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The adiabatic elastic constants of single-crystal ammonium chloride have been measured at 20 Mc/sec
as functions of temperature and pressure in the region of the lambda transition. At atmospheric pressure,
data were obtained over the range of temperature from 150° to 320°K. At five temperatures, evenly spaced
between 250° and 310°K, measurements were made as the pressure was varied from 0 to 12 kbar. The values
at 300°K and atmospheric pressure are: ¢uy=23.815, ¢44=0.8878, C'=1.4698, in units of 10! dyn cm™2. A
hysteresis of the critical temperature, equal to ~0.9°K at atmospheric pressure, was observed; this hys-
teresis disappears rapidly as the hydrostatic pressure is increased. The results are in good agreement with
those predicted for a compressible Ising model. In particular, it is concluded that the order—disorder transi-
tion in ammonium chloride is not of a simple lambda type. It is proposed that NH,Cl is unstable in the im-
mediate vicinity of its critical point and undergoes a first-order transition.

INTRODUCTION

MMONIUM chloride undergoes a lambda transi-

tion of the order—disorder type which involves
the relative orientations of the tetrahedral ammonium
ions in a CsCl-type structure. As a result of electro-
static attractions, the most stable orientation of the
NH,* ion in the cubic unit cell is for the hydrogen
atoms to point toward the nearest-neighbor CI~ ions.
Thus there are two possible positions for the ammonium
ion. In the completely ordered state, all NHst tetra-
hedra have the same relative orientation with respect
to the crystallographic axes (at least for a given do-
main) ; in the completely disordered state, the orienta-
tions are random with respect to these two positions.!
Strictly speaking, the NH,* ions librate about their
equilibrium positions in both the ordered and disordered
state.?

In many respects NH,Cl is an ideal crystal for study-
ing cooperative order—disorder phenomena. The orien-
tational ordering is of a simple kind, completely analo-
gous to the spin ordering of a simple-cubic ferromagnet
in zero external field. The difference in interaction
energy between parallel and antiparallel NH4* ions is
very largely due to octopole-octopole terms between
nearest NHy+ neighbors? and thus the Ising model
is quite a good approximation for a NH4CI lattice.
Furthermore, the ordering process should have little
effect on the dynamics of such an ionic lattice. For
these reasons, the theory developed in the preceding
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papers?® (called Papers I and II) for the mechanical
behavior of an Ising lattice should be directly pertinent
to an interpretation of the elastic properties of am-
monium chloride.
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F16. 1. Phase diagram for NH,Cl. The high-pressure, low-tem-
perature field corresponds to the ordered phase. The data points
were obtained from the abrupt “break” in the ultrasonic shear
velocities at the \ transition point (see Figs. 8 and 9) ; the vertical
bars indicate static volume measurements of Bridgman.” The
light lines numbered 1 through 7 represent isochores at various
volumes (see legend of Fig. 5 for values of V).

The present paper reports the results of a variety of
ultrasonic velocity measurements which have been
made on single-crystal ammonium chloride. Both lon-
gitudinal and transverse acoustic waves were studied
over a wide range of temperature (150°-320°K) and
pressure (0 to 12 kbar). In these investigations special
emphasis was given to the “anomalous” behavior near
the lambda transition. As shown in Fig. 1, the transi-

#C. W. Garland and R. Renard, J. Chem. Phys. 44, 1120
(1966)

(159?6-) Renard and C. W. Garland, J. Chem. Phys. 44, 1125

1130




1131

tion temperature is a fairly strong function of pressure,
increasing from ~242°K at 1 atm to ~308°K at 10
kbar. Ultrasonic velocities at a constant pressure of
1 atm have been measured previously® by a pulse-echo
method as a function of frequency and temperature,
and no dispersion was observed between 5 and 55
Mc/sec. The temperature dependence at 1 atm has
been restudied, and the pressure dependence of the
velocities were measured at five fixed temperatures
spaced between 250° and 308°K. Thus, we have very
precise velocity data on both the ordered and dis-
ordered phases. These experimental data will permit
us to separate the effects on the elastic properties of
changes in volume and changes in temperature from
the effects due to changes in ordering (at constant
V and T).

