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The heat capacity of deuterated ammonium hexachlorotellurate (ND ), TeCl, was measured at
temperatures T from 5 K to 325 K by adiabatic calorimetry. A small anomaly in the curve of
heat capacity against temperature was found at T=(89.5+0.3) K with a maximum C, ,, =
23.84-R, A,,S5, =(0.23440.006) - R. The discovery of this anomaly supports the presence of a
rotative displacive transition similar to that involving TeCl%~ in the undeuterated salt. In
addition, two A-shaped transitions were discovered at T =(31.440.1) K, with a maximum
Cpm=347"R, A, S5 =(0.8611+0.007) R, and at T =(47.6+0.1) K, with a maximum C, , =
18.6 R, A, S;, =(0.247 £0.006) R. Smoothed values of the standard thermodynamic quantities
for pure (ND,),TeCl, are tabulated up to T=320K.

1. Introduction

The ammonium hexahalogenated metal salts in the family (NH,),MX, (M, a
transition metal or polyvalent ion; and X, a halogen) usually crystallize at room
temperature into a cubic antifluorite structure of space group Fm3m or No. 225 O;
and are ideal models for studying molecular motion in solids. The NH} ion, situated
at a tetrahedral lattice site, is able to overcome the low barrier to rotation about its
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threefold axis. At room temperature, NH] experiences classical hindered rotation
and, at temperatures T < 40 K, quantum-mechanical tunnelling. Some saits in this
family undergo structural phase transitions and change into a phase of lower
symmetry as the temperature is lowered.") Other salt pairs, e.g. K,SnClg,® and
(NH,),SnClg;® and K,OsClg,** and (NH,),0sCl,,® show no evidence of a
transition in spite of its presence in the alkali analogue. The (NH,),PtCly,® and
(ND,),PtClg,(” pair is an example where a structural transition occurs in the
deuterated analogue which is absent from the ammoniated salt.

The pair (NH,),TeCl; and (ND,),TeCls is particularly interesting in that
experimental results of >>Cl n.q.r. and Raman spectra at low temperatures suggest a
structural phase transition near T=85K in both compounds.® 'Y That the
deuteration failed to affect this transition indicates that the anomaly is probably not
associated with rotational motion of the NHJ. Neutron-diffraction studies
confirmed the transition at T=85K in (NH,),TeClg and showed that the high-
temperature cubic Fm3m structure changes to trigonal R3 at T <85K. This
transition is classified as rotative displacive in which the static rotation angle of the
TeClZ~ octahedral ion shifts by a few times n/180 relative to its orientation in the
cubic phase. In addition, a small distortion of the lattice and a slight displacement of
the NH; occur along the 111 direction. Recent adiabatic-calorimetric experiments
on (NH,),TeCl, revealed a continuous curve of heat capacity against temperature
from T=S5K to T= 350K, but with a small anomaly near T = 86 K for which the
transitional entropy increment A28KS;. amounted to only (0.071+0.028)-R =
R-1n 1.07.*® This finding is consistent with the subtle change of the rotative
displacive transition.

Whereas (NH,), TeCl, shows no further transitions at lower temperatures, such is
not the case for (ND,),TeCls. Results from 2D n.m.r., *°Cl n.q.r., and Raman
spectroscopy suggest additional transitions at T=45 K and T = 25K involving the
cations.® 'Y However, no crystallographic studies have yet been reported on the
structures involved. In this paper, we report adiabatic heat-capacity measurements
on (ND,),TeCl,, which were undertaken to determine the enthalpy and entropy of
the transitions.

2. Experimental

The sample of (ND,),TeCl, was provided by Professor J. Pelzl of Ruhr Universitit,
Bochum, Federal Republic of Germany. The Guinier—de-Wolff diffraction pattern
done on the (ND,),TeCl, sample when received by us was in agreement with the
standard pattern for this compound and (NH,),TeCly: No. 9-392 as determined by
the Joint Committee for Powder Diffraction Standards.!3"'% Its structure was
face-centred cubic at room temperature with a=(1.0200+0.0002) nm, which
compares with a = (1.0194 +0.0002) nm for (NH,),TeClg."?

