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Elastic constants of cadmium fluoride from 4.2 to 295 K*
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The adiabatic elastic constants of single-crystal cadmium fluoride have been measured over the temperature
range of 4.2—295 K. The values of the elastic constants given in units of 10' N/m' at 4.2 and 295 K,
respectively, are C&l = 19.79 and 18.39, C44 ——2.490 and 2.196, and C» ——7.294 and 6.619. The Debye
temperature calculated from the elastic constants at 4.2 K is 331.6+0.7 K. A phenomenological relationship
between the Debye temperature and the reduced mass of the unit cell of the cubic-metal fluorides is
reported.

INTRODUCTION

Cadmium fluoride is a cubic crystal with fluorite
(calcium fluoride) structure. It is of interest as a
potentially useful material for optical windows and
as a semiconducting material when properly doped.
As a characteristic property of a material, the
elastic constants are sometimes useful in other
solid-state experiments such as, for example,
stress effects on nuclear-quadrupole splittings. '
Cadmium fluoride also provides another fluoride
on which sound-velocity measurements can be
made, yielding information about the influence of
the metal ion on the lattice properties of metal fluor-
ides. Previous measurements of the elastic con-
stants of cadmium fluoride at room temperature
have been reported by Hart' and by Alterovitz
and Gerlich. ' A Debye temperature for cadmi-
um fluoride, which was calculated from room-tem-
perature values of the elastic constants extrapolat-
ed to 4.2 K, has also been reported by Alterovitz
and Gerlich.

necessary to know the temperature dependence of
the crystal specimen's length and density. Since no
data are available, the temperature dependence is
determined by utilizing the GrQneisen relation. ' In
using the GrQneisen relation to obtain the thermal
expansion, one assumes to first approximation that
the compressibility and the GrQneisen parameter
are constant. In the case of CdF„ the specific heat
has not been measured, so that one must also ap-
proximate the specific heat. This is done by using
the Debye temperature calculated from uncorrected
elastic-constant data at 4.2 K and the specific heat
expected from Debye theory. Since the elastic con-
stants are proportional to the length squared divid-
ed by the volume, the correction due to thermal
expansion appears reciprocally as a length correc-
tion to the first power. Error introduced into the
elastic constants by this technique is less than ex-
perimental error. The density" at 298 K is 6.386
g/em', the linear expansion coefficient' at 295 K
is 22 x 10 ' K ', and the Debye specific heat and
internal energy are available in tabular form. '

THEORY EXPERIMENTAL

Owing to the symmetry of a cubic crystal, there
are only three independent elements in the elastic-
constant tensor. These elastic constants can be
determined by the product of the density p and the
square of the velocity V in certain directions. The
relations' used in this work were pV~ Qgy pVz

—C„), where Vz and Vz, are the ultrasonic veloc-
ities of waves propagated in the [100] direction for
longitudinal waves and all polarizations of trans-
verse waves, respectively, and where V~, V» and
V& are the ultrasonic velocities of waves propagat-
ed in the [110]direction for longitudinal waves and
transverse waves polarized in the [001]and [110]
directions, respectively.

In order to calculate the elastic constants of cad-
mium fluoride as a function of temperature, it is

Two cylindrical, single-crystal specimens of
cadmium fluoride approximately 2.0 cm in diam-
eter and 2.5 cm in length were obtained from Opto-
vac, Inc.' Back-reflection Laue photography was
used to orient one specimen with a faint yellow
color to within 0.5' of the [100] direction and the
other optically clear specimen to within 1' of the
[110]direction. The difficulty in the orientation of

'the second crystal was due to what appeared as an
"axis wobble, " which resulted from the slight sag-
ging of the crystal planes during the growing pro-
cess. ' The end faces of both specimens were hand-
lapped parallel to within two parts in 104.

A block diagram of the electronic equipment that
was used to measure the temperature dependence
of the sound velocities is given in Fig. 1. The tem-
perature dependence of the round-trip time of trav-
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FIG. 3. . Block diagram of the electronic equipment
used for the modified pulse-echo measurements.

el of the pulse is measured by aligning the peak rf
oscillation in the initial pulse envelope along a ref-
erence mark on the oscilloscope, switching to any
particular echo, and aligning the peak rf oscillation
in its envelope to the same reference mark. This
overlap is maintained during any particular run.
The uneorreeted time of pulse travel equals the
amount of time delay necessary to align the echo
pulse and is read directly from the digital delay
generator with an accuracy of +1 Qs. This method
allows almost simultaneous vieming of the initial
and echo pulses and reduces the errors. due to os-
cilloscope jitter. Several errors are introduced by
this technique unless noted and corrected for. The
true round-trip time 5 is related to the measured
time t~ for p round trips by the expression"

f, =Pa —Py/2vf+n/f+f, ,

where f is the frequency of the ultrasound, y is the
phase shift introduced by the transducer and binder,
n is an integer, an& t, is a constant time error in-
troduced by the different eleetronie paths of the ini-
tial pulse and the pulse echoes. The McSkimin cri-
terion for choosing n =0 involves measurements of