The results presented below are given in terms of
the variation of the three adiabatic elastic constants
¢u, ¢u, and C’, which can be obtained directly from
the experimental sound velocities. Third-order elastic
constants are not used, and for pressures above 1 atm
the quantities ¢i1, cu, and C’ are “effective” elastic
constants.” The relations between the ultrasonic veloci-
ties and the elastic constants of a cubic crystal are
well known:

(1)

where p is the mass density of the crystal and U, is the
velocity of a longitudinal sound wave traveling in the
[100] direction;

(2)

where U, is the velocity of a transverse wave traveling
in the [100] direction and polarized in any direction;

C'=(ecu—c1)/2=pU.?, (3)

cu=pU?,

Cu=p Utzi

where Uy is the velocity of a transverse wave traveling
in the [110] direction and polarized perpendicular to
the [001] axis;

cutcu—C'= PUI'Z; (4)

where Uy is the velocity of a longitudinal wave travel-
ing in the [110] direction. Values of U;» were measured
only at 1 atm as a check on the internal consistency of
the data.

EXPERIMENTAL WORK

In order to achieve both a very good absolute accu-
racy and an excellent relative precision for all the
velocities, measurements were made with the pulse-
superposition technique. This method, developed by
McSkimin,®? involves applying identical external pulses
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to the sample at a repetition rate N=1/¢ such that ¢
is approximately equal to some integral multiple (p)
of the time delay between successive echoes. When
the value of ¢ is slowly varied, the amplitude of the
superposed echoes will oscillate between a maximum
value corresponding to all echoes being in phase and
a minimum value corresponding to successive echoes
being out of phase. The general expression for an in-
phase value of ¢ is given by®?

1= pd— pv/360f+n/f, )

where {(=1/N) and the rf carrier frequency f are
known by direct measurement, p is an exact integer
determined by the mode of operation, and §=2L/U
is the true round-trip transit time for a plane sound
wave with velocity of propagation U traveling back
and forth inside a sample of length L. In order to
determine & one must evaluate v, the phase shift (in
degrees) associated with the reflection of the sound
wave at the transducer+-seal end of the sample, and
the integer » which indicates which of the in-phase
conditions is involved. (For n=0, the first rf peaks of
all the superposed echoes coincide; for =41 the first
peaks of successive superposed echoes are displaced by
one period of the carrier frequency, etc.) The value of
v can be calculated® from the acoustical impedances
of the sample, seal, and transducer, the thicknesses of
the seal and transducer, and the frequency f. All of
these quantities are known with sufficient accuracy
except the seal thickness. In order to determine the
seal thickness and the # values, in-phase values of ¢
were determined at two different frequencies—fz, the
resonance frequency of the transducer, and a second
frequency between 0.90fz and 0.95fz. Although the
pulse-superposition method is experimentally and com-
putationally more difficult than the pulse-echo method,
it has the great advantage of involving the measure-
ment of a frequency rather than of a time delay and
of allowing one to evaluate quantitatively the effect
of reflections. Further refinements of this method are
given in a recent paper by McSkimin. The only dis-
advantage of this method for the present investigation
is the fact that it cannot be used under conditions
where the sample has a very large ultrasonic absorption.

All of the measurements were carried out in the p=1
mode of operation since this is the best method for the
unambiguous determination of the n=0 value of ¢. In
order to observe the superposed echo signals in this
case it is necessary to interrupt the sequence of ex-
ternal pulses. This is easily achieved by using the A+
gate of a Tektronix 545A oscilloscope to block the
generation of external pulses during the time of the
A sweep. A block diagram of the electronic circuit is
shown in Fig. 2; although equivalent to the original
McSkimin setup, the present apparatus involves differ-
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