The molar heat capacity C,,, was measured from T=5K to T=325K by
adiabatic calorimetry in the Mark XIII adiabatic cryostat, which is an upgraded
version of the Mark II cryostat described previously.!® A guard shield was
incorporated to surround the adiabatic shield. A Leeds and Northrup capsule-type
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platinum resistance thermometer (laboratory designation A-5) was used for
temperature measurements. The thermometer was calibrated at the U.S. National
Burcau of Standards (N.B.S., now NIST) against the IPTS-1948 (as revised in
1960)*7 for temperatures above 90 K, against the N.B.S. (NIST) provisional scale
from 10 K to 90 K, and by the technique of McCrackin and Chang® below 10 K.
These calibrations are estimated to reproduce thermodynamic temperatures to
within 0.03 K between 10 K and 90 K and within 0.04 K above 90 K.*? The effects
of changing the temperature scale to ITS-90 vary over the range 90 < T/K <350
from +0.020 < (Ty0—Tu/K < —027, and for the range 14 < T/K <90 from
—0.008 < (Tyo— Tss)/K < 0.018.21-22 The changes in heat capacity, enthalpy, and
entropy resulting from the conversion from IPTS-68 to ITS-90 have been shown for
a number of materials to lie within the experimental error of the measurements over
the range from T=16K to T =2800K.%?Y Measurements of mass, current,
potential difference, and time were based upon calibrations done at N.B.S. (NIST).
The heat capacities from about T=5K to T=350K were acquired with the
assistance of a computer, which was programmed for a series of
determinations.?#-*» During the drift periods, both the calorimeter temperature and
its first and second derivatives of temperature with respect to time were recorded to
establish the equilibrium temperature of the calorimeter before and after the energy
input. While the calorimeter was operating, the heater current and potential
difference as well as the duration of the heating interval were determined. Also
recorded was the apparent heat capacity of the system, which included the
calorimeter, heater, thermometer, and sample.

A gold-plated copper calorimeter (laboratory designation W-99) with four internal
vertical vanes and a central entrant well for (heater + thermometer) was loaded with
(ND,),TeCl,. After loading, the calorimeter was evacuated and pumping was
continued for several hours to ensure that moisture was no longer present in the
sample. After addition of about p =30 kPa (at T = 300 K) of helium gas to the vessel
to facilitate thermal equilibration, it was then sealed by means of an annealed gold
gasket tightly pressed on to the stainless-steel knife edge of the calorimeter top with a
screw closure about 5 mm in diameter.

Buoyancy corrections were calculated on the basis of a crystallographic density of
2.406 g-cm~3 derived from the unit-cell edge of our sample. The mass of the
(ND,),TeCl; was 6.77675g (£0.0176275mol based on its molar mass of
384.442 g-mol ' calculated from the 1985 TUPAC recommended relative atomic
masses of the elements).?%

The thermal history of the (ND,),TeClg is represented by the following linear
array. The arrows denote either cooling or heating, which correspond to the
acquisition of heat-capacity results.

300K —2"LsK - oKk - unKk YL s6K

Series I Series II

PP LasKk 2L 305K

Series 111
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3. Results

The experimental molar heat capacities for (ND,),TeCl, are presented in table 1,
where the temperature T represents the midpoint of the temperature intervals. The
measurements were made in three series beginning at 7=35.2K and ending at
T =325 K. Except for experimental points in the region of the A-shaped anomaly,
the standard errors in our heat-capacity values vary from ~0.01-C, ,at T=10K
to <0.005-C, , at T > 25 K. The heat capacity of the sample represented about 0.40
to 0.80 of the measured total heat capacity away from the regions of the anomalies.

The sample was supplied as a fine yellow powder and judged not to require further
grinding. Particle size and thermal history are factors that influence hysteresis effects
in some ammonium compounds.‘?3-27 Once loaded into the calorimeter, our sample
of (ND,),TeCl; was cooled directly from 300K to 5K in 33h, when the
measurements began. No differences are apparent among the heat-capacity values in
the region of overlap from our three series of measurements.

