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Z. P. CHANG G. R. BAarscH, and D. L. MILLER

The single crystal elastic constants of CsCl, CsBr, and CsI have been measured at 13 °C
as a function of hydrostatic pressure. The maximum pressure ranged from 2.3 to 6 kbar
but was extended up to 10 kbar for two runs. The pressure dependence of the elastic con-
stants was found to be linear within experimental error. The experimental results are com-
pared with theoretical data by Nran’yan and Ghate. Also, the stability of the cesium
chloride structure under pressure is discussed.

Die elastischen Konstanten von CsCl-, CsBr- und CslI-Einkristallen wurden bei 13 °C
in Abhdngigkeit vom hydrostatischen Druck gemessen. Der Hoéchstdruck lag zwischen
2.3 und 6 kbar und wurde fiir zwei Versuchsreihen auf 10 kbar erhéht. Innerhalb der Mef3-
genauigkeit wurde eine lineare Druckabhingigkeit der elastischen Konstanten gefunden.
Die experimentellen Ergebnisse werden mit theoretischen Daten von Nran'yan und Ghate
verglichen. Der Druckeinflufl auf die Stabilitit der CsCl-Struktur wird diskutiert.

1. Introduetion

Since the first paper on the pressure dependence of the elastic constants of
cubic crystals was published by D. Lazarus in 1949 [1] a variety of experimental
data representing different bond types and several simple crystal structures
have been reported [2 to 16]. The crystal structures investigated so far are, in
the standard crystallographic notation: Al (Al, Cu, Ag, Au): A2 (Li, Na, K, Fe);
A3 (Mg, Cd); A4 (Si, Ge); Bl (LiF, NaF, NaCl, KCl, KBr, KI, RbI, MgO);
B2 (f’-CuZn); B3 (GaAs); Cl1 (Cak,): C8 («-Si0,). In addition, a few isotropic
materials have been measured also (polystyrene, pyrex glass, fused silica, and
several polycrystalline materials). Strangely enough, the only representative
of the B2 structure that has received attention until recently was brass (§’-
CuZn), although several ionic substances occur in this structure also.

The B2 structure is of special interest because for CuZn the pressure coeffi-
cient of the shear modulus ¢, = } (¢;; — ¢55) is negative [1]. From this one
may infer that the B2 structure becomes unstable under pressure and that
at sufficiently high pressure CuZn should transform into a different structure
or decompose into two phases.?) In order to decide whether this instability is
due to the specific nature of the cohesive forces in CuZn, or whether it is a general
feature of the B2 structure, we have measured the pressure dependence of the

1) This work was supported in part by the U.S. Naval Ordnance Systems Command.

2) Presented at the AIME meeting in Detroit, Michigan, October 1965.

3) Attempts are being made at present in this laboratory to verify the occurrence of this
transition and to determine its nature.
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three elastic constants of single crystalline CsCl, CsBr and CsI at room tem-
perature. The objective of this paper is to report the data obtained.

While this paper was being prepared other investigators have also reported
about measurements on CsBr and CsI [17, 18]. These results will be compared
below with the data presented here.

2. Experimental Details

2.1 Specimen and Transducers

Single crystals of CsI and CsBr were purchased from Harshaw Chemical
Company, while a single crystal of CsCl was grown in this laboratory by O. D.
Slagle by means of the Bridgman technique. All specimens were oriented to
within 0.5° by means of the Laue back reflection technique and cut and ground
to the shape of rectangular parallelepipeds with edges 8 x10x 12 mm?3 (CsCl),
10 x 12 % 12 mm3 (CsBr) and 10 X9 x9 mm? (CsI). Due to the odd orientation
and shape of the Csl crystal, a small tetrahedral-shaped corner of the size of
about 8 mm? was missing in this case, but this irregularity was well outside
the ultrasonic beam cross section. For the wave propagation the [100] and [110]
directions were chosen for CsCl and CsBr, whereas for CsI, because of the less
favorable orientation of the available crystal the [111] and [112] directions
were selected. For the generation of longitudinal and transverse waves 20 MHz
X-cut, and Y- or 4C-cut disk-shaped quartz transducers of 8 mm diameter
were used. Phenyl salicylate (salol) was used as bonding material for the deter-
mination of the second order elastic constants, and Dow Corning resin 276-V9
was used for measurements under hydrostatic pressure.

