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Pressure Dependence of Ela.stic Consta.nts of Cesium Halides1),2) 

By 

Z. P. ClUNG G. R. BARSCH, and D. L. MrLLER 

Tbe single crystal elasti c constants of CsCI, CsBr, and Csl have been measured at 13 °C 
as a function of hydrostatic pressure. The maximum pressure ranged from 2.3 to 6 kbaT' 
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 COlll­

pared with theoretical data by Nran'yan and Gbate. Also, the stabi lity of the cesium 
chloride structure under pressure is discussed. 

Die elastischen Konstanten von CsCI-, CsBr- und Csl-Einlu-istallen wurden bei 13 °C 
in Abhangigkeit vom hydrostatischen Druck gemessen. Del' HochstCUllCk lag zwischen 
2,3 und 6 kbar und wurde Hir zwei Versuchsreihen auf 10 kbal' erhoht. lnnerhalb del' Mcl3-
geuauigkeit wurde eine lineare Drllckabhangigkeit del' elastischeu Konstanten gefllnden . 
Die expel'imentellen Ergebnisse werden mit tbeoretischen Daten von Nran'yan und Ghate 
verglicben. Del' Druckeinflul3 auf die Stabilitiit del' CsCI-Struktur wird diskutiert. 

1. Introd uction 

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 (A I, Cu, Ag, Au): A2 (Li, Na, K , Fe); 
A3 (Mg, Cd); A4 (Si, Ge); Bl (LiF, NaF, NaCl , KCI, KBr, KI, RbI , MgO); 
B2 (W -CuZn); B3 (GaAs); Cl (CaF2); C8 (0(-Si02) · In addition , a few isotropic 
materials have been measured also (polystyrene, pyrex glas , fused silica, and 
several poly crystalline materials). Strangely enough, the only representative 
of the B2 structure that has received attention until recently was brass (W­
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 Cs = i (cn - C12 ) is negative [1]. From tllis one 
may infer that the B2 structure becomes lillstable under pressure and that 
at sufficiently high pre. sure CuZn should transform into a different structure 
or decompose into two phases. 3 ) In order to decide whether this instability is 
due to the specific nature of the cohesive forces in CuZn , or whet.her 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 th.is 

transition and to determine its nature. 
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three elastic constants of single crystalline CsCI, 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 Specirrten and Tf'u.nsduce1's 

Single crystals of CsI and CsBr were purchased from Harshaw Chemical 
Company, while a single crystal of CsCI was grown in this laboratory by O. D. 
Slagle by means of the Bridgman technique. All specimens were oriented to 
within 0.50 by means of the Laue back reflection technique and cut and ground 
to the shape of rectangular parallelepipeds with edges 8 X 10 X 12 mm3 (CsCl), 
10 X 12 X 12 mm3 (CsBr) and 10 X 9 X 9 mm3 (CsI). Due to the odd orientation 
and shape of the CsI crystal, a small tetrahedral-shaped corner of the size of 
about 8 mm3 was missing in this case, but this irregularity was well outside 
the ultrasonic beam cross section. For the wave propagation the [100] and [llO] 
directions were chosen for CsCI and CsBr, whereas for CsI, because of the less 
favorable orientation of the available crystal the [lll] and [ll2] directions 
were selected. For the generation of longitudinal and transverse waves 20 MHz 
X-cut, and Y- or AC-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, !lond Dow Corning resin 276-V9 
was used for measurements under hydrostatic pressure. 

2.2 Ultf'{lsonic Technique 

In general , the velocity measurements were made by means of the pulse 
superposition method of McSkimin [19]; however, for CsCI 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 i 
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. 

I 
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2.:-1 PreSSll1'e Systent 

The equipment used for the generation of hydrostatic presslU'e 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 temperatlU'e 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. Experimcntal Rcsults 

For CsCl four independent runs were made up to 3 to 4 kbar , and for CsBr 
and CsI 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 eo W2 versus 
pressure p where eo 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 <1l0) directions the relationships 
between the slope of eo W2 versus p were given in [22]. For pure waves in the 
( 111) and ( 1l2) directions , they can be derived in the same manner and are 
given in Table 1. As usual, BT = 1/3 (ei; + 2 e?~) denotes the isothermal bulk 

} 'ig. 1. Qo n'! n 'rsus press ure 
for CsCI. 
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Fig. 3. Q, W' versus pressure for OsI 

modulus at p = 0, and Co = Cm + 2 ~12 ' Cb = 2 cll2 + C123 ' Co = C144 + 2 ~66 
are three independent linear combinations of the intermediate third order 
elastic constants [23]. Obviously, the linear combinations of C. , Cb, Co occurring 
for each mode in the expression for (eo W2)' are of the same type as those of 
cu, C12 and ~2 occurring in the expression for eo V2. 