A plot of experimental values of C,, /T against T from T'=6.6 K to T=322K is
shown in figure 1, where three anomalies are evident. One A-shaped transition peaks
with very high values around T = 31K, and two smaller anomalies reach their
maxima near T =47 K and T =90 K. By carrying out heat-capacity measurements
with sufficiently small temperature intervals, the temperature where the heat capacity
of each reaches its peak was found to be T=(3144+0.1)K, T=(47.6+0.1)K, and

TABLE 1. Experimental molar heat capacity of (ND,),TeClg
(M =384.442 g-mol~1; R=8.31451J-K~!-mol %)

T/K C, /R T/K C, n/R T/K C, /R T/K C, /R T/K Cp.m/R

Series | Series 11 47.28 16.95 97.76 2397 197.09 3147
6.59 0.148 23.74 4317 47.89 16.92 99.54 24.21 202.33 31.72
8.24 0.339 2549 4.943 48.60 14.94 101.35 24.38 207.53 31.96
9.00 0.462 27.37 5.699 49.33 15.09 103.27 24.65 212,71 3213

10.05 0.613 29.28 6.842 50.04 15.22 105.49 24.90 217.89 32.30
11.24 0.809 30.67 1343 51.00 15.13 108.11 25.30 22310 3247
12.52 1.083 3141 34.74 5297 15.74 110.98 25.66 228.31 32.61
13.86 1.387 32.09 15.97 55.78 16.73 114.13 2598 233.63 32.83
15.21 1.741 33.16 9.522 58.75 17.37 117.69 2633 239.07 33.01
16.62 2.092 3437 9.976 61.72 18.33 121.73 26.70 244.48 33.18
18.05 2491 35.52 10.55 64.68 18.88 126.02 27.17 249.89 3333
15.58 2.947 36.59 10.88 67.82 16.58 130.61 27.62 255.44 33.46
21.21 3471 37.77 11.38 71.12 20.30 13543 28.01 261.18 33.67
22.87 4.006 39.31 12.07 74.60 21.22 140.12 28.40 266.89 33.82
24.54 4.639 41.30 12.76 78.66 22.11 144.87 28.68 272.53 33.98
26.23 5.241 43.15 13.46 81.64 22.67 149.62 28.90 278.18 34.19
2793 6.017 44.62 14.18 83.31 2294 154.51 29.29 283.75 34.36
29.67 7.559 46.23 15.38 85.20 23.33 159.70 29.59 289.36 34.53
31.00 2326 48.04 15.82 87.06 23.73 165.10 29.83 294.89 34.67
3292 12.77 50.26 15.05 83.90 23.84 170.50 30.17 300.39 34.82
35.94 10.61 52.73 15.64 90.73 23.82 175.87 30.57 305.86 34.95
38.84 11.85 55.05 16.47 92.51 23.50 181.20 30.81 311.31 35.11
41.40 1291 Series IIT 94.29 23.49 186.56 31.02 316.75 3525

45.40 14.45 96.03 23.70 191.83 31.26 322.17 3542
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FIGURE 1. Experimental molar heat capacities C,, ,, at constant pressure plotted against temperature
T for (ND,),TeCl,. The region T <25 K is enlarged in the lower right-hand corner.

T=(89.51£0.3)K for these three anomalics. Two passes were made through the
region of the A-shaped transition at 31 K (see the thermal history above, Series I and
II) and reproducible heat capacities resulted. The details of this peak and of that at
T=47K are shown in figure 2. The point at T=3292K with C,,/R=12.77
contains a contribution from the A-shaped transition at T = 31 K causing it to lie ofT
the smooth curve. The reproducibility of our measurements of the enthalpy and
entropy changes through these regions is indicated in tables 2 and 3 where the
transition enthalpy and entropy increments are listed.

The anomaly centred about T=90 K is shown in detail in figure 3, where the
continuous curve reaches its greatest divergence from the lattice curve at T=89.5K
and merges again with the lattice heat capacity at T=95K. The excess molar
enthalpy and entropy associated with the anomaly amount respectively to A, H., =
APRHL =(1922+0.04)-R-K and A,S, = A235SS = (0.23440.006)- R, where
R =8.31451J-K~'-mol~!. The reproducibility of our measurements of the enthalpy
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FIGURE 2. Experimental molar heat capacities C,, , at constant pressure plotted against temperature
T through the region of the two lowest A-shaped transitions from about T=25K to T'=55K for
(ND,),TeClg. — — —, The lattice heat capacity.

TABLE 2. Summary of the thermophysical quantities through the transition at 7, =(31.410.1) K for
(ND,),TeClg (R=28.31451J-K~1-mol~1!). T; and T, denote the beginning and ending temperatures,
respectively, for two enthalpy determinations (Series I and II) through the transitions

T,/K T,/K ATHGAR-K)  ARR*Hn/R-K)  A3R*Sn/R
27.080 34.394 82.84 68.89°
28.411 33.789 69.14 68.85¢
Mean: 68.874+0.02
Graphical integration: 68.89+0.01° 2.217£0.004
Lattice contribution: 41.88+0.01¢ 1.356 +0.003
A Hy /(R-K): 26.99 +0.03
s S/ R 0.86140.007

¢ Independent determinations.

b Error due to the uncertainty in the position of the experimental heat-capacity curve through the peak
of the transition.