2.2 Ultrasonic Technique

In general, the velocity measurements were made by means of the pulse
superposition method of McSkimin [19]; however, for CsCl and CsBr under
hydrostatic pressure the phase comparison method [20] was used. The correc-
tion due to the phase shift occurring at the transducer-specimen interface was
evaluated by means of the thin film approximation [21].

In the pulse superposition method, a pulse train of 2, 4, 8, or 16 pulses
followed by the same period with no input pulses was sent into the crystals.
The repetition rate of the driving ultrasonic pulses is adjusted until proper
maximum echo peaks are introduced. An electronic automatic peak finder
device was used for locking on this repetition rate. A frequency modulation is
applied to the repetition frequency, sweeping the ‘‘correct’’ repetition rate,
and producing amplitude modulation on the echo signal. The echo signal is
then synchronously detected with respect to a frequency modulation, and an
error correction signal is developed. This error signal is amplified and applied
to the repetition oscillator to bring the repetition frequency to the “correct”
value.

In the phase comparison method, pulse trains were sent into the crystals
with the duration of the pulse longer than the transit time of the ultrasonic
waves in the crystals so that part of the pulses overlap. By adjusting the fre-
quency of the carrier wave such that constructive interference occurs, the velo-
cities can be calculated.
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2.3 Pressure System

The equipment used for the generation of hydrostatic pressure has been
described before [16]. Argon gas was used as a pressure medium. The pressure
was measured with a manganin cell in connection with a Foxboro recorder.
The temperature of the sample was kept quite constant by water cooling the
entire pressure chamber from outside. The temperature of a copper plate
which was in direct contact with one of the side faces of the specimen was
measured with a chromel-alumel thermocouple. By means of a second thermo-
couple the temperature was measured also on the opposite side close to the
specimen to check the presence of any thermal gradients within the sample.
For each measurement the frequency was read 15 min after the pressure was
changed, and even longer at lower pressure, to ascertain that the system had
reached thermal equilibrium. In this way. most of the data were taken within
a range of 0.5 °C around 13 °C.

3. Experimental Results

For CsCl four independent runs were made up to 3 to 4 kbar, and for CsBr
and Csl three runs were made, each with maximum pressure attained ranging
from 2.3 to 9.6 kbar. The experimental data were analyzed in terms of the
“natural velocity” introduced by Thurston and Brugger [22]. Corrections for
the temperature dependence of the thickness of the specimen and the velocities
were made to convert all the velocities to 13 °C. The plots of g, W? versus
pressure p where g, is the initial density and W the natural velocity are shown
in Fig. 1 to 3 for various modes in the three cesium-halides. As can be seen,
within experimental accuracy the dependence on pressure is linear in the pres-
sure range covered.

For waves propagating in the (100 and {110) directions the relationships
between the slope of g, W? versus p were given in [22]. For pure waves in the
Z111) and <{112) directions, they can be derived in the same manner and are
given in Table 1. As usual, BT = 1/3 (¢%, + 2 ¢%) denotes the isothermal bulk
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modulus at p =0, and ¢, = €3 + 2 €59, €6 = 2 Cpg + Cro3, €0 = Craq + 2 Crgq
are three independent linear combinations of the intermediate third order
elastic constants [23]. Obviously, the linear combinations of ¢, ¢;, ¢, occurring
for each mode in the expression for (g, IW?)" are of the same type as those of
¢y, 1o and ¢;, occurring in the expression for g, V2.

From the expressions of (g, W?),_o for waves propagating in the [100] and
[110] directions as shown in Table 1 of [22], one obtains a linear relation which
permits an internal check among the four measurements on the CsCl specimen.
The agreement was good to 0.1%, of the smallest quantity involved, indicating
good self- consmtency of the measurements.

The data shown in Fig. 1 to 3 were analyzed in terms of a Iea.st square fit to
a straight line. The results for the adiabatic elastic constants ¢}, are listed in
Table 2, those for the linear combinations ¢,, ¢;, ¢, of the T.O.E. constants
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Table 1
Expressions for g, V* and (g, W?)" at zero pressure for wave propagation
in two directions of cubic crystals under hydrostatic pressure

Prop;gation ‘ Displacement | —_ g 5
direction | direction w = (e V¥)p=0 (@ W2)p—o
e ey — . =
- 1, s i3 2w 1 c¢,+2¢+4c,
[111] ‘ [111] ‘ 3(011 + 201y + 404) 1+ 3BT 3BT g
‘ I g 5 2w 1 g —6y-te
UG FLS e B e s e
‘ 1 2w 1 e¢,—e¢,+4c¢
112] 10 A ey e I W
[112] ‘ [110] n (ey1 — €1y + 4 ¢4y) 1 3BT 3BT 6

