the refractive index,
dn/dM and dn/dT for each material in different wavelength
ranges is given in the discussion pertaining to the material. In
connection with this, the tabulated values are classified as
“recommended values” or “provisional values™. The criteria
of the classification depend upon the level of confidence in the
values as given below:

Uncertainty range Classification
For refractive index:
=0.005 recommended
>0.005 provisional
For dn/dT (in units of 1078 K™ );
=3.0 recommended
>3.0 provisional

1t should be noted that recommendations are made only for
the bulk materials at 293 K in the transparent wavelength
region.

In general, refractive indices obtained by the deviation
method are reported to the fifth or sixth decimal place. How-
ever, detailed compositions and characterizations of the speci-
mens are usually not clearly given. Since impurities in the sam-
ple and conditions of the surfaces are decisive factors affecting
the observed results, such highly precise data can not be applied
to a sample chosen at random. For this reason we do not
attempt to recommend any particular set of data with the
reported high accuracy, but to generate the most probable
values for the pure crystals. As a result, the estimated
uncertainties for the recommended values on the refractive
indcx arc higher than those for the reported data obtained by
high-precision measurements. In this work, the highest esti-
mated accuracy of the refractive index is to the fourth decimal
place.



REFRACTIVE INDEX OF ALKALINE EARTH HALIDES 177

3.1. Calcium Fluoride, CaF ;

Calcium fluoride, one of the fluorite-type crystals, is of consi-
tierable interest from the experimental and theoretical point of
view. The compound is ionic but, in contrast to binary NaCl-type
‘yrystals, it has a number of structural features associated pri-
warily with the presence of two equivalent F~ ions in a unit

fluorite cell.

Rather pure single crystal calcium fluoride is found in nature
und is called “Fluorite” or “Fluorspar”. Calcium fluoride of
similar purity, but of larger dimensions, has been produced by
controlled freezing of purified molten calcium fluoride after an
initial scavenging with lead fluoride. Fluorspar is widely used in
iron foundry operations, the manufacture of primary aluminum
and ma{gnesium, as source of fluorine chemicals, for the produc-
tion of glass and enamels, and innumerable other uses.

Calcium fluoride has been an important optical material used
in the design of optical components and systems for many years
because it occurs naturally in large sizes and many measure-
ments on the refractive index are available. The crystal is trans-
parent in the region from about 0.15 to 15 micrometers. The
transparent region may be divided into three subregions, in each
of which CaFa has useful applications. From 0.15 up to 0.3
micrometer and from 6.0 up to 15 micrometers the dispersion is
high and the crystal is used for high dispersion devices, in spite
of low transmittance at the limits. In the region from 0.3 up to
6.0 micrometers dispersion is low but transmission is high, and
it is therefore used as windows and lenses in optical systems.

Among the alkaline earth halides, calcium fluoride is the
most used material. One of the reasons is that it is readily avail-
able in large sizes. In the present work we have compiled more
than thirty data sets. The earliest measurement on the refractive
index of Calz was made by Stefan [28] in 1871. Since then,
numerous observations were carried out. Among the early active
investigators are Ruben [32], Paschen [37] and Martens[41]. As
can be anticipated, the early work was performed in the trans-
parent region by the prism method. As a result, refractive in-
dices of CaF: in the wavelength region from 0.18 to 9.43
micrometers were already available by the turn of the century.
Coblentz [9]. in 1920, reduced the measured and computed val-
ues of Langley [39], Paschen [3Y] and Rubens [35] to a common
temperature of 293 K and after careful analysis adopted a table
of refractive index from a smooth curve drawn through these
data. This table of refractive index was thought to represent the
most accurate and comprehensive values available in the litera-
ture. Another table of refractive index was compiled by Kohl-
rausch {95] in 1940, including data in the ultraviolet region.

It can also be anticipated that refractive indices in the visible
region are accurate, while those in the invisible regions need
further verification because of inadequate infrared detecting de-
vices and inaccurate spectral line identification. Most of these
data have been referenced and compared and quoted in the liter-
ature through the years, but no further measurement in this
region was made until 1963, when Malitson [48] performed a

systematic measurement of the refractive index for both natural

and synthetic CaFs crystals in the spectral region from 0.22 to
9.73 micrometers, using the prism method. He found that the
difference in refractive index of the synthetic and natural
fluorite is of the order of 3 X 1075 This excellent agreement

between samples demonstrates that the artificial crystal, when
properly synthesized, should be comparable in refractive
properties to good natural fluorite. Compared with values of
Cobleniz and Kohlrausch, good agreement is observed in the
visible region and discrepancies occur in the ultraviolet and
infrared as expected. Dodge [93] measured refractive indices
for a sample of hot-forged CaFz, polycrystaline, in the wave-
length range from 0.25 to 8.0 pm by means of minimum
deviation method. at two temperatures, 294 K and 307 K.
Each of the data sets was fitted to a three-term Sellmeier
equation within a few parts in the fifth decimal place.
Compared with the single crystal data, it was found that in
most parts of the wavelength region considered where the
refractive index of the hot-forged CaFs is always less than that
of single crystal. The discrepancies reach to a minimum
between 0.7 and 0.9 um and a maximum discrepancy of
0.00066 occurs at 0.28 um and 4.8 um. Beyond these two
wavelengths in the ultraviolet and infrared, refractive index of
hot-forged CaFz becomes sharply higher than that of a single
crystal.

Experimental measurements on the refractive index of CaF
in the transparent region were made for the purpose of optical
applications snch as npﬁrfal compaonents and system design, par-
ticularly for the ultraviolet and infrared regions. Experimental
studies outside the transparent region were performed with dif-
ferent purposes in mind. In the ultraviolet region the main inter-
est is to determine the band structure of the crystal. Because of
high absorption in the vacuum ultraviolet, the optical properties
in the short wavelength region can only be derived through the
analysis of reflection spectra. Fabre et al. {49] found, through
Kramers-Kronig analysis, a strong absorption peak located at
0.112 micrometer which sets the lower wavelength limit of the
transparency of CaFa. Field et al. [52] found, by the oscillator
fit method, that the absorption peak nearest to the transparent
region is at 0.119 micrometer. The complexity of absorption
in the UV region is revealed by further exploration into the
UV region with higher photon energy. Ganin et al. [53]
studied the optical properties in the energy range 5-20 eV by

Kramers-Kronig analysis of the reflection spectrum. in addi-

tion to the first absorption peak at 0.112 micrometer, he
observed more absorption peaks with intensities comparable
to that of the first peak. Further details of the reflection
spectrum in the UV region were investigated by Rubloff[24],
with photon energy up to 36 eV, at three temperatiures as
shown in figure 4 and table 7.