From the expressions of (eo W2); =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 OsOl specimen. 
The agreement was good to 0.1 % of the smallest quantity involved, indicating 
good self-consistency of the measurements. 

The data shown in Fig. 1 to 3 were analyzed in terms of a least square fit to 
a straight line. The results for the adiabatic elastic constants c~v are listed in 
Table 2, those for the linear combinations Ca, Cb , Cc of the T.O.E. constants 

~--------------------------------.............. ..J~ 
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Table 1 

Expressions for eo V2 and (eo ]V2)' at zero pressure foJ' wave propagation 
in two directions of cub ic crystals under hydrostatic pressure 

581 

Propagation I Displacement 
direction direction 

[ lU] 

[Ill] 

[112] [110] 1 ( • s 4 ) (3 cll - en + C~4 

TabJe 2 

- 1 _ 2 10 _ _ 1_ c" - Co + CC 

3B'l' 3B~' 3 

Adiabatic elast ic constants c~" and isothermal cIa t ic constants cr." at 13 °C (in 1012 dyn cm-2 ) 

--

I 
1£1' 11 

I 
12 I 44 

I s I B 

s 0.3683 ± 0.0018 0.0893 ± 0.0015 0.0817 ±0.0009 0.1395±0.0008 0.1822 ± 0.0016 Ctt II 

CsCI -- -- --
'l' e,l I' 0.355 0.0756 0.0817 0.1395 0.168 

--

0.0827 ± 0.0013 I 0.0760 ± 0.0008 s 
ul-lll 0.3077 ± 0.0015 0.1125 ± 0.0007 0.1577 ±0.0014 

esBr - - - - ---
cr, " 0.2951 0.0702 0.0760 0.1125 0.145 

- -

0.0659 ± 0.0012 1 0.0644 ± 0.0012 
--

s 0.2462 ± 0.0032 0.0902 ± 0.0016 0.1260 ± 0.0019 C,t " 
CsI -- --

[ 0.0644 'I' 
CIt I' 0.239 0.0589 0.0902 0.119 

as calcu lated from the equations in [22J 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 sand Bare u ed to denote the shear 
modulus Cs = 1/2 (cn - C12) and the bulk modulus cB = 1/3 (cn + 2 C12), 

respectively. For all directly measmed 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 pressme measurement for which an estimate of 2% has been used. 

In Table 2 the isothermal elastic constants cr.v have been included, and in 
Table 3 the purely adiabatic and the purely isothermal linear combinations 
c~ and c;' (0. = a, b, c) are presented also.4 ) These data were calculated by using 
the standard formulae as discussed in [231 and from the numerical values of 
the required thermomechanical constants co mpiled in [24]. The purely adiabatic 

4) The data of Tables 3 and 4 have been reported in a prev ioll s publication [24). Due to 
a revision of the numerical analysis slight changes have been made for all valu es referring 
to CsI, so tha.t. the data in Tablcs 3 and 4 supersede t hose given in [24). 
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Table 3 
The three linear combinations Ca (IX = a, b, c) of the third order elastic 
constants at 13 °C (in 1012 dyn cm-2 ) for the three thermodynamic 

boundary conditions 

cS 
a - 4.36 -2.15 - 2.39 
--

CsCI Co< - 4.31 ± 0.Q7 -2.13 ± 0.14 - 2.38 ± 0.Q7 
--

cT 
'" 

- 4.42 - 2.24 - 2.38 
------

cS 
'" 

- 3.57 -1.76 - 2.13 

CsBr c'" - 3.48 ± 0.08 - 1.79 ± 0.08 -2.11 ± 0.15 
--

2' 
c'" - 3.61 -1.92 - 2.11 

--~ --
S 

c'" -2.95 - 1.46 - 1.73 
--

Csl c'" - 2.95 ± 0.24 - 1.46 ± 0.13 - 1.75 ± 0.08 
--

2' 
c'" - 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!, c"" c; of the T.O.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! - ca , are smaller than the experimental 
error, except in one case. The difference between the isothermal and the 
intermediate linear combinations, c; - c"" 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. . 

Included in Table 4 are also the intermediate pressure derivatives for CsBr 
and CsI 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 valu es given in the abstract quoted as reference [18]. 