Table 2
Adiabatic elastic constants c; , and isothermal elastic constants cf:,. at 13°C (in 102dyn cm=2

v “ 11 12 | 44 s | B

CsCl S el

CsBr ==

Csl —

c:, » 1 0.3683 4 0.0018 | 0.0893 4 0.0015  0.0817 4-0.0009 | 0.1395 + 0.0008 | 0.1822 4 0.0016

C;I:,, 0.355 0.0756 0.0817 0.1395 0.168

ek, |0.2951 0.0702 10.0760

S

Cpy | 0.307740.0015 | 0.0827 4 0.0013

0.1125 0.145

f, |0.239 1 0.0589 0.0644 0.0902 0.119

as calculated from the equations in [22] and Table 1 are given in Table 3,
and those for the intermediate pressure derivatives of the elastic constants in
Table 4. In Tables 2 and 4 the indices s and B are used to denote the shear
modulus ¢, = 1/2 (¢;; — ¢;,) and the bulk modulus ¢y = 1/3 (¢ + 2 ¢50),
respectively. For all directly measured quantities the probable errors are indi-
cated which were determined from the mean square deviation of the experi-
mental data and from estimates of the errors in the measurement of specimen
density, ultrasonic path length and hydostatic pressure. The main error arises
from the pressure measurement for which an estimate of 29, has been used.

In Table 2 the isothermal elastic constants ¢/, have been included, and in
Table 3 the purely adiabatic and the purely isothermal linear combinations
¢ and ¢! (x = a, b, ¢) are presented also.?) These data were calculated by using
the standard formulae as discussed in [23] and from the numerical values of
the required thermomechanical constants compiled in [24]. The purely adiabatic

1) The data of Tables 3 and 4 have been reported in a previous publication [24]. Due to
a revision of the numerical analysis slight changes have been made for all values referring
to CsI, so that the data in Tables 3 and 4 supersede those given in [24].

0.0760 - 0.0008 | 0.1125 + 0.0007 | 0.1577 4-0.0014

c‘z y | 0.2462 4 0.0032 | 0.0659 4-0.0012 | 0.0644 + 0.0012 | 0.0902 -4 0.0016 | 0.1260 4 0.0019
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Table 3
The three linear combinations ¢, (x = a, b, ¢) of the third order elastic
constants at 13 °C (in 10'2 dyn em~2) for the three thermodynamic
boundary conditions

Ca Cy Ce

—4.36 —2.15 —2.39

—4314007 | —213 £ 0.14 | —2.38 4 0.07

—4.42 —2.24 —2.38

—3.57 —1.76 —2.13

—3.48 4+ 0.08 | —1.79 4 0.08 | —2.11 + 0.15

—3.61 —1.92 —2.11

—2.95 —1.46 —1.73

—2954024 | —146 4 0.13 | —1.75 4 0.08

cr —3.06 —1.57 —1.75

and purely isothermal pressure derivatives of the elastic constants given in
Table 4 were calculated from the second order elastic constants and the linear
combinations ¢, c,, ¢ of the T.0.E. constants by using the formulae of Birch
[25] listed in Table 1 of [23].

4. Discussion

As can be seen from Table 3 the differences between the adiabatic and the
intermediate linear combinations, ¢ — c,, are smaller than the experimental
error, except in one case. The difference between the isothermal and the
intermediate linear combinations, ¢ — ¢,, is seen to be larger than the probable
error in many cases.

For the pressure derivatives Table 4 shows that the differences between the
purely adiabatic and the intermediate values are in general larger than the
experimental error. The same holds also for the differences between the purely
isothermal and the intermediate ones. d

Included in Table 4 are also the intermediate pressure derivatives for CsBr
and OsI measured by Koliwad and Ruoff [18].5) Although for CsI the two sets
of data agree reasonably well, the differences for CsBr seem to be larger than
the estimated error of the present data.

Another check of the experimental data reported here can be made by com-
paring the isothermal bulk modulus and its isothermal pressure coefficient
calculated from the ultrasonic data with the results of Bridgman’s static equa-
tion of state measurements. Such a comparison was made first by Overton [26].