¢ Error due to the uncertainty in the position of the lattice heat-capacity curve through the region of the
transition.
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FIGURE 3. Experimental molar heat capacities C, ,, at constant pressure plotted against temperature
T through the region of the uppermost transition from about T=70K to T=100K for (ND,),TeCl,.
— — —, The lattice heat capacity.

and entropy changes through this region is indicated in table 4, where the transition
enthalpy and entropy increments are listed. Integration of the smoothed heat
capacities and the enthalpy and entropy increments through the anomalies yielded
the thermodynamic functions. The smoothed curve of heat capacity was made by a
spline fit to the experimental points, except in the region of the anomalies where the
curve was hand-drawn to yield enthalpies in agreement with those determined
experimentally and shown in tables 2 to 4. Values of C, /R and the derived
functions are presented at selected temperatures in table 5. The corresponding values
for the lattice heat capacitics beneath the two anomalies, drawn by smooth
interpolation of the curves, are shown in parentheses and plotted in figures 2 and 3 as
broken lines. The smooth lattice curve touches the solid line from T=33.5K to
T = 36.5 K. In assessing the enthalpy and entropy changes associated with these two
anomalies, the “extra” heat capacity above T =36.5 K was taken to belong to the
upper anomaly in figure 2, and that below T = 33.5 K was assigned to the lower-
temperature anomaly. The heat capacities of (ND,),TeClg below T =6K were
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TABLE 3. Summary of the thermophysical quantities through the transition at T, =(47.6+0.1) K for
(ND,),TeClg (R =8.31451J-K~!-mol~%). T, and T, denote the beginning and ending temperatures,
respectively, for enthalpy determinations (Series I and II) through the anomaly

/K /K ARHRAR-K)  AFEHA/R-K)  A3EEcSh/R
Experimental 36.066 151.528 213.79 216.37
Graphical integration: 216.40+0.02¢ 4.884 +0.004
Lattice contribution: 204.87+0.02° 4.6371+0.002
A HO(R-K): 11.50+0.04
Ay So/R: 0.2474+0.006

4 Error due to the uncertainty in the position of the experimental heat-capacity curve through the peak
of the anomaly.

® Error due to the uncertainty in the position of the lattice heat-capacity curve through the region of the
anomaly.

TABLE 4. Summary of the thermophysical quantities through the transition at T, =(89.5+0.1) K for
(ND,),TeClg (R=2831451J-K~!-mol~?'). T, and T, denote the beginning and ending temperatures,
respectively, for enthalpy determinations (Series IIT) through the anomaly

T/K /K ATZHLAR-K)  AZKH/(R-K) AZIKSH/R
Experimental 63.149 95.174 699.87 661.07
Graphical integration: 661.06+0.02¢ 8.2294+0.004
Lattice contribution: 641.85+0.02° 8.0654+0.002
AL HS/R-K): 19.2240.04
W S2/R: 0.234+0.006

“ Error due to the uncertainty in the position of the experimental heat-capacity curve through the peak
of the anomaly.

b Error due to the uncertainty in the position of the Jattice heat-capacity curve through the region of the
anomaly.

obtained by fitting our experimental values below T =20 K to the limiting form of
the Debye equation, with a plot of C, ,/T? against T* and extrapolation to T—0;
see equation (3).

4. Discussion

The quantity measured calorimetrically is C,,, ., the heat capacity of the solid or
liquid in equilibrivm with its saturated vapour. For solid (ND,),TeCly, C,, 1 is
virtually identical with C, ., as the right-hand side of the equation:

Csét,m —— Cp,m = (ap/aT)sal{(aHm/ap)T - Vm} (1)

is negligible. The pressure effect of the helium exchange gas (0.2 kPa of helium at
20 K) on the heat capacity of solid (ND,),TeClg, i.e. (0C,, ,/0p)r, is also negligible.
However, analysis of heat-capacity results requires Cy ,, which is related to C,, ,:

Cp,m_CV,m = Vrn TaZ/KTa (2)

where a =V, '(0V,,/0T), is the isobaric expansivity, V,, is the molar volume, and