-- -- -
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'Vl'iting th e isothermal equation of state in the form 

~ V b 2 3 --= ap - p + cp + · .. 
Vo 

(1) 

the first two expansion coefficients are related to thc bulk modulus and its 
pressure derivative by 

a = B'1" (2a) 

b = 2 (~T)2 [(8:: )T + 1] . (2b) 

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 6.. VI Vo p versus p from these data were made to obtain the 
coefficients a and b. The bulk modulus and its pressure derivative were 

Table 4 

Adiabati c. interm ediate, and isothermal pressure 
derivatives of the elastic constants at 13 °C 

It v 
I 

11 12 
I 

44 
I 

s 
I 

B 
, 

---

( 8C.'~ ") 6.31 4.76 3.22 0.77 5.28 
8p s 
-- . - - --

CsCI ( 8C~,) 6.82 ± 0.2 5.05 ± 0.3 3.56 ± 0.2 0.89 5.64 
8p '1' 

----- -

( 8C~' ') 7.07 5.30 3.56 0.89 5.89 
8p '1' 
--

(8Cf, ') 5.89 4.54 

I 
3.34 0.68 4.99 

fJp s 
, - -

CsBl' 

I 
( fJCi~ ') 6.30 ± 0.2 4.93 ± 0.2 3.68 ± 0.4 

I 
0.68 5.38 

8p '1' 5.81 *) 4.37 *) 3.20 *) 0.72*) 4.85 *) 
---

I ( 8C;~ ') 6.63 5.26 3.68 I 0.68 5.71 
8p '1' 

---- -
~ 

(~;;: ")s 6.14 4.67 3.40 0.74 5.16 

- -- --- --

CsT (8Cf,,) 6.57 ± 0.7 4.90 ± 0.4 3.72 ± 0.2 0.84 5.46 

8p '1' 6.68 *) 5. 11 *) 3.88 *) 0.78*) 5.63 *) 

CC~,) 6.90 

I 
5.23 3.72 0.84 5.79 

I QP T I 
*) Experimental \·alu es by Koliwad and Ruoff [18]. 

38 Jlhysi en 23/2 
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Fig. 4. Comparison of ultrasonically determined i other­
mal bulk modulns 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 
axis, it can be seen that the agreement 
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 
on the pressure range seems to indicate 
the influence of the fourth and higher 
order expansion coefficients in (1) which 

were neglected in the calculation of BT and (OBTjop)p. These higher order 
terms would become more pronounced at higher pressure, leading to an appa­
rent pressure dependence of the expansion coefficients a and b. In addition, 
or alternatively, any systematic error can also cause such an apparent pressure 
dependence. 

In Table 5 the linear combinations c~ of the isothermal T.O.E. constants 
are compared with theoretical room temperature data6) 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 100 % in some cases. For the first choice of the repulsive para­
meter Ghate's theoretical value of cT is quite close to the experimental value, 
but cc and c; are too small. For the second choice of the repulsive parameter 
the aggreement is improved for cr and c~ , but deteriorated for cr. 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 del' 
Waals interaction. Although many-body forces may contribute to the discre­
pancy their influence cannot expected to be very large because the Cauchy 
relation Cb = Cc is approximately fulfilled for the experimental data. It should 
be noted, however, that the difference Cb - Cc is positive for tl;1e experimental 

6) 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 t heoretical values of 
the linear combinations G~:, c'r;, c't of the isothermal 
t hird order elastic constants (at 13 °C in 1012 dYl1 em -2) 

CsCI 

CsBr 

Csl 

(a) 
Exp 
Th. 
Th. 
Th. 

(b) 
(c) 

Exp 
Th. 
Th. 
Th. 

Exp 
Th. 
Th. 
Th. 

(a) 
(b) 
(c) 

(a) 
(b) 
(c) 

-G~' 

4.42 

I 4.18 
5.44 
3.37 

3.61 
3.68 
4.58 
3.10 

3.06 
3.02 
3.83 
2.68 

2.24 
1.17 
2.43 
1.31 

1.92 
1.11 
2.03 
1.32 

I 1.57 
1.02 
1.88 
1.28 

: 

I 

-c~' 