In the far infrared region, the purpose of the majority of stu-
dies has been to determine precisely the frequencies of the opti-
cally active lattice vibrations, and the refractive index at long
wavelength. In the absence of absorption, refractive index at
long wavelength is approximately the square root of the static
dielectric constant. Berman et al. [50] investigated the region
from 294 to 580 micrometers using the reflection and transmis-
sion method. The resulted refractive indices in the region from
290 to 580 shown no dispersion within the limits of experimen-
tal error and the averaged value of refractive index, 2.58, is in
agreement with that calculated from the static dielectric con-
stant. However, dispersion of n occurs in the region from 110 to
280 micrometers. Kaiser et al. [17] studied the reflection spec-
trum in the restrahlen region from 10 to 80 micrometers. Two

J. Phys. Chem. Ref. Date, Vol. 9, Neo. 1, 1980



178 H.H. L

absorption peaks were deduced from the reflection spectrum by
the Lorentz oscillator theory. The stronger one, at 38.9 micro-

. meters, was identified as the 6ptical active TO resonance and the
other one, about one order of magnitude weaker, is at 30.5. The
‘origin of this weaker absorption was unknown and Kaiser pro-
posed the possibility of a two-phonon combination band involv-
ing the TO mode. However, this weak absorption does not ap-
pear in Lowndes’ work [15] in which the reflection spectrum was
studied by Kramers-Kronig analysis. Since Lowndes may have
used a purer sample than that used by Kaiser, it is likely that the
weaker absorption at 30.5 micrometers is due to impurity con-
tents of the sample.

On the basis of our review of available data, data sets meas-
ured by Maltison [48}, Martens [41], and ‘Paschen [40] were
selected as the basis for reference data generation because of the
consistency of their results. Malitson used the Sellmeier formula
to mathematically fit his experimental data. The resulting Sell-
meier formula is listed in table 17, where dispersion quotations
proposed by various investigators are listed together to fascili-
tate a visual comparison. The optical dielectric constant. calcu-
latedfrom his equation is 2.04, which is in agreement with those
obtained from other dispersion equations. However, the static
dielectric constant based on his cquation is 5.887, substantially
lower than the experimental value, 6.81. This large discrepancy
is. mainly due to a low value of the infrared absorption wave-
length used in his equation. The dispersion equation obtained
by Martens included three terms due to infrared absorption and
yielded a value of 6.92 for the static dielectric constant. He used
as wavelengths of the three absorption bands 24.0, 31.6, and
40.53 micrometers. The second corresponds to that reported by
Kaiser et al. and the third and first correspond to the TO and LO
mode phonons, respectively. Although these wavelengths are
somewhat longer than the corresponding but more reliable val-
ues now available, it is indeed surpriéing that Martens could
make a prediction based on the then available refractive index
data in a limited wavelength range.

To account for the ultraviolet absorption effects, Malitson
used two terms, the one with the longer resonant wavelength
representing the total effect of the first few strong absorption
peaks and the other representing the effect of the remaining
absorption. Martens used a single term and a constant to account
for the effect of ultraviolet absorptions. The first term repre-
sented the total effect of excitations of electrons from the upper
valence bands to the lower conduction bands, while the constant
represented the total effect of excitations.of the outermost core
electrons, the interband and ionizating transitions.

In the present work, we followed Marten’s treatment for uv
contributions and used the available wavelengths of optical
phonons for the infrared terms in the dispersion equation. More
precisely, the equation consists of a constant, one term from uv
contributions and two tcrms from infrared contributions. The
following two values were chosen as the wavelengths of optical
phonons:

Ao = 21.18 micrometers (average of two entries in table 6),

Ao = 38.46 micrometers (average of three entries in table
6),

The calculation yiélded the following dispersion equation for
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CaFz at 293 K in the transpafent region, 0.15-12.0 micron
ters:

. 0.69913 A2

2
= 1.33973 4+ 0.11994 A
A%2— (0.09374)?

AZ— (21.18)2
e a

n

4.35181 A2
AZ— (38.46)2°

where A is in units of micrometers.

This dispersion equation closely fits Malitson’s values, witl
root mean square residual of 2.4X107% in the spectral regi
from 0.22 to about 10.0 micrometers. However, in extendi:
the use of the equation beyond this region care must be exe
cised because of the uncertain accuracy with which it represer
effects of the nearby absorption bands. In the infrared regio
beyond 10.0 micrometers, this equation would be expected to
valid up to 12 micrometers, because absorption bands in f
infrared regions have little effect on the refractive index in 1l
transparent region. In the ultraviolet region the situation is di
ferent. The effective wavelength, Ay, can be used in represen
ing the total effect of a number of absorption bands on the
fractive index in the transparent region far enough from the fir
exciton peak at 0.112 micrometer, but in the spectral range froi
0.15 to 0.22 micrometer errors may arise from errors in th
values of Ay, which was determined by fitting the available dat
at wavelengths longer than U.22 micrometers. An estimate of a
upper limit on the uncertainties can be evaluated by the follow
ing equation, obtained by differentiating eq (15) with respect t
A

An =

0.69913 A2 (MA M) (1€
(A2 A2 n
where AAy = 0.112 — A,.

The optical dielectric constant obtained from eg (15) i
2.03866, in good agreement with that from other work. The
static dielectric constant implied by this equation is 6.511,
about 0.3 less than Andeen’s value (see table 5). This discrep-
ancy is no larger than that is to be expected, since there are still
many resonant far infrared absorptions, not accounted for by eq
(15), which make small contributions to the static dielectric con-
stant. The Sellmeier formula is at best an approximation de-
scribing the observed data in the transparent region by neglect-
ing the damping factors in the dispersion equation. Ignoring the
damping factors effectively reduces the magnitude of the coeffi-
cients of the corresponding terms, and leads to a smaller value of
the static dielectric constant.

