THERMODYNAMIC PROPERTIES OF AMMONIUM HALOGENIDES
NEAR THEIR TRICRITICAL POINTS
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A study was made pertaining to anomalies of the specific heat of NH,Cl and of
NH,Cl;-xBry solid solutions. It has been discovered that in addition to a
classical tricritical behavior (a=0.5) there can also occur "Ising" anomalies
(¢ 0,1) in the vicinity of tricritical points,

The behavior of an ideal system in the vicinity of its phase transition point T¢ of
the second kind is quite adequately described on the basis of prevailing theoretical con~-
cepts, It is well known the anomalies of the thermodynamic functions near these points can
be characterized by power-law relations for the referred temperature t=(T — Tc)/Te. The
value of the critical power exponent can be determined approximately by the renorm-group
method and they agree closely enough with experimental data in the case of simple nearly
ideal systems. In real solids the hardening process is often complicated by various secon-—
dary effects, which can completely alter the anomalies of thermodynamic properties in the
vicinity of the disordering point. One of the most interesting anomalies in the behavior
of such complex real systems is the instability effect and jumpwise disordering. Imn such
substances there occurs a phase transition of the first kind which is near that of the second
kind. Phase transformation begins far from the critical point, just as one of the second
kind, but at some temperature the system becomes unstable and at this point transition is
completed by a jumpwise change in the order parameter and of other thermodynamic parameters,
which is characteristic of phase transition of the first kind., As the external parameters
of such a system (pressure, concentration, fields) are varied, there can occur a change
from one kind of behavior to the cther, i.e., from transition of the first kind to tramsition
of the second kind or vice versa. The system has then a so-called tricritical point. On
the phase diagram this is a singular point, where the line of tramsitions of the first kind
without discontinuity becomes a line of transitions of the second kind.

For a study of triple-point phenomena, we had selected the NH,C1—NH,Br system. The
ordered elements in this system are NH, tetrahedra, which can have two different orienta-
tions in the cubic lattice of the halogens. In this respect, the system is analogous to the
Ising model, Accordingly, NH, tetrahedra can form two kinds of ordered structures: the §
phase corresponds to the ferromagnetic kind of ordering and the y phase corresponds to the
antiferromagnetic kind of ordering. The ordering process in NH,Cl under atmospheric pressure
proceeds as a phase transition of the first kind close to one of the second kind., Under pres-
sures above 1.5 kbar it becomes a phase transition of the second kind. A change of the kind
of phase transition is also expected in NH,Cl—NH,Br solid solutions.

The occurrence of phase transitions of the first kind close to those of the second kind
in the NH,Cl—NH,Br system was originally attributed [1] to appreciable strictive-fluctua-
tional interaction (compressible Ising lattice). Indeed, the parameter dTc¢/dP characteriz-
ing the compressibility of a lattice has a value one order of magnitude higher for this
system than for most magnetic systems, Lately, however, researchers are more inclined to
regard competing interactions [2] as the decisive factor which brings about phase transitions
of the first kind in this system. It is well known [3] that direct octupole—octupole interac~
tions of tetrahedra can result in forming the § phase only, The existence of a y-phase
structure can be explained by indirect interaction of tetrahedra through halogen ions [2],
The relative strengths of these interactions can be varied through external factors, Com-
pression of the system will increases the role of direct octupole—octupole interaction.
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Fig. 1. Surface of anomalous specific heat for NH,Cl in the
vicinity of the triple point: curves 1-5 pass through experi-
mental points corresponding to pressures: 1) P=0; 2) 0.3<
P<1.5 kbary; 3) 0.7<P<2,2 kbar; 4) 1.3<P< 3,0 kbar; 5)

2,4 <P<4,2 kbar; isolines 6-9 correspond to sections of the
surface where Tc(P) — T is constant and equal to: 0.2, 0.5,
1, and 2°K, respectively; Cgnom is in cal/mole-deg.

Fig. 2. Dependence of the critical exponent a for NH,Cl on
the pressure at temperature T <T.(P). Notation corresponds
to various methods of mathematical processing of experimental
data for construction of the Capom(P, T) surface and its iso-
baric sections.

In NH,Cl,_4Brx solid solutions, on the other hand, an increase of the bromine concentration
will shift the relative strengths of direct interaction and indirect interaction in the
opposite direction, i.e., increase the role of indirect interaction. The object of this
study was to examine the thermodynamic properties of the NH,Cl—NH,Br system in the vicinity
of phase transitions over a wide range of relative strengths of these competing interactiomns.
Accordingly, we studied the anomalies in the temperature dependence of the specific heat

of NH,Cl under high pressure (up to 4 kbar) and over the 200-320°K temperature range. In
parallel were also studied the anomalies of the thermodynamic properties of NH,C1l,-xBry solid
solutions., The specific heat of ammonium chloride under high pressure was measured with an
adiabatic vacuum calorimeter. An autonomous high-pressure cylinder [4] was used as the
calorimeter vessel. Since measurements in an autonomous vessel are not made under a con-
stant pressure, supplementary experiments and appropriate mathematical processing of data
were needed for obtaining the specific heat Cp at constant pressure, With the thus obtained
three-coordinate Cgnom(P, T) curves, on the basis of altogether approximately 500 points,

and by the method of spline functions was then plotted, with the aid of a computer, the
surface of anomalous specific heat in the vicinity of phase transition lines (Fig. 1).