I~ at two frequencies, typically resonance and 0.9
times the resonant frequency. The difference in
measured round-trip times at these two frequen-
cies ls

ntq= (P/2'„)(y„—O.1llyo 9„)+O.11 in/fn . (2}

Since the phase shifts y„and y, » can be ealeu-
lated, ' '" measurement of &t~ for different eyele-
for-cycle overlaps allows one to unambiguously
determine mhich cycle-for-cycle overlap corre-
sponds to n =0. It has been pointed out that match-
ing leading edges of pulses is equivalent to choos-
ing btl, - Onot n =0.' lf Eq. (1) is rewr—itten jn
terms of a single round-trip time 7 uncorrected
for the phase shift and a wrong cycle-for-cycle
over lapp OQe flQds

which indicates that a plot of v~/P vs I/p should be
linear and gives the uncorrected time ~ at I/P =0.
One finds that by measuring 7& for several values
of P at any temperature, one can eliminate errors
of the form I;, and one can unambiguously eliminate
uncertainties in the choice of the peak oscillation
due to modulation effects resulting from diffraction
and interference effects. Corrections for phase
shift and incorrect cycle- for-cycle overlap must
be made using the McSkimin criterion.

Measurements of the sound velocity using the
McSkimin criterion for cycle-for-cycle overlap
were made at room temperature on the [110]-ori-
ented CdF, . The temperature-dependent times t~/P
are adjusted so that they agree with the measure-
ments obtained using the MeSkimin criterion and
so that the various runs overlap properly. The
corrections for the difference between the true
round-trip time 5 and the measured round-trip
time t~/P are of the form
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FIG. 2. Temperature dependence of C~~ =pVI .
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2f pf
and amount to a maximum col rection on the older
of a few percent.
.The bond between the crystal and transducer was

Nonaq stopcock grease for the temperature range
300-150 K. An organic mixture of five parts ethyl
ether, six parts pentane, and two parts ethyl alco-
hol was used from 130 to 7"(I K, and solidified
methane was used from 90 to 4.2 K."

A type- T copper-constantan thermocouple with
a 0 C ice-bath reference was used to measure the
temperature of the specimen, and was calibrated
in situ with respect to the theoretical thermocouple
curves'4 at 4.2, 77.4, and 2'73.2 K. The emf mea-
surements were taken with a Keithley model 171
digital multimeter, and the specimens were cooled
at a maximum rate of approximately 15 K/h. The
room-temperature measurements of sound velocity
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using the McSkimin criterion were made using a
calibrated Si diode thermometer" for the temper-
ature measurement.

RESULTS

The temperature dependence of C», C«, pV~",
and C„ is given in Figs. 2, 3, 4, and 5, respec-
tively, and the values of the above quantities and
the density at 4.2, 77.4, and 296.7 K are given in
Table I. All three elastic constants (C», C», and
C«) and pV2' have the same characteristic temper-
ature-dependent curves as the alkali halides. The
temperature dependence is approximately linear in
the high-temperature region, and the slope of the
temperature dependence goes to zero as the tem-
perature approaches absolute zero.

The gap in all of the curves between 130 and 150
K is due to the limited temperature range of the
binders, and the absence of data points above 275
K, for the data calculated from transverse waves,
is due to the Nonaq binder not being rigid enough
to couple transverse waves into the crystal. As
stated previously, there are two independent meth-
ods of determining C44, one of which is dependent
upon the polarization of the transverse'wave. The
C44 data of Fig. 3, from 77.4 to 130 K, are taken

I
[

I & I
t

I I

from a transverse wave propagated in the [100]
direction, while the remaining data are taken from
a transverse wave in the [110]direction with the
proper polarization. The change in the method of
determining C« is due to the [100] CdF, crystal
developing a crack during a low-temperature run.
This reduced the signal quality below an acceptable
level. There is good consistency of the C,4 data
from the two specimens which are of different ori-
entations as well as different crystallographic and
optical quality. The relatively small scatter of the
data points of a particular run is an indication of
the precision of the data. The resultant estimated
accuracy for C», C„, C„, and pV~' is +0.9, +0.3,
+0.9, and +0.3/q, respectively. It should be noted
that the relatively high error in C„ is due to the
measurements based on the McSkimin criterion
being made on the [110]-oriented crystal where C„
is not measured directly. The elastic constants
obtained using the McSkimin criterion are those
given in Table I at 296.7 K.