In addition to the room temperature refractive index, dn/dT
data is needed for evaluation of z at other temperatures. Among
the alkaline earth halides, calcium fluoride is the only material
for which dn/dT has been frequently investigated. The resulting
data are given in figure 10 and table 13. It is clear from figure 10
that discrepancies between investigators are quite appreciable
at wavelengths longer than that of visible light. However, the
magnitude of the discrepancies is in the order of 110 2 X 107¢
K ™3, which is in same order of magnitude of dn,;; /dT as dis-
cussed in section 2.2. The other source may be due to uncertain-
ties in the determination of refractive indices, because the tem-
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perature intervals used in these experiments are in general less
than 100 degrees; thus discrepancies of a few units in the fifth
decimal place or of one unit in the fourth place of the refractive
indices will give large discrepancies in dn/dT. It can be seen
from figure 10 that the discrepancies become noticeable in the
region beyond about one micrometer in the infrared. Experi-
mental errors in measuring refractive indices are likely to be
large in this region because no photographic method can be
used. However, among the available data, those reported by
Lipson et al. [59], by Harris et al. [60], and by Tsay et al. [92]
were obtained by using an interference method in which dn/dT
was determined directly by observing the changes in the number
of fringes in a given temperature interval. This method is be-
lieved to be the most accurate method for the determination of
dr/dT, but data ‘obtained by this method are available only at
five spectral lines, wavelengths 0.325, 0.4416, 0.6328, 1.15,
and 3.39 micrometers. i

With the existing data we have no alternative but to use the
data of Micheli [56}, Liebreich [57, 581, and Malitson [48] at
wavelengilis shorter than 0.8 micrometer in the determination
of the coefficients of the constant and ultraviolet terms, neglect-
ing the infrared terms. This approximation is valid because a
simple calculation will show that the effect of the infrared terms
on dn/dT in the wavelength range mentioned is less than 0.1,
while the magnitude of dn/dT is about 10. Then, by using the
data of Lipson et al. [59] and of Tsay et al. [92] in the calculation
of the coefficients of the infrared terms, we found the equation
given below, which closely fits the selected data:

dn 44.9 A4

2 = —16.6 — 57.3 (12— 1) + —— 2O N
"Tar W=D+ e (0.0937422F
(17)
151.54 A2 1654.6 A*
A2 (38.46)2 = [M— (38.46)2F

Data on the temperature dependence of dn/dT have been
obtained for five spectral lines by Houston et al. [47], Selezneva
|68}, Lipson et al. [59], and Tsay et al. [92]. The measurement
information and results of their work are given in tables 15 and
16 and are plotted in figure 11. A general trend revealed by the
available data is that in the vicinity of room temperature and
magnitude of dn/dT increases slightly with temperature. Al-
though available data on drn/dT versus temperature are limited

to a few particular wavelengths, the same trend is likely to hold
at other wavelengths. A similar effect was noted by Malitson
[48]. The possible origin of this increase was discussed by Lip-
son et al. and Tsay et al., with the conclusion that the dn/dT of
CaF; exhibits a variation with temperature comparable to that of
the thermal expansion coefficient. However, the relation be-
tween the variation of dn/dT with temperature and the change
of the thermal expansion coefficient has not yet been established
for general applications because it varies very much with wave-
lengths. For the time being the application of eq (4) to evaluate
dn/dT at temperatures not far from 293 K is recommended.

Equations (15) and (17) were used to generate the reference
data given in the table of recommended values. Values of
dn/d\ were simply evaluated by the first derivative of eq (15).
Although the values of n are given to the fourth decimal place
and those of dn/dT to the first, this does not reflect the
accuracy and reliability of the results; they are so given simply
for smoothness of tabulation. However, an overstrike is placed
to indicate the insignificant part of the value. For the proper
use of the tabulated values the reader should follow the
criteria given below.

For refractive index:

Wavelength range Estimated

micrometer uncertainty, =+
0.15-0.20 0.005
0.20-0.30 0.0005
0.30-0.40 0.0002
0.40-9.00 0.0001
9.00-10.0 0.0005
10.0-12.0 0.005
For dn/dT:
0.15-0.20 3.0
0.20-0.30 2.0
0.30-1.00 1.0
1.0-6.00 1.5
6.0-10.0 2.0
10.0-12.0 3.0
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TABLE 2.

T n

. DATA SET 1
A= 0.59B

gL.0 1.4377

DATA SET 2
A= 0.548

123.0 1.4374

DATA SET 3
A= 0,548

173.0 1.4368

DATA SET 4
A= 0.548

223.0 1.43631

DATA SET S
A= 0.546

273.0 1.43565

DATA SET 6
A= 0.548

293.0 1.43538

H.H. U

EXPERIMENTAL REFRACTIVE INDEX OF CALCIUM FLUORIDE (TEMPERATURE DEPEM
[MAVELENGTH, A, Lmi TEMPERATURE, T, K REFRACTIVE INDEX, n)

J. Phys. Chem. Ref. Data, Vol. 9, No. 1, 1980
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TABLE 17. COMPARISON OF DISPERSION EQUATIONS PROPOSED FOR CaF,

5 Wavelength and Dispersion Equation
ource Temperature Ranges Xinpm; v in cm™?
Carvallo, M.E. 0.63-1.85 um ;‘12 = 0,490335 ~ 0. 000713835 £-2 + 0, 001584 42 ~
1893 293 K
- 0.000001042 44
22
where £ = 5
Paschen, F. 0.88-9,43 ym ;1, = 0.490133 - 0. 00067877 £-2 + 0. 0016894 42 -
1894 291.0K -t
- 0, 000001578 £
where £ = A
n
Paschen, F. 0.88-7.66 um N = 2.03882 + 3p-U00oi828 - 0. 00319987 X -
1895 290 K .
- 0.0000029160 X!
0. 006125
Paschen, F. 0.88-7.07 ym n? = 2.08913 ~ sp——=—2==2— - 0.0032055 A2 -
1901 268 1o A2 - 0. 008884
~ 0.000002894 A
0.677860 A2 0.160020 \2
Martens, F,F. 0.18-0. 77 ym n? = 1.361140 + 37 v + 57 y +
1901 281 H X7 =(0. 0956790} X -1(24.0)
. 0.193620 02 4,527470 )2
2316 N2 - (40.52605)2
W 2 _ 32 2 viz -V
Kaiscr . 10- 80 ym n -k* = ¢ _+ T 4np; v, 2 _.3\2 2
Spitzer, W.G., * TR v - et eyt
Kaiser, R.H., and
Howarth, L.E. . YV Vs a
1962 20k = T 47p. v,
i P Y (vi 'V) Y VI Yy
. _ 2 _ 0.5675888 )2 0.4710914 X2
%ag;tson, LH. gégaxsa.? pm wt= 14T (0. 050263605)% * AT - (0.1003208)7 *
g 308484723 X2
W2 - (34.645040)2
3 5
Eastman Kodak Co. 1.0-11.0 ym D = 1.4278071 + 2'2536_9360);810_ - 9'(1)?2330(}50}2{81)(3— -
1971 293 K : .
- 1.1165792 x 1073 )2 - 1,5949659 x 107¢ )¢
4n p; “’12 ~ ) vf
Field, G.R. and 0.2138-5.187 g -k =¢_+ T g7 7
Wilkinson, G, R. 293 K RS U LTI
1973 4o, (7, v v)
2nk=){‘, (Viz REY I EXy. Vix y:
A by
Dodge, M.J, 0,25 - 8,0 ym n2=1+27~xr_—rg————’c
1976 for hot-forged 1 i .
sample
~ 2 _ 4 0.69913 }* 0,11994 X
Present work ol W= 1.38973 % 0 09374y T N - (21, 18)2