2.38 
1.02 
2.03 
1.11 

2.11 
0.96 
1.68 
1.15 

1.77 
0.86 
1.49 
1.13 

(a) P . B. Ghate [30] (Hardness parameter b = 0.3333) 
(b) P. B. Ghate [30] (Hardlless parameter b from [31]) 
(c) A. A. Nran'yan [32] 
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data, whereas it should be negative according to all three theoretical estimates_ 
Thu · assuming that the effect of temperature is properly taken into account 
in t he theoretical data one must conclude that many-body contributions 
should cause deviations from the Cau chy 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 C44 and Cs (and of the bulk 
modulus) are positive for all three cesium ha lides , it appears that they remain 
stablc under pressure. Thus on the basis of the pressure derivatives of the elastic 
constant. · t here is no evidence for a high pressure phase transit ion in the cesium 
halides. On t he ot,her hand the instability of W -CuZn that may be predicted 
from the negative sign of 8cs/8p should be due to the specific features of the 
meta lli c 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 Cs may have a maximum 
and clecrease with pressure at sufficiently high pressures. Thus it appears that 
the B2 structure may become unstable at high pressure for ionic bonding also, 
a nd that the differences between ionic and metallic bonding affect the stability 
of t,he 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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(Received 26 October 1967) 

The pressure dependence of the elastic constants of CsCI, CsBr, and CsI was mea­
sured up to 10 kbar by an ultrasonic 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 
Csl were measured at 298°K as a function of 
hydrostatic pressure up to 10 kbar by using 
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the ultrasonic-pulse superposition technique. 
This extends previous measurements1 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 C12, and much less for Cll and C44• 

It was taken into account by Cook's method, 2 

FIG. 1. Square of reciprocal transit time of trans­
verse waves (propagating in (110J and polarized in 
[11'0]) versus pressure for CsCI, CsBr, and CsI. The 
solid lil?-es 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.s 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 1. 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 Cijkl' and Cijkl" 
are the isothermal pressure derivatives of 
the adiabatic elastic constants. 

From them the mixed adiabatic-isothermal 
partial contractions rijkl3

) = Cijklmm and rijkr) 
= Cijklmmpp of the tensors of the TOE and FOE I 

Table I. Adiabatio elastio constants Cijkl (in 10" 
dyn cm-2), their first isothermal pressure derivatives 
Cijkl' (dimensionless), and their second isothermal 
pr essure derivatives CUlil" (in 10-11 dyn-l om') for 
three cesium halides. 

CsCI CsBr CsI 

Cll11~ 3.670 =*: 0.017 3.063 =*: 0.017 2.452=*:0.015 
C1122 0.889 =*: 0.013 0. 809=*:0.018 0.667=*:0.016 
c l2ll 0. 808:1:0.009 0.753:1: 0.010 0.628=*: 0.010 
C 1111' 7.01:1: 0.23 6.71=*:0.26 6.72:1: 0.25 
C1122' 5.14:1:'0.22 5.21=*:0.31 5.12:1: 0.30 
C12 12' 3.69:1:0.15 3.81:1: 0.19 3.84=*:0.18 
C1111" -6.8:1: 1.2 -7.5:1:1.5 -9.2:1: 1.6 
C1122" -1.8=*: 1.1 -2.4 :H.7 ' -3.0:1: 1.7 
C1212" -2.5:1:0.7 -2.2:1: 1.0 -2.5:1: 1.0 

constants can be determined by means of Birch's 
formula for the zero-pressure value of the first 
pressure derivative,",11 

(1) 

and its extension to the zero-pressure value of the second pressure derivative,6 

(

a2c S 

C "= ijkl) = 
1 S ~)~) 
T2[(1+3B')C"kl +(4+3B')ri ' k1 +ri' k1 ]. (2) 

i'kl 2 J ap 
T 

9{J3 ) t) 'J 'J 

Here B T = iCiijjT is the isothermal bulk mod­
ulus, B I = ZCiijj' its isothermal pressure deriv­
ative, both at zero pressure , and {j the Kroneck­
er symbol. The numerical data are listed in 
Table n. 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 r ijkl (3) = Cijklmm and 
r ijkl (4) = Cijklmmpp of intermediate adiabatic-isother­
mal TOE and FOE elastic constants (in 1011 dyn cm -2). 

CsCI CsBr CsI 

r (3) -43.9:1:2.9 -36.2:1:2.7 -30.0:1: 1.9 
1111 (3) 

-21.7=*:2.0 -18.9:1:2.2 -15.4:1:1.6 r 1122 (3) 
r 1212 -24.4:1: 1.8 -21.4:1:1.8 -17.9:1: 1.3 
r 1111 (4) 730:1: 130 600 ± 130 490 ± 100 
r 1122 (4) 410± 90 360:1: 100 290± 70 
r 1212 (4) 460:1: 80 420:1: 80 350=*:60 
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the corr esponding 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 r 1122 (3 ) = r 1212 (3) 

and r 1122 (4) = r 1212 ("). 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 
20% for Csl. 