The values of Cypoy in isobaric sections of this surface were approximated with power func-—
tions

Canom= A + Bv—=
according to the method of least squares.

According to published data [5], the § phase of NH,Cl has a tricritical point at P =
1.5 kbar and T=256°K. According to theory, a classical tricritical point of a system
occurs where the coefficient of the fourth-order invariant in the Landau—Ginzburg—Wilson
Hamiltonian becomes zero., Noncorrelated (Gaussian) fluctuations are then playing the main
role in the anomaly of the thermodynamic properties of the system, The critical exponent
a is 0.5 near such a Gaussian tricritical point. The pressure dependence of the critical
exponent a according to our experiment is shown in Fig. 2., It is evident here that under
pressures up to 1.8 kbar.the system behaves according to the classical description of a
tricritical point. With rising pressure and farther away from the tricritical point,
however, the value of the exponent gradually approaches that which corresponds to a plain
phase transition of the second kind in the three-~dimensional Ising model (a=0.12).
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Fig. 3. Phase diagram of the NH,Cl,.4xBryx system.

Fig. 4. Hysteresis (AT°C) of the phase transition
temperature as a function of the molar fraction x
of bromine in the NH,Cl;.xBry system: 1) data of
study [6], 2) results of this study, 3) data of
study [8], 4) data of study {9}; jump of the di-
electric permittivity Ae/eo at the phase transition
point as a function of the bromine concentration
%, according to data in study [8].

The study continues with the anomalies of the thermodynamic properties of NH,Cl;_ xBrx
solid solutions in the vicinity of the tricritical point of its y phase, The phase diagram
of NH,Cl,—xBryx solid solutions is shown in Fig. 3. The process of disordering in the §
phase as well as in the vy phase near the tricritical point is a phase transition of the
first kind with pronounced hysteresis effects and with jumpwise changes in volume and in the
dielectric permittivity. At bromine concentrations higher than a 0.5 molar fraction there
also appears a hysteresis of the transition point. The fact that the transition becomes less
of the first kind at medium bromine concentrations [6-8] indicates that within this range of
concentrations (x=0,2-0,5) there must exist a range of phase transitions of the second kind
which is on both sides bounded by tricritical points (Fig. 4).

The specific heat of NH.Cl,-xBry solid solutions with x=0.,25, 0.37, and 0.5 respec—
tively was measured over the 200-300°K temperature range. The specimens had been prepared
from aqueous solutions of ammonium chloride and bromide with homogenization inside a sealed
vessel at T=180°C for 40-80 h. The final composition and homogeneity of these specimens
was checked by chemical and spectral analysis. The results of x-ray examination suggest
that these solid solutions can be regarded as ideal ones. ' The deviation of their lattice
parameter from Vegard's law did not exceed 0,01%.

Measurements of the hysteresis of the phase transition temperature have revealed that
within the given range of bromine concentration there probably exists a range of phase transi-
tions of the second kind. At any rate, for the specimen with x=0,37 it was not possible,
with our experimental accuracy (AT <0.01°K), to detect any hysteresis of Te. The specific
heat was measured in an adiabatic vacuum microcalorimeter with a 0.3 cm?® large volume [10].
The normal part of the specific heat was determined just as in the earlier studies [11, 12].
The values of exponent o obtained for three specimens were found to correspond to the a=0,1
exponent in the three-dimensional Ising model., It is hardly probable that a range of clas-
sical triecritical behavior exists between the given bromine concentrations. Estimates of
the width of such a range, if it existed, were made con the basis of comparison with the known
width of this range for NH,C1l and they indicate that the range of bromine concentrations
with a classical tricritical power exponent would have to be Ax=0,2 then. It therefore
could not be detected in our experiments with the given specimens., It remains for us to
assume that in this case we have encountered an anomalous tricritical point, one at which
the anomalies of the thermodynamic properties are due to a buildup of correlated fluctua-—
tions. This is why our experiment has yielded the usual "Ising" value of exponent « in the
vicinity of such a non-Gaussian tricritical point,

The possibility of existence of non-Gaussian tricritical points was predicted earlier
in theoretical studies [13, 14] for special cases of a compressible system. Those studies
have not answered the basic questions as to whether, e.g., there is a single criterion for
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the occurrence of such tricritical points and the behavior of systems in the vicinity of
such points can be described unambiguously. We expect our results to attract the attention
of researchers to many unanswered questions pertaining to nonclassical tricritical points,

NOTATION

o, critical power exponent of specific heat; Canom, anomalous part of specific heat;
Cp, specific heat at constant pressure; T., phase transition temperature; 1, referred tem-
perature; P, pressure; and x, bromine concentration, in molar fractions,
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