+ 4,35181 )?
N (98.46)F

2 i=1, 25 4mpy = 4.20, 47 py = 0.40; yy = 257 em™!, p, = 328 em !5 yy = 0. 018, ¥, = 0.35; €= 2.045.
b

i=1, 2, 3;47p = 0,370, 470, = 0,032, 47 py = 0.036; v; = 266.0, v, = 328.0, v = 83500, 0; ¥; = 0. 052,
72 = 0.850, 73 =0.130; ¢ = 2.510.

© At 294K, Ay = 0,98584551, A, = 0, 05290246, A, = 4. 2816899,
M =0,07218116, )y =0, 14114719, X = 36. 465937;

At 307 K, A;=0,97066991, Ay =0, 06792205, A; = 4.1634415
A =0.07115659, ), =0, 13670627, A = 35,984292,
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3.2 Strontium Fluoride, StF.

sirontium fluoride, one of the fluoride-type crystals, is of
senniderable interest from the experimental and theoretical
??;:ml of view. The compound is ionic but, in contrast to NaCl-
#ype crystals, it has a number of structural features associated
primarily with the presence of two equivalent F™ ions in a unit
ell.

Strontium fluoride crystal has a large electronic forbidden
sgap and therefore the fundamental absorption is found to be in
hir vacuum ultraviolet beyond 10 eV. As a consequence, trans-
- parency of the crystal extends into ultraviolet region to as low as
D .12 micrometer. This makes strontium fluoride a material use-
“1ul in fabrication of optical components for vacuum ultraviolet
“investigations.

The strontium fluoride crystal belongs to the space group Of

and is expected to have one infrared active transverse optical
mode (TO) of vibration. The corresponding strong resonant ab-
sorption occurs at about 46 micrometers. However, the long
wnvelength limit of transparency for optical usages is about 20
micrometers.

Although the crystal is transparent from 0.12 up to 20
micrometers, only in the region 0.3-7 micrometers is the disper-
»ion low and the transmission high. Less transmission and higher
dispersion are found near the low and high limits. From the
point of view of optical applications, the crystal is a good win-
dow material for wavelengths from 0.3 to. 7.0 micrometers,
and is a preferred material of dispersion devices, such as
prisms, for regions near the ultraviolet and infrared limits of
the crystal.

Having low dispersion and high transmission in the spectral
region of 2-6 micrometers, being not hygroscopic, having a high
optical figure of merit and having better mechanical properties
than the alkali halides, the strontium fluoride crystal is among
the serious candidates for laser window materials. The wide-
spread use of SrF as a host crystal in laser applications encour-
nged attempts to grow single crystals with low impurity content.
However, difficulties were experienced in the growth of pure
crystals because of the low electronic mobility of conduction
tlectrons in the crystal. Synthetic material of high purity is now
commercially available or may be made by reacting the purified
oxide or chloride with gaseous HF. Single crystals of SrF2 can be
grown by using the Stockbarger-Bridgman technique if ade-
quate precautions are taken to eliminate oxygen and water from
the atmosphere of the growing process. The crystal cleaves read-
ily along [1,1,1] planes which meet to form <1,1,0>> cleavage
edges. The cleavage is of value in the alignment of specimens.

It would be misleading to think that the optical propertics of
SrFs have been extensively studied and that experimental data
are readily at our disposal. A quick scan of the data will show
that there are wide gaps and large discrepancies: see figure 12
and tables 19 and 20.

Strontium fluoride is receiving considerable attention since it
has a nearly ideal host lattice for paramagnetic ions. The ionic
radius of Sr** (1.10 A ) is close to thosc of the ions of the rarc-
earth group and certain elements of the actinide group. Stron-
tium fluoride doped with up to one percent of some foreign ions
demonstrates observable fluorescence. Because of this, some
investigations have been directed toward finding evidence of

interactions between electronic transitions and lattice vibrations
of this host crystal. Data from this work are concentrated near
the restrahlen region. Only one set of data is available for the
refractive index in the infrared region from 15 to 80 micro-
meters: Kaiser et al. [17). The accuracy of this set of data is open
to question because it was deduced from the reflection spectrum
by classic dispersion theory. However, the spectral positions
obtained for the fundamental absorption peaks were in agree-
ment with those obtained from other sources. In addition, the
static dielectric constant derived from the dispersion equation
agrees with their own experimental values, which in turn agree
with measurements of Andeen et al. [19] and of Lowndes [15].
This additional evidence positively support the correctness of
their positions for the infrared absorption peaks.

At the other extreme, research activities were directed toward
finding the electronic structure of the crystal. Since strontium
fluoride has a large forbidden gap, much of the work was carried
out in the vacuum ultraviolet. Lukirskii et al. [63] measured the
refractive index for the wavelength region from 0.002 to 0.112
micrometer, Niser et al. [25] for 0.03 to 0.1234 micrometer and
Ganin et al. [53] for 0.06 to 0.25 micrometer. Since all of them
obtained their results by reducing the observed reflection spec-
tra, discrepancies among their results are to be expected. How-
ever, all these studies yield similar structures for the spectrum
of the refractive index in the vacuum ultraviolet, as shown in
figure 12.