1Z. P. Chang, G. R. Barsch, and D. L. Miller, Phys. 
Status SoUdi ~ 577 (1967). 

2R. K. Cook, J. Acoust. Soc. Am. 29, 445 (1957). 
SW. C. Overton, Jr., J. Chem. Phys.;rr, 117 (1962). 
4p. Birch, Phys. Rev. 11. 809 (1949). 
5G. R. Barsch, Phys. Status Solidi 1J!., 129 (1967). 
6G. R. Barsch and Z. P. Chang, to be published. 
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Pressurc Dcpcndcncc of thc Elastic Constan ts 
of Singlc-Crystallinc Magncsi um O xidc 

~ . P. C1L\:\G A:\J) G, n. HAHSel[ 

,Ua[ci'uds R cscflrch Lavorato!'y 01lri ])('WITlmcllt of J '''!I,~ ics 
P l:Il1!SlIit;(lIIia Slate /..; I,i l'CI'si[!I, U ni uCTsi[ y l 'ad', 1'('1111,< II I L'C/Ilirl l USfJJ 

Kcw ]lrl'ci~ioll ll1C':lSUrCI11(,llts bal'c becn l1l:idC' of the pre,sure d"]1l'n<knrc of the cl:1stic (,Oll ­

stnuls of :'II gO ;ingle crystnls by l1:,im: the IIllr:l ~onic pul:,1' slljJL'rpo;:ilion Illl'liJod ill ('OllnN: ­
tion \\'ilh :1Il nll(olll:llit: ]w:lk find!'!'. The n'~u l ls for the jir~!. rrc,<;;1II'(> (kri l'ali\'('s of the eLlsl ic 
(' on"~:l!Ils lie mO.;l ly betwccu the earlier d:lla oj Bu~ardus and the d:ll:i of ~\nd('r.<on rind 
,\udrca!t:h and e~seulin lly agree, withiu the joillt, experim ental ('rrol', with Lolh sets of \':tiues. 

Thc prcssure d('pclldencc of thc C'h~tie CO I1-
S(:l1lts of sil1~le-('!'~':::l;lllillc I1ln~I1(';:i!lJll oxide 
prgO) has been lllc;I"ured 1).1' sel'('l';11 authors 
[Susse, 1!)61; JJogarrills, 1 !)n5; Andcl'son and 
/lndrcalch, ElGGJ; hO\\'CI'er, there :lre SOIllC 

discrC'p:mcies among thC':"e \'nluc:: , Hc('nll::e of 
the import:mcc of J1lngne:<iulll oxidc [IS :1, m[ljol' 
con.:3 titucllt of (he ll1:1ntle, it is hi g.:h l~ ' desir:1ble 
to obtain more :1cellrate \':lIues of j he eb;:;lic 
constants and thcir pre,,~urc dependcnces, In 
:1cIdilion, 111:1 !';n('si II 111 oxidc is of inlcre:,t bCC:lll:'C 
of lTI :1ny high-lel1l]1cr:1turc npplil::1iio1l3 nnd bc­
cnuse of its chcmic:11 sl:1hilit~, in thc n\lno,"]1h('re, 

. which mnkes l\IgO u~e:flll as :1 stand:ml for the 
eln;:lic constanls nlld their Jlr cs~me dcri\':1til'C';:, 

For thc::c re:1:,ons, )lCI\' lllC;l~lIremenl s \ycre 
m:1de \\'ilh :1n improl'Cd cxperilllcllt:tl technique 
and incre:1"cd C'xpnilllental :1CCur:1(,~' h\' u;:ing 
one of the six ~pecilllcn;; or nO!l,mlll~ [ lOti:>]. 
Thc purpo~e of 1 his nole i:: to J'cjlorl t hc rC:: lIlt;; 
:1ne! to ]lrci'cnl :1 c[lreful c\':1lll:1ti(ln of the totnl 
expcrimcntal crror. 