A least-squares fit of the elastic-constant data
above 150 K, using a polynomial of second order in
temperature, is used to calculate Cii~ C44y C
and their slopes at 295 K. These values are used
to calculate the compressibility, '

P =3/(C„+2C»);
anisotropy, "A =2C«/(C» —C»); and Cauchy rela-
tion failure, "4 = C» —C«. The values of the above

6
Z

6.0—
Elastic constants

(10«N/m2)
Temperature

77.4 K 296.7 K

TABLE I. Elastic constants, pVz, , and density p of
CdF2 at 4.2, 77.4, and 296.7 K.
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FIG. 4. Temperature dependence of pVz = ~(Cfg C|2).

Ci1

pVI2

p (g/cm3)

19.79
2.490
7 ~ 294
6 ~ 246
6.471

19.66
2.453
7.233
6.215
6.466

18.37
2.195
6.615
5.881
6.387
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TABLE II ~ Characteristic parameters of CdF2 at 4.2
and 295 K.

TABLE IV. Comparison of the elastic constants and
logarithmic slopes of CdF2 at 295 K.

Temperature
4.2 K 295 K

Elastic constants
C,, (10"N/m') C44 Ci2

Compressibility (10 m /N)
Anisotropy
Cauchy relation failure (10 N/m )

8.727
0.3988
4.804

9.485
0.3731
4.423

Present work 18.39
Alterovitz and Ger lich 18.27
Hart 18.6

2.196
2.175
2.17

6.619
6.674
6.8

characteristic parameters at 4.2 and 295 K are
tabulated in Table II, and the coefficients of the
second-order least-squares fit for each of the
elastic constants are given in Table III. Using the
1Vfadelung constant for the calcium fluoride structure"
and the lattice constant at 4.2 K, calculated from
the lattice constant of cadmium fluoride' at 295 K,
the cohesive energy of the lattice" is calculated to
be -2.151x10' J/mole (-513.9 kcal/mole). The
Debye temperature is calculated from 4,2-K data
by the Betts-Bhatia-Wyman method" to be 331.6
a 0.7, and by the De Launay method" to be 333.3 K.
These values are in some disagreement with the
value of 328+ 3 K found by Alterovitz and Gerlich'
by De Launay's method" using extrapolated values
of the elastic constants to low temperatures.

DISCUSSION

A comparison of the elastic constants and loga-
rithmic slopes of CdF, at 295 K is given in Table
IV. The values of the elastic constants agree well
with the previous data, while the logarithmic
slopes disagree in excess of experimental error.
Of all cubic fluorides, cadmium fluoride has the
smallest compressibility, the next to the smallest
anisotr opy, and the largest deviation from the
Cauchy condition. Since the Cauchy condition (C»
=C«) results from the assumption of point charges
at inversion centers, " the Cauchy condition failure
indicates that cadmium fluoride has the largest
amount of covalent bonding in the nominally ionic
cubic fluorides.

Phenomenological relationships between the
Debye temperature and various crystal parame-

dlnC&, /dT (10 K ')
Present work -3.655 —5.896 -4.447
Alterovitz and Gerlich —3.712 —5.329 —5 ~ 075

ters have been suggested for cubic fluoride XF
crystals, where X is-a monovalent metal, as well
as XY crystals, where Y is a halide. "' ' The phe-
nomenological relationship between the Debye tem-
perature and the standard reduced mass of the
unit-cell constituents is extended here to the cubic
alkaline earth and heavy metal fluorides, symbol-
ized by XF„where X is divalent. The reduced
mass is defined for XF unit cells as M„M~/(M»
+M~) and for XF, unit cells as MEMz/(M++2M„). 24

The Debye temperatures plotted in Fig. 6 are taken
from Refs. 25-35 and in some cases are not from
low-temperature elastic-constant or specific-heat
data. Similar linear relations exist for other met-
al halides, but each halide has a different slope.
Using this relationship, a Debye temperature of
205 K would be expected for cesium fluoride,
whose reduced mass is 16.6 amu. Unfortunately
no cubic XF, crystals exist to extend this relation
and to test its validity.

800

600

400

TABLE III. Coefficients of the second-order least-
squares fit C;~=A+BT+CT of the elastic constants of
CdF2 above 150 K.

200

Elastic constants Cgg C44 C(2
I I I I I

8 10 12 14 16 18
REDUCED MASS (ama)

(10 N/m ) 20 ~ 05 2 ~ 531
B (107 N/m K) —4.568 —0.9722
C (10' N/m' K') 36.47 5.472

7.455
—2.725
—3.705

FIG. 6. Illustration of the phenomenological relation-
ship between the Debye temperature and the reduced
mass of the unit cell of XF and XF& cubic fluorides.
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