With regard to the refractive index in the transparent region,
0.3 to 7.0 micrometers, it is unfortunate that data are available
only through four experimental investigations. Refractive in-
dices for the wavelength region between 0.4046 and 0.7678 pm
were determined by Malitson at three different temperatures,
288K, 305 K, and 328 K, and were published by Smakula [94].
Refractive indices for the mean of the sodium D lines and for 4.5
micrometers were reported by Wulff et al. [62] and by Gisin
[64], respectively. Gisin’s values, which were obtained for thin
films of various thickness, are expected to be lower than that of
the bulk crystal. The only data set shich covers a wide transpar-
ent region from 0.37 to 10 micrometers is a set of preliminary
data by the OPTOVAC company, compiled by Dickison {65]. As
the data set was presented in a coarse diagram, values read from
this diagram carry large uncertainty, particularly in the near
ultraviolet region where the plotted diagram curves most. As a
result, the values read from the diagram are not adequate for -
data analysis. In addition, Dickison quoted two values for re-
fractive indices at wavelengths 4.0 and 10.0 micrometers. The
value at 4.0 micrometers is 1.44 (for a Harshaw grown crystal)
which differs considerably from that read from the OPTOVAC
diagram, about 1.41. The valuc at 10.0 micromcters is 1.36,
which is consistent with the value from the diagram. Therefore,’
we are left only one set of reliable refractive index values in the
visible region by Malitson. The value 1.36 at 10.0 micrometers,
though not accurate, will be used to evaluate the coefficients for
infrared terms.

From this brief review of available data, it may appear that we
lack data to make recommendations. However, we arc not pre-
vented from making reasonable predictions because we do have
information on infrared absorption peaks, the static dielectric
constant, the optical dielectric constant and the available refrac-
tive indices in the visible region by Malitson and at 10 microm-

J. Phys. Chem. Ref. Data, Vol. 9, No. 1, 1980
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eters from OPTOVAC diagram. A correlation of these quantities
through the dispersion equation is possible. Since reliability of
the predicted value depends largely on the reliability of these
parameters, a careful selection of the available data for these
parameters plays a decisive role in making recommendations.

The available data on the optical and static dielectric con-
stants and the wavelength of the fundamental optical phonon for
SrF; are given in tables 4, 5, and 6, where values reported by
different authors were grouped to facilitate an easy comparison.
From these table, the parameters at room temperature are
chosen: :

€ = 6.4679 = 0.0006 (Andeen et al.),
ALo = 26.03pum, average of two entries in table 6,
Apo = 45.6 % 0.6 um, average of three entries in table 6.

Furthermore, two facts were observed in the study of CaF: and
BaF: the value of the constant term in each of the dispersion
equations is the same, 1.33973, and the effective wavelength of
the ultraviolet absorption band in each case agrees closely with
that estimated from Rubloff’s work. Assuming that this is also
the case for SrF, the coefficient of the ultraviolet term can
easily be determined. As the contributions of the infrared terms
to the refractive index in the visible region are negligibly small,

the uv coefficient can be obtained by including the first two -

terms in the dispersion equation. Using Malitson’s values, a
fitting calculation yields a value 0.7097 for the coefficient,
which agrees with the value, 0.73, based on the difference of the
available optical dielectric constant and the constant term in the
dispersion equation. The resulted value of A is 0.09597 pm

which is in close agreement with the value. 0.09566. estimated
‘from Rubloff’s work.

in the determination of the coefficients of infrared terms, two
observations are taken as guides. In the first place. the sum of
the coefficients in the dispersion equation should agree with the
static dielectric constant. However, in the cases of CaFs and
BaF; this sum is less than the corresponding static dielectric
constants, about 0.3 less for CaFz and 0.5 less for BaFz, because
the approximation of neglecting the effects of damping factors
and absorption bands other than the predominant ones. A simi-
lar difference is likely to hold for SrF», and a value about 0.4 is
allowed to the discrepancy, corresponding to the average of
those for CaFs and BaFs. The second fact is that the contribution
to the refractive index from the TO phonon predominates over
that of the LO phonon. With these considerations, and by using
the value 1.36 for the refractive index at 10 micrometers, the
coefficients of the infrared terms can be calculated. The results
are 3.8796 for the TO term and 0.1788 for the LO term.

The dispersion equation thus obtained is

2 2
n?2 = 1.33973 + 0.7097 \ 0.1788 A
A2— 0.095972  AZ-- 26.032
(18)
_8.8796 A%
A2~ 45.60%

J. Phys. Chem, Ref. Data, Vol. 9, No. 1, 1980

Where A is in unit of micrometers. When this equation is use
evaluate the refractive index at 4.0 micrometers, the result
1.424, about 0.014 higher than that obtained from the OPT
VAC diagram and about 0.016 lower than that of the Harsh:
crystal. The following consideration would lend support to u
prediction. On close examination of the OPTOVAC-diagrar
one will find that a wide section of the curve between 1.0 to |
micrometers is actually a straight line, probably constructed I:
connecting the data points at visible wavelengths and at 10 m
_crometers. This is in contradiction to the general behavior of ih
refractive index as a function of wavelength. As a rule of thum!.
the refractive index varies slowly in the wide middle section «
transparent region, but large variations occur near the end:
According to this rule, the refractive index at 4.0 micrometer:
should be higher than the diagram indicates. The quoted refrac
tive index value for the Harshaw crystal is apparently too higl
for pure strontium fluoride. A simple calculation shows that thi:
value is the square root of the optical dielectric constant. Th
contribution to the refractive index in the transparent region for
the infrared terms is always negative. At 4.0 micrometers, the
refractive index must be lower than the square root of optical
dielectric constant. The high refractive index for the Harshaw
crystal is probably due to impurities.

Equation (18) is used to represent the refractive index of Sr¥»
at 293 K from 0.15 to 14.0 micrometers. As this equation is
obtained mainly by correlation of physical parameters which are
either available through literature or estimated empirically,
large uncertainties are expected, especially near the limits of the
transparent region. The estimated uncertainties in the refractive
index for the visible region are about 0.0005 while in other low
dispersion regions uncertainties are about 0.005. In the ultra-
violetregion from 0.15 t0 0.3 micrometer, additional uncertainty
is estimated nsing the formnla:

An =

0.720 A2 (M Mu)
o 9’

A= — s, (19)

n

where AN, = 0.119 — A,. In the infrared region from 7.0 to
14.0 micrometers the additional uncertainty mainly comes
from the uncertainty (estimated at 0.4) in the static dielectric
constant. The predominant contribution to the uncertainty is:

e (2) ()
2 A2 — 45.62

Although SrF» has been recognized as a good optical mate-
rial, especially for laser applications where the temperature
derivative of the refractive index is a parameter of prime im-
portance, the experimental data on the refractive index is
scarce. With regard to dn/d7T data nothing was available until
recently, Lipson et al. [59] reported dn/dT measurement for
three spectral lines, 0.6328, 1.15, and 3.39 micrometers, and
Tsay et al. [92] reported measurements for five lines, 0.325,
0.4416, 0.6328, 1.15. and 3.39 micrometers. The available
dn/dT data are found 1o fit the equation
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4
A M 980 — 552(n% — 1 + __ 500A*
T @ =D+ 5 00956677