Thc ehstic con~tnllts of mn!!ne,~ il lm oxide 
were detcrmined from lIltr:l"onic \'l' l(lcit~, IllC:lS­
urC'lllcnts ns n fun ct ion of hydroctnlic 1)J'C'o<ure 
up (0 10 kb. The j1ul.3e-i'uperpooili·11l mel hod oi 
McSl .. illlin [1001J wn ~ u,<C'd with :1n nutol11:1tic 
pC'nk filltll'r con;:t rllcle<l by ,lIillc/' fJ !In';)] :1C­

cord ing to the prin cipks pill forth 11\' J!cS! .. imin 
[l()G:~] and Jl cSI .. illlin and ..Il1drca/clt [10137]. 
Ultr:1~onic wnye ]1ul"cs wcrc gellt'r;1ted :1nd 
J'eccil'ccl "' itlt X-Cllt :me! :1C-cut qU[lrlz trnns­
duccrs of O,35-inch di:llllcter ",ilh n rC'~on .1 ncc 

frequency of ~O :'II 11 z, The prc~~lIre 1\,:lS ticlcr-

mined b~' mC:1~uril1g thc re;:i:;t:1ll('C' chnnp:e of :1 
m:IIl(!:tnill cell wilh n C:\I'l'~'-Fo"tcr t~ ' pe bridge 
ohta incd from the II:I\'\\'ood Enp:illC'C'rin(! Co" 
Iralpolc, :'IIa ~,:;1chu;:elts , The tem]1crnture of the 
~JlC'c inJ('1l \\':1 ':: monitored \\'ilh a, thcnnocoupl c', 
nml the Il1cn;;urcci y:1lue~ of (hc repelition r:lte 
frequC'l1c'y \\'crc cOIlI'crled to :?;jOC by w:in ,!!: 
nlue;; for the tC'llll'eralurc coemrir J\t s of thC' 
el:1:;tic const:1llts that lwd ];ccn determined I\'ith 
thc ~;1mc 1l1t :150JJ ic interferometer. 

The specimen was identical wilh onc or thc 
cryslal.s uscd by Bogardus [J UG:jj , It \I'as prepared 
fJ'om :1, brgcr sing;lc-rrystallille spccimen (pur­
eh:1sed from the Xorton Co,), ",hi e-h lIne! been 
oIJt:1inccl by cooling from the melt. Only minor 
tr:1CCS of Si, AI, Ca, find Fc could he founel by 
qunlitntiyc speclroehclllicnl :tna l~' ;;i;: . The dcnsity 
\I'ns measured as 3,57U p:/ cm3 :1ne! :1 g: rccs I\'e ll 
wi l h j he X-r:lY clcnsi ty of 3,5S 1 c:llcuh led from 
the I:tUiee conslalll, of ,1.213 :\. rcporter! by 
Swanson alld '[al(le [1 !)3Jj . The fnccs of the 
specimC'J1 wcre orienlC'd 1,0 within 15 mill in 
the dircclions [110], [lTo], and [00]], :1nc! the 
respectil'e dimell siolls :1re 1l.5 X 11.2 X 
1,1.2 mm. 

:'IJca;;urel1lcnls wC're m:lclc for fou l' W:1YC 
mode':;, 1he th rC'c ]1lll'C mod('s with Jlr()p[I~f1ti()n 

in the LllO] din:c tion nnd the IOl1[!itu<iinal modc 
propflgalin(! in the [OOJ] dirl'ction, Thi3 1'1'0-

('c<.lurc permits olle intel'll:l l chC'('k :1!11011!!: t ltc 
da(:l, Thc rcla tion bel\l'C'C'n r "I!" (whcre r . 
denotcs thc inili :11 clcn:;ity ;111cl Jr the nntllrnl 
\'(·l oc ity int roduccd hy Til IIrSIOIl Qnd n rll(l(lcr 

[I LI G~]) :1l1d prt::<urt, ~!tO\\' Jl in Fi ~lI\'l) 1. C:1n 
bc ~C'e ll to be lill(':l !'. ,\ il-;"t-::qllnI'C'3 IIIClhod \I'n s 
" "eJ to dCtcnnine the threc ~ccond,orJe r :tdi:t-

3201 



32!J2 C IL\;\ O .\::\J) 11 .\ HSC I! 

kttic cb :; 1 ic consta nt s flnti their i~o t hCI"Il):\I 
prC'5-'; ure dcri"n til"('s by u.~ in!!: the forll1uh" !! i" cn 
b~' Thu rston nlld T1 n/(I(lcr [10GI]. The ~t:t nd:'lrd 
!'ITor \\'ns cnlcul:1l eo from the mC':l l1'Sljllnre dc­
yinlion, ~JIl J the tOI :11 C' lTor \\'n;; dC'tC'rmineci b~' 
in ("l udin~ nn e5lim:ltcd crrnr of OJ nnti 1.0':;' 
for the dC'n ~ it.y nllt! prCS;, llI"e, n'5pec ti'·ely. The 
C'lnstic const:lllts find their pres.-ure deri" at i" es 
we're :1150 cOllycrtcd to ])urelr i;:ot hermnl nllLl 
pllrC'I ~' ndi:lbatic conditiolls br u~in~ the ~t fln­