5) The values quoted in Table 4 are corrected values as reported in the talk; therefore
they supersede the values given in the abstract quoted as reference [18].
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Writing the isothermal equation of state in the form
AV
—Sr=ep—bptep+ - (1)
0
the first two expansion coefficients are related to the bulk modulus and its
pressure derivative by

(2a)

I o BT
b=y [(W)ﬁ 1]- (@R

Equation of state measurements for Cs halides have been made by Bridgman
in the pressure ranges up to 12, 50, and 100 kbar [27 to 29]. Leastsquare
quadratic fits of AV/V, p versus p from these data were made to obtain the
coefficients @ and b. The bulk modulus and its pressure derivative were

Table 4

Adiabatic, intermediate, and isothermal pressure
derivatives of the elastic constants at 13 °C

nv 11 12 44 | s B
|
L
! 6.31 4.76 3.22 077 5.28
ap /s
— R E
CsCl ( ag,, ) 6.82 4+ 0.2 | 5.05 0.3 | 3.56 + 0.2 0.89 5.64
P |7
dejy g
Suy 7.07 5.30 3.56 0.89 5.89
P /T
ac i =
fZ 5.89 4.54 3.34 0.68 4.99
op /s
CsBr B, 6.30 + 0.2 | 493102 | 3.68 L 0.4 0.68 5.38
Bp | 581%) 4.37%) 3.20 %) 0.72 %) 4.85%)
\ e e ———
( Cu ) 6.63 5.26 3.68 0.68 5.71
ap [
—- = L
( Cu V) 6.14 4.67 3.40 0.74 5.16
op /s
Csl acs , | 657 4+ 0.7 | 490404 | 3724 0.2 0.84 5.46
ap Jr | 6-68%) 5.11%) 3.88 %) 0.78 *) 5.63 %)

6.90 5.23

3.72

*) Experimental values by Koliwad and Ruoff [18].
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8

Fig. 4. Comparison of ultrasonically determined isother-

mal bulk modulus and its isothermal pressure derivative

(representing the zero pressure values) with Bridgman’s

data [27 to 29] (plotted versus the pressure range covered
in a particular run)

]

then calculated according to (2). The
values so obtained differ considerably
for the three runs. However, if these
values are plotted against the pressure
range of the run as in Fig. 4 with the
isothermal values calculated from the
ultrasonic data plotted on the vertical
o (sl axis, it can be seen that the agreement
“(5Br - between the ultrasonic and the static vo-
lumetric data is improved if the latter
are extrapolated to zero pressure range.
Although the scattering of the static
data is too large to permit an exact ex-
trapolation, the trend is obvious.

The dependence of Bridgman’s data
W w & on the pressure range seems to indicate

Fressure range (kbar) —= the influence of the fourth and higher

order expansion coefficients in (1) which

were neglected in the calculation of BY and (8B”/0p)p. These higher order

terms would become more pronounced at higher pressure, leading to an appa-

rent pressure dependence of the expansion coefficients ¢ and b. In addition,

or alternatively, any systematic error can also cause such an apparent pressure
dependence.

In Table 5 the linear combinations ¢ of the isothermal T.0.E. constants
are compared with theoretical room temperature data®) calculated by Ghate
[30] and Nran’yan [32] on the basis of a central force model including Coulomb
forces and exponential Born-Mayer repulsion. In Ghate’s paper repulsion
between first and second nearest neighbors is taken into account, whereas
Nran’yan considers only first nearest neighbor interaction. Although the
theoretical data give the correct sign and order of magnitude the discrepancies
are larger than 1009, in some cases. For the first choice of the repulsive para-
meter Ghate’s theoretical value of ¢T is quite close to the experimental value,
but ¢f and ¢l are too small. For the second choice of the repulsive parameter
the aggreement is improved for ¢! and ¢”, but deteriorated for ¢Z. The values
by Nran’yan are all too small. The discrepancy between any of the theoretical
and the experimental data must certainly be attributed to the crudeness of the
force model used. The primary deficiency seems to be the omission of van der
Waals interaction. Although many-body forces may contribute to the discre-
pancy their influence cannot expected to be very large because the Cauchy
relation ¢, = ¢, is approximately fulfilled for the experimental data. It should
be noted, however, that the difference ¢, — ¢, is positive for the experimental

R

N

Isothermal bulk modulus(10"dynfem’) —

~N
e

Pressure range(kbar)|—

g
S )’@,» S

(#

8

S

~

) The theoretical data of Ghate are referred to 25 °C, whereas the experimental data
are taken at 13 °C. Taking this temperature difference into account will change the last
digit by at most 4 units and therefore does not improve the agreement.
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Table 5