198.1 A2 1980.8 A* (20)
AZ —45.62 (A — 45.6%)

Vxquations (18) and (20) were used to generate the reference
flata given in the table of recommended values. Values of
#n/d\ were simply evaluated by the first derivative of eq (18).
Although values of n are given to the fourth decimal place and
«n/dT 10 the first, this does not reflect the reliability of the
numbers; they are so given simply for smoothness of tabula-
1ion. However, an overstrike is placed to indicate the insignifi-
cant part of the value. For the proper use of the tabulated
+alues the reader should follow the criteria given below:

For refractive index:

For dn/dT:

Wavelength range
micrometers

0.15-0.20
0.20-0.30
0.30-0.40
0.40-0.70
0.70-7.00
7.00-10.0
10.0-14.0

0.15-0.20
0.20-0.30
0.30-1.00
1.00-6.00
6.00-9.00
9.00-10.0
10.0-14.0

Estimated
uncertainty, =

0.05
0.02
0.005
0.0005
0.005
0.01
0.02

>3.0
3.0
1.5
1.0
1.5
2.0
3.0
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- COMPARISON OF DISPERSION EQUATIONS PROPOSED FOR SrF;

" ‘Wavelengthand. . .7 .~ Dispersion Equation -
."...Temperature Ranges ..\ - & . 0% U0 Ninpm; pinemtl.

S N PR B
Mk m e S AT O Y e e o
nt=ké=¢ + L 4TP; V.

RS BT Y I AT T

293K -

RIS UL 3/ L NEITe
20K =2 4mp, v.t T g
IO e O T LR

0.720 X2 Y 0. 06622 .
X~ (0.09566)% AT =(26.03)% -

0.15%14. 0;pm - ‘n? = '1,38973 +
293K R e
‘ ' 3.94.22

25 47p; = 4.00, 4Tpy= 0.07; vy =217 enrl, v, = 318 enrt; ;= 0,017, ¥, = 0.25.
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3.3, Barium Floride, BaF;

‘Barium fluoride is transparent in a wide spectral range from
0:14. up to 15 micrometers. The transmittance of a BaFa plate
/2.3 m thick increases rapidly from a sharp cutoff at 0.1345
“micrometer to 85 percent at 0.4 micrometer and continues at
that level to about 10 micrometers, after whieh it falls"off rap-

idly. The observed transmittance at longer wavelengths varys.

with the thickness of the sample. For a plate 10. mm thick, the
transmittance is 50 percent at 11.7 micrometers.and 10 'percent
-at'13.5 micrometers while 60 percent transmittance at 15 micro-
‘meters can be obtained for a 3.5 mm plate. Because of its uni-

- form transparency in the spectral region 0.4 to 10 microineters, .
barium fluoride is used for window and lens fabrication. As the -

~laser technology advances; the need for optical material with
high optlcal figure of merit and adequate mechanical properties
is increasing. Barium flucride, having the required advantages,

‘is. among the serious candidates. for. window mateuals for the

spectral region between 2 to 6 micrometers.

Unlike calciumi fluoride, which occurs naturally in large sizes
-and of aptical quality, barium fluoride crystal for optical appli-
‘cations is synthesned As a result, early investigations of optical
. properties did not include barium fluoride. The earliest mea-

surements of the refractive index were probably made by Wulff
[66} in 1928 and by Wulff and Heigl [62] in 1931, using the
“immersion method for the mean of the sodium D- lines. The

sample they nsed was in small fragments produced by chemical
‘reaction.

Synthetic barium fluoride crystals of optical guality were suc-.

cessfully grown by Stockbarger during World War Ii. In the
1950’ synthetic BakF: erystale became available commercially
and found acceptance because of their favorable physical char-
acteristics and broad transparent range. BaF transmits further
into the infrared than does either CaFy or LiF. However, until
1963, the refractive index data of BaFs were reported only by
Houston et al. [47] for the spectral range 0.54-t0.1.85 micro-
meters. Data on the refractive index over a wide spectral range
vere reported by Malitson [67] in 1964, for the region from 0.26
ip to 10.4 micrometers, and have served as the reference data
ince then. As a matter of fact, Malitson’s data are the only
wvailable set that cover most. of the transparent region and is
eliable enough to be the basis of data analysis: - ’

“Kaiser et al. {17} investigated the reflection spectrum of BaFz

o the reststrablen region from 10 to 80 micrometers. Refractive
nd absorption indices were deduced from-the analysis of the
cflection spoctrum by Lorcntz oscillator theory. The strong res
nance at 54.3 micrometers was indentified as thé optically ac-_
ive TO resonance. A second resonance about one order of mag-
aitude weaker than the main resonance.is at 36 micrometers.
“The. origiri' of the weaker absorption was unknown, and Kaiser
. proposed the possibility of a two-phonon combination band ‘in-
volving-the TO mode. However, this weak absorption does not
appear in Lowndes’ work [15], in which the reflection spectrum
was reduced by Kramers-Kronig analysis. Instead of the weak
resonance at 36 micrometers, Lowndes obtained a weak absorp-
tion at 29.07 micrometers, which was identified as the longitu-
.dinal optical resonance, LO mode. Since Lowndes may. have
used a purer sample than that used by Kaiser, it is likely that the

weak absorption at 36 micrometers is due to nnpurmes inKai- -

ser s sample.

) 1 Phys. Chem. Retf. Data, Vol. 9, Mo. 1, 1980
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- In'the vacuum altraviolet region, Fabre et al. [49} in§
gated ‘the. spectralregion from 0:1 to 0;162- micrometsf
Kamers-Kronig analysis of the reflection’ spectrum, and fo
strong absorption peak at 0.122 micrometer, the lower lif
the transparency of BaF. Nisar et al. [25] studied'the refled

 spectrum in the energy range 8-35 ¢V and disclosed the co
cation of absorption heyond the lower fransparent limit. S)%
observations were carried out by Ganin et al. [53} and Ry
[24}.