TABLE 5. Standard molar thermodynamic functions for (ND4)2TeCI6
(M =384.44168 g-mol~'; p° =101.325kPa; R =8.31451 J-K~'-mol~}; d7° = —ATH°/T+ATS°)

T Com ATSq AJHy @y, T Com  AgSn  ATH,
K R R RK R K R R R'K
0o 0 0 0 0 100 2427 2411 13762

So007s0) Q@) 07T) (000sT) (2427)  (2276) (13184)
10 0600 0201 0.049 110 2553 2648 16252

15 1625 0621 63 0163 (25.53)  (25.13) (1567.5)
20 3100 1281 1854 0354 115 2609 2763 17543

25 4790 2146 3811 0622 (2609)  (2628) (1696.5)
28 5910 2750 5413 0817 120 2661 2875 1886.

29 6540 2967 6033 0887 (2661)  (27.40) (1828.3)
(6395)* (2966)  (6027)  (0.887) 125 2709 2985 20204

30 8220 3214 6760 0960 (27.09)  (28.50)  (1962.6)
(7025 (3.193)  (6698)  (0.960) 130 2756 3092 21570

31 2260 3614 7984 1038 27.56)  (29.57)  (2099.2)
(1745 (3435 (1436  (1.036) 135 2797 3197 22958

32 1760 4447 1060 1133 2797  (30.62) (2238.1)
(8.505)  (3.693)  (8249)  (1.115) 140 2836 3299 24367

33 9600 4824 1183 1.240 (2836)  (31.64) (2378.9)
©.195 (3965 (9135  (1.197) 145 2871 3399 25794

34 9735 5109 1278 1.350 (@8.71)  (3264) (2521.6)
(9.735)  (4248) (100.8)  (1.283) 150 2902 3497 27237

35 1022 5398 1378 1461 (2902) (3362  (2666.0)
(1022)  (4537) (1108)  (1.372) 160 2961 3686 30169

40 1235 6903 1943 2.046 (29.61)  (3551)  (2959.2)
(1205 (6030) (1668)  (1.860) 170 3019 3867 33159

45 1436 8471 2609 2673 (30.19)  (37.33) (3258)
(1345)  (1.53) (2306)  (2407) 180 3073 4042 36206

46 1511 8795 2757 2802 (30.73)  (39.07)  (35629)
(1372 (7830) (442)  (2522) 190 3L19 4209 39303

47 1644 9.133 2914 2933 (31.19)  (40.74) (3872.5)
(1399)  (8.128) (2580)  (2.638) 200 3162 4370 42443

48 1620 9500 30838 3.066 (31.62) (4235 (4186.6)
(1426)  (8425) (27122) (2755 210 3203 4525 45626

49 1517 9817 3242 3.201 (3203)  (4391)  (4504.9)
(1453)  (8722) (2866)  (2874) 220 3237 4675 48846

50 1521 1042 3394 3336 (3237)  (4541) (4826.9)
(1482)  (9019) (301.2)  (2.994) 230 3270 4820 52100

55 1640 1162 4178 4021 (3270) (4685 (51522)
(1640) (10500  (379.3)  (3.609) 240 3304 4960 55387

60 1783 1311 5036 4717 (33.04)  (4825)  (5480.9)
(1783) (12000  (4650)  (4246) 250 3334 5095 58706

65 1895 1458 5955 5.419 . (3334)  (4961) (58128)
(1895)  (1347)  (557.0)  (4899) 260 3364 5227 62054

70 2010 1603 6931 6.125 (33.64)  (5092) (6147.7)
(1987)  (1491)  (6541)  (5563) 270 3393 5354 65433

75 2129 1745 7966 6.833 (3393)  (5219) (6485.9)
(2072 (1631)  (7556)  (6233) 280 3425 5478 68841

80 2237 1886 9058 7.541 (3425)  (5343) (6826.4)
(2147)  (1767)  (86L1)  (6.905) 290 3454 5599 72281

§5 2335 2025 10201 8.248 (34.54)  (54.64) (71703)
2218 (1899)  (9702)  (7.577) 300 3482 5706 75749

87 2371 2080 10672 8.530 (3482 (5582 (7517.2)
(2245 (19.51) (10148)  (7.846) 310 3506 5831 79238