Comparison of experimental and theoretical values of
the linear combinations ¢%, ¢/, ¢I of the isothermal

third order elastic constants (at 13°C in 1012dyn cm~2)

l — —F | =

Exp. | 442 2.24 2.38

CsCl Th. (a) \ 4.18 1.17 1.02

| Th.(b) | 5.44 2.43 2.03

| Th.(c) | 3.37 131 | L1

| Exp. 3.61 192 | 21

| Th.(a) | 3.68 L1 096

BE | hon) | 458 2.03 1.68

' Th. (¢) 3.10 1.32 1.15
e

| Exp. 3.06 1.57 1.77

- Th. (a) | 3.02 1.02 0.86

; ‘ Th. (b) 3.83 1.88 1.49

Th. (¢) | 2.68 1.28 1.13
(a) P. B. Ghate [30] (Hardness parameter b = 0.3333)
(b) P. B. Ghate [30] (Hardness parameter b from [31])

(e) A. A. Nran’yan [32]

data, whereas it should be negative according to all three theoretical estimates.
Thus assuming that the effect of temperature is properly taken into account
in the theoretical data one must conclude that many-body contributions
should cause deviations from the Cauchy relations opposite in sign to those
caused by the thermal effects.

The question of the stability of the cesium halides under pressure that was
raised in the introduction can be discussed on the basis of the data in Table 4.
As the pressure derivatives of both shear moduli ¢,y and ¢, (and of the bulk
modulus) are positive for all three cesium halides, it appears that they remain
stable under pressure. Thus on the basis of the pressure derivatives of the elastic
constants there is no evidence for a high pressure phase transition in the cesium
halides. On the other hand the instability of B’-CuZn that may be predicted
from the negative sign of d¢,/0p should be due to the specific features of the
metallic bond rather than a property of the B2 structure.

The above conclusions are based on a linear extrapolation of the pressure
dependence of the elastic constants. However, according to theoretical cal-
culations that are to be published the shear modulus ¢, may have a maximum
and decrease with pressure at sufficiently high pressures. Thus it appears that
the B2 structure may become unstable at high pressure for ionic bonding also.
and that the differences between ionic and metallic bonding affect the stability
of the B2 structure only quantitatively, but not qualitatively.
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NONLINEAR PRESSURE DEPENDENCE OF ELASTIC CONSTANTS
AND FOURTH-ORDER ELASTIC CONSTANTS OF CESIUM HALIDES
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The pressure dependence of the elastic constants of CsCl, CsBr, and Csl was mea~-
sured up to 10 kbar by an ulfrasonic technique and found to be nonlinear. The second
pressure derivatives of the elastic constants and three linear combinations of the
fourth-order elastic constants were determined.

The complete set of the single-crystalline,
~ third-order elastic (TOE) constants or some
of their linear combinations have been measured
up to the present for about ten or 30 materi-
als, respectively. No data, however, are as
yet available on fourth-order elastic (FOE)
constants, although their contribution to anhar-
monic effects may be comparable with that
arising from the TOE constants. '
The elastic constants of CsCl, CsBr, and
CsI were measured at 298°K as a function of
hydrostatic pressure up to 10 kbar by using
the ultrasonic-pulse superposition technique.
This extends previous measurements® on these
materials to a higher pressure range. and in-
creased accuracy. Four independent runs re-
ferring to different propagation and polariza-
tion directions were made to determine the
three elastic constants as a function of pres-
sure and to obtain one internal check which
indicated good self-consistency of all measure-
ments. Figure 1 shows typical results for the
square of the reciprocal transit time versus
pressure. The change of the path length con- -~
tributes at most one-half of this curvature in
the case of c¢,,, and much less for ¢, and c .
It was taken into account by Cook’s method,?

0.74

0.73

0.72¢

(10'° sec.”?)
o
-

222l aea=P &

\

025}

(TRANSIT TIME)™?
ARSI wiaar P
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0 2 4 6 8 10
PRESSURE (KBAR)

FIG. 1. Square of reciprocal transit time of trans-
verse waves (propagating in [110] and polarized in
[110]) versus pressure for CsCl, CsBr, and Csl. The
solid lines represent a least-sqaures fit to a parabola
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using the isothermal values for the bulk mod-
ulus and its first pressure derivative calculat-
ed according to Overton.® The adiabatic elas-
tic constants can be represented as a quadrat-
ic function of the pressure. The elastic con-
stants and their first and second derivatives
obtained from a least-squares fit to the exper-
imental data are compiled in Table I. The er-
ror shown arises from the standard deviation
of the least-squares fit and, predominantly,
from the uncertainty in the pressure reading,
which was taken from a Foxboro recorder in
connection with a Manganin cell and estimat-
ed at 1.5%. The quantities Cjjp;’ and Cyjps”
are the isothermal pressure derivatives of
the adiabatic elastic constants.