From the brief review of available data, jeis clear that M$
son’s data are thé only choice for the basis of data-analysis.
problem is to find appropriate input parameters for hie 4
persion equation. Malitson'determined refractive indices for
spectral lines, and the values were mathemancaﬂy fitted'y
Sellmeier ‘dispersion. equation as given ‘in  table 35, wh

- dispersion eqnations. proposed by - others ‘are also listed:

comparisons.

“"The high frequency dielecinc ‘constant indicated by Mal
son’s dispersion equation is2.135, in good agreement with th
from other sources. However, the static dielectric constant ¢
culated from his dispersion equation is 5.976, whichis subst
tially lower than the experimental value, 7.36: This large-diff
ence can be ascribed to the low value of the infrared vesons
wavelength. used in his. equation. The resonant waveleng
resulting from his best fit is 46.39 micrometers, wlule the €
cepted value derived from the infrared reflection spectrum.
Lowndes [15}is 53.33 micrometers: Inthe transparent regio

“the contribution to-the refractive index from the'infrared term

negative. For a given set of refractive index data, the cogfficies
which in turn is counected to-the static dielectric consta
depends on the resonant wavelength ih theterm: the langer tl
. wavelength, the higher the coefficierit. Itis therefore possible
obtain a proper combination of these two parameters to yield

_good fit to the experimental data, but with:each parameterin i
* term having appropriate physical meaning, To thls end, prop:

selection of input parameters-is.essential. -
As in the case of CaFz, the Sellmeier formula for BaFz cor

sists of a constant, a term giving the UV contribition and tw

terms giving the infrared contribution. The valuesof the. cor

. stant, the coefficient of the UV term and the corresponding e

fective -wavelength of the UV absorption band can be dete:
mined by data fitting. However, the coefficient and absorptio
band wavelength for each of the infrared terms cannot be deter
mined in such a way; one must know one or the other ofth
parameters because the dispersion. of avax)able data values &
long wavclengths is not high enough for a'unique determinatio
of both parameters. It is fortunate that the wavelengths of th
absorption bands are available and well determined. From tabl

6, the average réom-temperature wavelengths of TO and T«

optical phonons are; respectively, 53.82 and 2987 microm
eters. The result of a least squares calculation is the dispersion

" equation for BaFz at 293.K in the transparent region, 0.15-1¢

micrometers,
B 0.81070 A%
n? = 1.33973 4
A2 — 0, 100652
0.19652 A2 -
A2 — 20872 .
4.52469 X2:
. A2 = 53.822°
where X is in micrometers.

L



For dn/dT

Tefractive index:

“Vavelength range
“micrometers .

©0:15-0.20
0:20-0.30
0.30-0.40
0.40-10.0
10:0-12.0"
: 12:0—15-0 :

~0:15-0.20
0.20-0.30
0.30-1.00 -
1.0026.00
6.00<10.0°
-10:0-15.0 -

.. Phys. Chem: Ref: Data,

Estlmated
uncertamty, *

70:001-
0:0005 -
"10.0003 .
.0.0001
“0.0003
-0.001

30
2.0
1.0
05
1.0
CAs
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TABLE 35. COMPARISON OF DISPERSION EQUATIONS PROPOSED FOR BaF,

S Wavelength and Dispersion Equation
ource Temperature Ranges Ain um; p in em™!
K W 10-80 2 - k? T 4mp, V.2 uiz—vz
aiser vy ~-80 um n® -K°=¢€g + mR; V., T 7 T2, L
Spitzer, W.G., ” (v =) + %y
Kaiser, R.H., and
Howarth, L.E. VY
- 2
1962 2nk = T 4PV, .2 -+ y Yyt
i i i i
. 0. 643356 )2 0. 506762 )2 3.8261 )\
- 2 -
Malitson, I.H. 0.2652-10. 346 pm n 1+ X - (0. 057789)% + 3 - (0.10968)7 + 3T - (46. 38647
1964 298 K
Selezneva, . 213-573 K 9B - a42b(T-293.0)T
gt
1969
0.81070 )2 0.19652 )\? 4.52469 22
Present work 0.15-15.0 um n? = 1,33973 + 53— 7 + 37 -5 + T3 5
1977 293 K X2 - (0.10065)% © A2 - (29.87)% " »¥ - (53.82)

*i=1,2; 47p = 4.50, 4T p, = 0.07; ¥4 = 184 cm™t, y, = 278 em™1; ¥, = 0. 020, ¥, = 0. 30.
1 For A= 0.656 um, a=~1b.0b X 107, b= ~1.31X 1079 for A= 0,589 um, a=~-15,00X 107% b=-1.31x 1075
for \= 0.486 um, a=-14.85x 107%, b= -1.38 x 1078, i
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Az O ()86362 — 18 02

) 2
, _zyzn_gz o, e

0.66405 A% - 1.0899A2 .
A2 0.08504% ?;2%:2

- 1.25385. +.

0. 1816 AZ
N =244 A

where X is'in umts of mlcrometers. It ¢

: Barker 'S, values have been modified so that the dlff ;

; refractwe mdex between ordmary ‘and extraordinary T

“with the observed hlrefnngence except i in’the egio
anomahes of blrefrmgence occur. Barker’ svalueswere 50
fied that the ratios of the- parameters remained unchange
the available data of IRTRAN 1 we simply fit the. da

‘ Sellmexer type quotatmn, 10 obtain -

0.10822%* - 2. 7814 N2
K2 0167332 AP—25.54%
. (IRTRAN

1 79079 +.

This equatlon is found to be as good as the Herzberger.
dlspersmn equatmn given.in {20]

‘ Equatmns (24) to: {26) were used to generate the refere:
:data given in ‘the table of - recommended values. Valu
dn/d\ were 51mply evaluated by taking the first: deri
“these: equations.. Although - the -values of -n. are giv
{fourth decxmal place, this . does- not reﬂect ‘the degre
accuracy and ‘the extent of rehabxhty “The values are »so' i
simply: for smoothniess of. tabulation. For the proper use
tabulated values the’ reader should follow the’ cntena gl
below.: ‘

’For ordmary and 'xtraordmary rays

Wavelength range . - Esnmated

micrometers uncertamty, *
015020 001
~0:20-0.30 .. - 0.005
0.30-0.70 .- - 0.0001
0:70-1.00  0.003"
1.00-5.00 = - 0.005
15.00-10.0 001

’ o, ihe key parameters for: ‘the dlspersmn equatmn are, forA' For IRTRAN L ‘
ch: ray; the dielectric- constant, ‘the effective UV ‘resonant 0.18-0.30 >0.05
avelength the infrared resonant wavelength and if possible- ~0.30=1.00° >0.01