danl f0I111llI:1S [r aigt, I!) 10; Barsch, 10G7] and 
the thC'l"mal :t nd thennocb5! ic. da ta. tnbuI.1ted by 
Barsch alld Chong [1067J."rhe rC'51111s nl'(, li"ed 
in 1'nble 1 together wi th the \":1111C'5 for the 
shen!' modulus e, = % (ell - c,,) :lnd for the 
bulk modulu5 Ie The ~C'co nd-order C'1:1:;1 ic COIl­
slnll t tbta. nrc in goorl ngreenwnt with the 
ynilies of Bogardus [1011.j] fine! Andason ond 
Andrcaich [1%6]. A]';o included ill Table 1 nrc 
the results reported by these illYestig:ttors for 

. 3.04 1.567 

N 

:::I! 3.02- 1.565 
u .... 
Z 
>-
0 

N 

-2 

.. 3.00 1.563 
~ 

0-,0 

2.93 1.56! 

the i . .:ot hcrm nl prC'" nre drri"nti" es of the aelia­
J., [l l ic c1:t:'lic con.:' lnnts. 

The dnl n rrrorted ns the \'nlues of TIoga rdus 
wrre c:l1cul:1 lC'd frolll the men~u rement.3 under 

' ll\'tlr o~ t:1lic ' pr'('2sure, which arc gin' lI in Table 
1\' of BO(lol'(/lIS [ I nti:>] and h:1" e been publi5hed 
I)elore [/Jell 'sch alld Challg, Hl67]. The \'alue 
for (he pre:i:iure coefl\c ient of (he bulk modulus 
l!in' ll here difi'e rs from the nlue reported by 
UO(J(ll'd lis [ I flG5] be(,:1u~c of a numerical error 
in Ih :1t. p:1pe r nntl hec:1 u ~e Bogardus used the 
1ll( ':l ~ llI't'nH"n(s under llniax inl st rC'~s in addition 
to Ihc "[lhlP;; un leI' h ydro~tatic prc;::;:uI'C. The 
" ;111IC5 for the pl'('~.~ ure coeHicient of the bulk 
1l10ciuh15 Ii,ted in Table IX of B oga.rdus [1065] 
\\'el'e ca1culalrd from the equation (DIC;/ap ) = 
- (l ,'!) [{) (e ll, + 6c", + 2e"., ) + 1, wherc 
Ie ' = l-.(Dp/ ar) is the bulk modulus ,,,ith 
referencc to the initia l volume Yo, :1I1d ell', C"., 
and C

'
C':l arc third-order clast ic con5tants. Since 

@ @ 
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Fig. 1. P.W' \'c rsus Iw ·.-;.-ltrC for '\fgO. j, nne! l' de notc longitudinal ;11lc! Lraus\'er~e' waycs, re­
spectively; I' denotcs tlte direct ion of particle motion. 
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TABLE 1. Second-Order El:1stie COI\~lal\l s (ia 10" d'yne~/<:m') of ::\1g0 and Their Pressure Dcri\'alives 
(DimcJl.';ion ic . .;s) at Zero l'rc~,;urc 

c. = ~(CII - CI:); l\. = blllk modullls; oS !IIIO '1' oenote !ldiab:llic fino isotllennal conditions, respp.clively 
(po = ~, 57!l g/cm l , '1' = 25'·C). 

M Gil Cit · C .. C, ]{ Reference 

MS 29.001 9.;'OS 15.;'SI 10.078 10 .220 Presellt work 
±O.O:IO ±0.OI1 ±0.0 10· ±(1.01O ±0.O17 

/1fT 2!lAtH !l.2.JS 15 .[,SI 10.07S 15.%7 l're5ent wllrk 
(iJ,v s/<1p)s S.!lS 1.S1 1.09 3.57 1.22 Pre~e llt . work 
(iJ.'Is /,1Plr 1.03 3 ,~~·1 SUSS() 11%1 j 

8.93 1. 70 1. 20 3.59 4.10 Calcllbtl'u from 
Bogardus IIOli.j j 

9.177 1.992 1 ,IGO 3.743 4.497 A lIdcrsO l1 (Inri 

9,IG 1.S2 LIZ 
±0.10 ±0.09 ±O.OG 

(iJUT /iJplr 9.1S 1.S4 1.12 

the pressure dcri\':l ti\'e of th e bulk mouulus 
]{ = -1'(cJp/ cJV), with reference to the in­
stlmt:lneous yolume TT, is gi\'en uy (iJl';/ clp) = 
(cJK::/Dp ) - I, the ":litH'S reported in T :11)le 
IX of the 13og:lrdllil p:1per should be decren~ecl 
by I, gi"ing, for example, (cJJ{/cJp) =,3 .8 for 