From them the mixed adiabatic~-isothermal
partial contractions I';jp/®’ = Ciprym and Tyip/®
=Cjjklmmpp ©of the tensors of the TOE and Oil

Table I. Adiabatic elastic constants Cijkzs (in 10%
dyn em™?), their first isothermal pressure derivatives
Cijrl' (dimensionless), and their second isothermal
pressure derivatives Cgjpl” (in 107 dyn™* om?) for
three cesium halides,

CsCl CsBr Csl

Ciyf  8.670£0,017  3.063£0.017  2.452£0,015
Cip®  0.889£0.013  0.8090,018  0,667#0,016
Ci®  0.808£0,009  0.753£0.010  0.628+0.010
Cqyt’ - 7.01£0,23 6.710,26 6,72 0,25
Cyp'  5.14%0,22 5.210,31 5,12 0,30
Cpw'  8.6920.15 3.81£0,19 8.84£0,18
Ciygs"  —6.82L2 °©  =7.5%L5 ~9.22 1,6
Cyip” -1.8%1.1 -2,4%1.7" ~3.0% 1.7
Ciap”  =2.6%0.7 ~2.2£1,0 -2.541.0

e

constants can be determined by means of Birch’s
formula for the zero-pressure value of the first
pressure derivative,*®

S
aC 1
fo ijkl _ S (3)
Comr < 7€ e %5251~ 5: %" -
ap 3B
T -
and its extension to the zero-pressure value of the second pressure derivative,®
2 S
3 C.. 1
- ijkl _ 5 S ; (3) (4)
Cimnt < op > .x [(A+3B")C,, +(4+3B T, "+ Ty ) @)

T

Here BT = 3C;4j;T is the isothermal bulk mod-
ulus, B'=3C;;j;' its isothermal pressure deriv-
ative, both at zero pressure, and & the Kroneck-
er symbol. The numerical data are listed in
Table II. It is apparent that the partial contrac-
tions of the TOE constants are about 10 to 25
times, and the partial contractions of the FOE
constants about 200 to 500 times larger than

Table II. Partial contractions I'jjgs ®)=Cijklmm and
T jjki W =Cijklmmpp of intermediate adiabatic-isother-
mal TOE and FOE elastic constants (in 10! dyn cm™2).

the corresponding second-order elastic constants
This illustrates the slow convergence of the
Taylor expansion of the internal energy with
respect to the Lagrangian strains. All partial
contractions are negative for the TOE constants,
but positive for the FOE constants. Validity

of the Cauchy relations for the TOE and FOE
constants would require that I';,,,®'=T,, ,®’

and I';,,,%’=T,,,“’. Obviously these relations -
are approximately fulfilled both for the TOE

and for the FOE constants with the deviation
increasing from about 10% for CsCl to about

CsCl CsBr Csl 20% for CsI.

Typs® —43.942.9 —36.2+2.7 —30.0£1.9 iz, P, Chang, G. R. Barsch, and D. L. Miller, Phys.

Ty ® —21.7%2.0 -18.9%2,2  -15.4%1.6 Status Solidi 23, 577 (1967).

L@ —24.4%1.8 -21,4+1.8  =17.9%1.3 2R. K. Cook, J. Acoust. Soc. Am. 29, 445 (1957).

Puis™ 730+ 130 600+130 490 +100 *Ww. C. Overton, Jr., J. Chem. Phys. 37, 117 (1962).

ruzzm 410+90 360100 29070 F. Birch, Phys. Rev. 71, 809 (1949).

Ty, @ 460 = 80 420+ 80 350+ 60 5G. R. Barsch, Phys. Status Solidi 19, 129 (1967).
G. R. Barsch and Z. P. Chang, to be published.
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Pressure Dependence of the Elastic Constants

of Single-Crystalline Magnesium Oxide
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New precision measurements have been made of the pressure dependence of the clasiic con-
stants of MgO single erystals by using the nltrasonie pulse superposition method in connee-
tion with an automatic peak finder. The vesulis for the first pressure derivaiives of the elastie
conzsdants lic mostly between the earlier data of Bogardus and the data of Anderson and
Andreateh and essentially agree, within the joint experimental error, with both scts of values.