9 2384 2160 11386 953 (3506)  (5696)  (7866.1)
(22.86)  (2028) (10828)  (8.248) 320 3534 5942 827538

92 2361 2213 11861 9.234 (35.34)  (58.08) (8218.1)
@3.14)  (078) (11288)  (8.514) 325 3448 5997 84504

95 2356 2288 12566 9.653 (3448)  (58.62) (8392.6)
(2356)  (21.53) (11988)  (8.914) 298.15 3479 5695 75105
+£003  +006  +74

¢ Quantities in parentheses represent the values taken on the lattice curve.
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FIGURE 4. Experimental values of C, ,/RT? plotted against T2 for (ND,),TeCly: , this work;
-+, (NH,),TeCl, (reference 7); — — —, argon (references 26 and 27). The vertical bars represent about
01:C, e
kr=—V,'(0V,/0p)y is the isothermal compressibility. Values of « and x, are

unavailable for (ND,),TeCl, but, fortunately, at T<20K, (C, ,—Cy, ) ~0.
The heat capacity of an insulator at very low temperatures can be described by a

power series of the form:

Cym=aT>+bT+cT"+ -, 3)
in which the parameters a, b, and ¢ are directly related to the corresponding,power
series for the frequency spectrum at low frequencies.*® As T—0, the lattice heat
capacity of the crystal should become equal to that of an elastic continuum and can
be described by the “Debye T3” law:

Cym=al>, 4

0§ = (12n*Lk/5a)"3, )

where ©§ is the Debye temperature derived from heat capacity and L and k are the
Avogadro constant and the Boltzmann constant.
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A plot of C, ,,/RT? against T? shown in figure 4 is also useful for identifying any
non-vibrational contributions to the heat capacity at low temperatures. In the region
36 < (T?/K?) < 400, the graph of our experimental heat capacities for (ND,),TeCl,
resembles that for argon®®3® and suggests that only lattice vibrations make
significant contributions to the heat capacity in this temperature range. By
extrapolating the points below T? =43 K? to intersect the C,, ,/RT? axis at T* =0,
we found 10*-a/R = (3.60+0.60)K~3 or 10*-a = (29.934+5.0)J-K~!-mol !,
which yields from equation (5) ®f =(86.6+4.3) K. This may be compared with
93.3 K for argon,?® (83.6+5.9) K for (NH,),TeCl,,” 83.7 K for (NH,),PtCl,,® and
92.1 K for (ND,),PtCl.\"

Neutron-diffraction experiments have yet to be done on (ND,),TeCl,. However,
our heat-capacity results described above, together with the n.q.r. and Raman
findings reported in reference 11, support the presence of a rotative displacive
transition around T = 87 K, similar to that confirmed in the undeuterated salt. For
our (ND,),TeClg, the continuous curve of heat capacity against temperature and low
values of molar enthalpy: A, H,, = (19.22+0.04)- R-K, and molar entropy: A,,. S5,
= (0.234+0.006) R, are consistent with a subtle change in orientation of the anions.

The A-shaped transitions in the heat capacity of (ND,),TeCl, at T=47.6 K and
T=314K occur within the temperature range where anomalies were found
respectively in the 3°Cl n.q.r. and deuteron spin-lattice relaxation rates.!") These
anomalies are thought to be due to the change in the motion and orientation of the
ND;.® 1Y 1t is likely that crystallographic studies will confirm the presence of a
phase 11T and phase IV above and below T =31.4K, respectively. For the likely
structural change at T = 47.6 K, the 1dw value of A, S;, = (0.247 +0.006)- R suggests
a subtle change in orientation. However, at T = 31.4 K, the larger value of A S5, =
(0.8611+0.007)- R may be indicative of a more significant structural change. The
crystal structure needs to be determined just above T =47.6 K, between T=47.6 K
and T=31.4K, and below T =314K.

Note added in proof. The results of neutron-diffraction measurements just published
by Kume et al. in Europhysics Letters 1991, 16, 265 show structural changes from
tetragonal below T = 31 K to monoclinic up to 48 K to rhombohedral up to 87 K to
cubic above 87 K.

We thank Drs J. Pelzl, R. L. Armstrong, and B. M. Powell for making the sample
available and Dr R. D. Heyding for determining its crystal structure just prior to
loading. We also thank Mrs J. Hale for help with the calculations. Two of us (JEC,
RDW) acknowledge the Department of National Defence (Canada) for financial
support.
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