1I-1g0. 
For (iJc,jDp), (Dc,,/up ), and (uc./up) , th e 

results of th e pi'l'scnt work :1gree within the 
comuined experimental (' lTOI' wilh both the 
d:l!:L calcllbtrd frolll nlc mr:J.sl!I'rllll'nls of 
Bogardus [J ~li·) l :lIId the fe-cu lt.s of Anderson 
and Andrealell rJ!1GG], i f it is :l~~\llllecl Ih :lL :11l 
three i;.ets of (bt:l :lre sub jc'cL to the ,:ame ex­
perilllent:ll error th:1t is reportee! for th e re .-; uI1 5 
of t he present \\"ork . For (uc,, / iJp) :1nd (cJl{/ up) 
the C\i5c rep:lllcy i .~ larger th a n this cOllll,iucd 
experimental error. ,rith the exception 01 

TABl/E 2. l..in l'n r Comhination3 of the .\dinbntic-J:-oolltf'nnul 
Third-OrdC'r Elastic Conslalll.", (in 1011 dYI1(':S f C 1U '!) of .:"1 ;::0 

ta -= Cut + 2t'11~. ell = 2Cl~1 + CI:;, auJ. c( = Cttl + 2""1 

(1' = 25 'C) . 

Co ell Itdcrencc 

-503.5 -25 .9 - I ~O 5 1I,'g,Jr.}'" 11 %·:;1 
-SOG .0 - ·11i .0 -1~1.1 ("n1clllal<cJ from /lIJ01lfJuI 

11 %~1 
._ [,J;! 0 -57 . 1 -IIIl 1 . t 1101, r,'COIl and .·1I1 drclltrli 11 DOli) 

(ut 2:i 'C) 
-51G ,2 -188 - II • . :1 1', 1.· .... l· IIL work 

± ·I 8 ± ·l :; ±2 • 

Anilrrcr/I'h I1UtiGj 
(at 23°C) 

3.07 4.27 Present \\'ork 
±O.OG ±O.OS 

3.G7 ,1.29 Present work 

(cJc,, /up ) , all r esults of the pre;;enl work lie 
bet\H·rn tho~e of lJo[lordlis [19t\5] :llld Ihu:,e uf 
Anderson alld .'lnd/'ca lch [10GG]. The ":lIli es re­
ported by ,sllSSC [HH31] for (uc,,/i.!p) and 
(cJc./cJp) arc con~idernlJly sl1l:l ll er than any of 
the other \' nlll es . 

The three lin p:1 r c0ll1hin:ltion5 of the inter­
mediate third-order el:1 .3 tic constants, whir-h ran 
he detrrmin ecl from the i;:othc·rmal pl'eii~ure 

derinlti\'rs of the :ldiabatic c1:1.otic ('on ~ t:tnl~, 

nrc ~i\'(~ n in T:lble 2. Ag:lin, the \' :1II Il':' c:drll ­
later! from the mr:l~lIrenwllt ;; of 13 o(Jrzl'(lu .~ 

pnn-51 :lre lJa,ed on his h~'dl'll:3l:J. tic d:1\;l 0111\' , 
The (hl :1. gi\'en in the fir~l Iille :1re b:l;Oed 011 the 
indi\'idlla l third-o rder l'1",tic constallls Ji ,tccl ill 
T ah le " of BO(Jurd liS [1£) (,5 ], which were C:l1rll­
hied by Jl ('~ l cc ting tlt e d ilTc'rCllce 1)('(\\"('e ll the 
adi:d"ltir: a\l(l isotherm:l l bulk In odllli. It to !lP­

parcnt tklt tlte cITcrt of tltis approximation to­
gether with the in c1tl:,ioll oi the me:l.~ !II' (,Il1Cnt.~ 

under uniaxial stre~5 is r;:pccially pronoll nced 

for c.' 

AckIlO'IC/r'd(J1II CI! I . This work was ~lll'portcd b~' 
Ihe U, S. OOiee of ::\a\":ll H( '~(':m.· h unJ cr l'untr:tct 
:\"onr-G:iG(2i). 
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slanls for cubic s~·mnl('fr.\·, 1. n" , il' forInube, 
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