The pressure dependence of the elastie con-
stanis of single-crystalline magnesinm  oxide
(MgO) has been measured by several authors
[Susse, 1961; Bogardus, 1965; Anderson and
Andreateh, 19G6]; however, there are some
digerepancies among these values. Because of
the importance of maanesium oxide as a major
constituent of the mantle, it is highly desirable
to obtain more accurate values of the elastic
constants and their pressure dependences. In
addition, magnesinm oxide is of interest beeause
of many high-temperature applications and be-
cause of its chemieal stability in the atmosphere,
+ which makes MgO uscful as a standard for the
elastic constants and their pressure derivatives.

For these reasons, new measuremenis were
made with an improved experimental iechnigue
and increazed experimental accuracy by using
one of the six specimens of Bogardus [1065].
The purpose of this note iz to report the results
and to present a careful evaluation of the total
experimental error.

The elastic constanis of maenecsinm oxide
were determined from ultrasonie velocity meas-
urements as a funetion of hydrostatic pressure
up to 10 kbh. The pulse-superposition method of
MecSlkimin [1061] was used with an automatie
peak finder constructed by Miller [1960] ac-
cording {o the principles put forth hy MeSkimin
[1965] and McSkimin and Andreateh [1067].
Ultrazonic wave pulzes were generated and
received with X-cut and ac-cut quartz trans-
ducers of 0.35-inch diameter with a resonance
frequeney of 20 MIIz. The pressure was deter-

Copyright © 1969 by the American Geophysical Union.

mined by measuring the resistance change of a
manganin cell with a Carey-Foster {ype bridee
obtained from the Harwood Engincering Co.,
Walpole, Massachusetts. The temperature of the
speeimen was monitored with a thermocouple,
and the measured values of the repetition rate
frequency were converted to 25°C by using
values for the {emperature cocflicients of the
clastic constants that had Lieen determined with
the same ultasonic interferometer.

The speeimen was identical with one of the
crystals used by Bogardus [1965]. It was prepared
from a larger single-crystalline specimen (pur-
chased from the Norton Co.), which had been
obtained by cooling from the melt. Only minor
traces of Si, Al, Ca, and Ie could be found by
qualitative speetrochemieal analysis. The density
was measured as 3.579 ¢/em® and agrees well
with the Xeray density of 3.581 calculated from
the lattice constant of 4.213 A reported by
Swanson and Tatge [1953]. The faces of the
specimen were oriented to within 15 min in
the directions [110], [1T0], and [001], and the
respeetive dimensions are 11.5 X 11.2 X
14.2 mm.

Measuremenis were made for four wave
modes, the three pure modes with propagation
in the [110] dircetion and the longitudinal mode
propagating in the [001] dircetion. This pro-
cedure permits one internal check among the
data. The relation between pJI™® (where ps
denotes the initial density and 1 the natural
veloeity introdueced by Thurston and Brugger
[1064]) and pressure, shown in Fizure 1, can
be scen to be lincar. A least-zquares method was
uzed to determine the three sccond-order adia-
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batic elastic constants and their isothermal
pressure derivatives by using the formulas given
by Thurston and Brugger [1964]. The standard
error was calculated from the mean-square de-
viation, and the total error was determined by
including an estimated error of 0.1 and 1.0
for the density and pressure, respectively. The
clastic constants and their pressure derivatives
were also converted to purely isothermal and
purely adiabatie conditions by using the stan-
dard formulas [Voigt, 1910; Barsch, 1967] and
the thermal and thermoelastic data tabulated by
Barsch and Chang [1967]."The results are listed
in Table 1 together with the values for the
shear modulus ¢, = 15 (cy — ¢5.) and for the
bulk modulus K. The second-order elastic con-
stant data are in good agreement with the
values of Bogardus [1965] and Anderson and
Andreateh [1966]. Also ineluded in Table 1 are
the results reported by these investigators for

O

CHANG AND BARSCH

the izothermal pressure derivatives of the adia-
batic clastic constants.