: hs of each o‘ the resonant wavelengths It:s fortunate' g 1'.00;10_0 - 0.001
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“TABLE 45. COMPARISON OF DISPERSION EQUATIONS PROPOSED FOR MgF,

Srce T T W_é“‘lﬂenvgth'andu o = " Dispersion Eq\mfioﬁ ..
v au ) - Temperafure Ranges A impm; yinem!l .
B e abg 4 384821 TR
Duncanson, ‘A, .and . 0.40-0, 70-ur n = 1.,36957 + N - 1405.F for ordinary ray,
Stevenson, R W.H,". ~294K ¢ ’ ' ST i
1958 o ' o . ’
908 . o 37415 . o
n= 1.‘38190 + T 4947 94,7 .ff:r ext:a:orﬁl}ary ray..
L e R . -3 D G
Eastman Kodak Co, 1.0-9.0 pm n = 1.3776955 + 2399I X0, 2'(1525%:-53-‘10;3%2- =
1971 293-K ) e ° ) CEeRls
- 15041172 x 1073 A2 -'4,4109708 x 1076 X4 -
for IRTRAN 1.
S e , - 0;60967 A2 0.00800 X2 2.14973)2
Present work 0.15-10.0 pm n¢ = 1,27620 + —y Y v +57 T el
1977, 203 K AF - (0.08636)% 7 ) - (18.0)7 TN - (25.0)F
for ordinary ray,
0.66405)2 . 1,08987 A2  0.18159A%
2= :
ne = 1.25385 +7\.2 =70 08504)2 + o (22.2)2 + - (24'a'2+
2,12272 )2 .
’\2-_—(7}(—).—@—51 for extraordinary ray,
: ~ Y 2 2
‘n2 = 1,79079 + 0.10822 X 2. 78138 A

M~ (0.16733) % ¥ X = (25, 54)%

‘for IRTRAN 1.
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3.5. Calcium Chloride, CaCl, sented for comparison. As the refractive index was measured
only for the single spectral line (0.589 micrometer) and the ma-
terial is not suitable for optical applications, data analysis and
data prediction were not attempted.

Available data on the refractive index of ealeium chloride are -
given in tables 46 and 47, and are plotted in figure 26, where
data for hydrated calcium chloride and molten salt are also pre-

J. Phys. Chem. Ref. Data, Vol. 9, No. 1, 1980
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3.6. Strontium unloride, SrCl

The structure of SrCl is of the CaF; type. The space group is
Op. There has been considerable interest in SrClg, CaF, BaFs,
and SrFz. One of the reasons for this interest is that these crys-
tals are nearly ideal host lattices for paramagnetic ions. Many
electronic excitation and magnetic resonance experiments have
‘been performed on rare earth ions and other ions in these mater-
ials. For some of these investigations, the host lattice was SrClp.
It is of some importance to study the optical properties of pure
strontium chloride.

SrCly single crystals are highly hygroscopic. The hydrated
form SrClo-Hz0 readily comes into being when SrClo crystals
are exposed to air. Special precautions are necessary when
growing the crystals, and preparing and storing the samples.
The crystals can be grown in an inert gas atmosphere by the
Czochralsky method. Grinding and polishing the sample sur-
faces can be accomplished with an abrasive dispersed in a water-
free organic liquid. For storage the material should be immersed
in a waterfree organic liquid, such as paraffin oil.

Direct measurement an the refractive index of SrCly was re-

J. Phys. Chem. Ref. Data, Vol. 9, No. 1, 1980

ported by Wulff and Heigl [62] for only a single spectral line at
0.589 micrometer, as given in tables 48 and 49, and figure 27,
where the refractive index of hydrated strontium chloride is also
listed for the purpose of comparison. This single value is prob-
ably the only directly measured value available. Another inves-
tigation on the refractive index was carried out by Droste and
Geick [91], in which the refractive index was deduced from the
reflection spectrum by Lorentz theory. As the available data is
very scanty and the material is not suitable for optical applica-
tion, no attempt was made at data analysis and data prediction.
‘We present only the available raw data as shown in tables 48 and
49, and the following related properties: 4

€ = 7.55,
€= 2.86,
1

Vro = 138 em™},

and Vio = 223 em™ 1.

The above valucs were taken from [91].
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3.7. Barium Chloride, BaCl, parison. As the refractive index was measured only for the single

Available data on the refractive index of barium chloride are spectral line 0.589 micrometer, and the material is not suitable
given in tables 50 and 51, and are plotted in figure 28, where for optical application, data analysis and data prediction were
data for hydrated barium chloride are also presented for com- not attempted.
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4. Conclusi and R mendations

Experimental data on the refractive index of alkaline earth
halides and its temperature derivative are exhaustively sur-
veyed and reviewed. In addition, values of physical properties
which are related to the dispersion phenomena are selected from
the ‘open literature.

Of the twenty alkaline earth halides, only the four fluorides
{MgF2, CaF2, SrF2, and BaFz) are suitable for optical applica-
tions; others are either physically inadequate or chemically too
unstable for utilization. As a consequence, available data on the
refractive index and its temperature derivative largely concern
the four fluorides.

The purpose of the present work was to survey and compile
the available data and to generate recommended values of the
refractive index and its temperature derivative for alkaline earth
halides. We have generated recommended values for the four
fluorides (as shown in figures 29, 30, and 31). The state of
knowledge on the refractive index of this group of materials is
also presented.

J. Phys. Chem. Ref. Data, Vol. 9, No. 1, 1980

The technology related to high-power infrared lasers is pro-
gressing rapidly and, consequently, there is an increasing need
to determine the effects that exposures to high-power light
beams have on materials. Among other things, refractive indices
at elevated temperatures are needed. Unfortunately, an exhaus-
tive survey of the open literature, as in the present work, shows
that refractive indices as a function of wavelength are only avail-
able near room temperature. Measurements on the refractive
index at higher temperatures are limited to a few wavelengths.
In a few cases, the temperature derivative of the refractive index
has also been measured in the vicinity of room temperature.
Even though it is clear that high temperature data are lacking,
recent measurements reported in the open literature were still
carried out at near room temperature. Consequently, our basic
knowledge of the refractive index at high temperatures is still
scanty. For the purpose of providing data useful to modern
science and technology, as well as for the future development of
optical devices, a well planned and systematic program of meas-
urement of the refractive index of selected materials over a wide
range of temperatures and wavelengths is highly recommended.
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