The data reported as the values of Bogardus
were ealenlated from the measurements under
hydrostaiie: pressure, which are given in Table
IV of Bogardus [1965] and have been published
betore [Barsch and Chang, 1967]. The value
for the pressure cocflicient of the bulk modulus
eiven here differs from the value reported by
Bogardus [1965] beecause of a numerical error
in that paper and beeause Bogardus used the
measurements under uniaxial stress in addition
to the values under hydrostatiec pressure. The
values for the pressure coefficient of the bulk
modulus listed in Table IX of Bogardus [1965]
were caleulated from the equation (dK*/dp) =
—(1/9K) (ci1 + 6cna + 262) + 1, where
K* = TVy(ap/oV) is the bulk modulus with
reference to the initial volume Vo, and ¢, Cus,
and ¢ are third-order elastic constants. Since

® @

306+ 1569 T T T
@ Mg O
" 3044 15674
-
o
= -1 302215651
o
N
2
>
a - @Tru0
o
(o) P#(001)
~ 300+ 15634
=
o2
2.93-+ 1564
296+ 1559

e 34
PRESSURE (K BAR)

-+3.6l
-1.05
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+3.57
-1.03

+3.56

+3.55
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T3.53
-1.01

T3.52
-1.005 +-3.515

B8 9 VI

Fig. 1. pJJV? versus pressure for MgO. L and 7' dcnote longitudinal and transverse waves, re-
spectively; P2 denotes the direction of particle motion,
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Second-Order Elastic Constants (in 10" dynes/em?) of MgO and Their Pressure Derivatives

(Dimensionless) at Zero Pressure
= Y(en — ci); K = bulk modulus; S and 7" denote adiabatic and isothermal condluons, respectively

(Po = 3.579 g/em3, T' = 25°C).

M cn TS Cit Ci K Reference
AMS 29.661 9.508 15.581 10.078 16.226 Present work
=+0.030 -0.011 +0.016 4:0.010 4-0.017
MT 29.401 9.248 15.581 10.078 15.967 Prezent work
(@MS/ap)s S.98 1.81 1.09 3.57 4,22 Present. work
(OMS/ap)y see ve 1.03 3.31 ¥sle Susse [1961]
8.93 1.76 1.20 3.59 4.16 Caleulated from
Bogardus [1965]
0.477 1.992 1.160 3.743 4.497 Andcrson and
Andreateh [1966)
(at 23°C)
9.16 1.82 15 3.67 4.27 Present work
40.10 +0.09 +0.06 +40.06 +0.08
@MT/ap)y 9.18 1.84 1.12 3.67 4.29 Present work

ihe pressure derivative of the bulk modulus
K = —V(ap/dV), with refercnee to the in-
stantancous volume V, is given by (0K/ap) =
(OK*/ap) 1, the values reported in Table
IX of the Bogardus paper should be decrcased
by 1, giving, for example, (0K/dp) = 3.8 for
MgO.

Yor (de/dp), (@c./ap), and (dc,/dp), the
results of the present work agree within the
combined experimental error with Dboth the
data caleulated from  the measurements of
Bogardus [1965] and the results of Anderson
and Andrecatch [1966], if it is assumed that all
three sets of data are subject to the same ex-
perinental error that is reported for the resulis
of the present work. Yor (dc,/dp) and (9K /ap)
the diserepancy is larger than this combined
experimental error. With the exeeption of

TABLE 2. Linear Combinations of the Adiabatie-Isothermal
Third-Order Elastic Constauts (in 108 dynes/em?) of MzO

ca = cint + 2cny, c6 = 2cim 4 i, and ce = cir + 2ccar

(T = 25°C).

Ca € Ce Reference

~508.5 —25.9 =—120.5 Bogardus [1065]

—506.0 —16.0 —121.1 Caleulated from Bogurdus
(1965}
~-5320 —=57.1 =119.1 Anderson and Andreateh [1966]
(at 23°C)
—=516.2 —48 8 ~—117.3 Present work
+1 8 +15 +2 7

(dc./0p), all results of the present work lie
between those of Bogardus [1965] and those of
Anderson and Andreateh [19G66]. The values re-
ported by Susse [1961] for (de./dp) and
(dc./ap) are considerably smaller than any of
the other values,

The three linear combinations of the inter-
mediate third-order clastic constants, which can
be defermined from the isothermal pressure
derivatives of the adiabatic elastic constunts,
are given in Table 2. Again, the values caleu-
lated from the measurements of Bogardus
[1965] are bazed on his hydrostatic data only.
The data given in the first line are based on the
individual third-order clastie constants listed in
Table V of Bogardus [1965], which were caleu-
lated by neglecting the difference between the
adiabatic and isothermal bulk moduli. 1t is ap-
parent that the effect of this approximation to-
gether with the inclusion of the measurciments
under uniaxial stress is especially pronounced
for c..
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