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The heat capacity of deuterated a m m o n i u m  hexachlorotellurate (ND4)2TeC16 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 max imum Cp, m = 
23.84" R, A,rsS ~ = (0.234+0.006)" R. The discovery of this anomaly  supports  the presence of a 
rotative displacive transition similar to that involving TeCI~ in the undeuterated salt. In 
addition, two Z-shaped transitions were discovered at T = ( 3 1 . 4 + 0 . 1 ) K ,  with a max imum 
Cp.m = 34.7" R, A,rsS~ = (0.861 __+ 0.007) R, and at T = (47.6 _+ 0.1) K, with a max imum Cp. m -- 
18.6 R, Atrs S ~ = (0.247__+ 0.006)R. Smoothed values of the s tandard thermodynamic quantities 
for pure (ND4)zTeC16 are tabulated up to T = 320 K. 

I. Introduction 

The ammonium hexahalogenated metal salts in the family (NH4)zMX 6 (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 Of  
and are ideal models for studying molecular motion in solids. The NH2 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 salts in this 
family undergo structural phase transitions and change into a phase of lower 
symmetry as the temperature is lowered. (1) Other salt pairs, e.g. KzSnC16, (2) and 
(NHg)2SnC16; {2) and KzOsCI6 ,  (3'4) and (NHg)2OsC16, (s) show no evidence of a 
transition in spite of its presence in the alkali analogue. The (NH4)zPtC16, (6) and 
(ND4)zPtC16, (7) pair is an example where a structural transition occurs in the 
deuterated analogue which is absent from the ammoniated salt. 

The pair (NH4)zTeC16 and (NDg)2TeC16 is particularly interesting in that 
experimental results of 35C1 n.q.r, and Raman spectra at low temperatures suggest a 
structural phase transition near T - - 8 5 K  in both compounds, t8 11) That  the 
deuteration failed to affect this transition indicates that the anomaly is probably not 
associated with rotational motion of the NH~-. Neutron-diffraction studies 
confirmed the transition at T =  85 K in (NH4)zTeC16 and showed that the high- 
temperature cubic Fm3m structure changes to trigonal R3 at T <  85 K. This 
transition is classified as rotative displacive in which the static rotation angle of the 
TeC12- 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 NH2 occur along the 111 direction. Recent adiabatic-calorimetric experiments 
on (NH4)zTeCI 6 revealed a continuous curve of heat capacity against temperature 
from T = 5 K to T = 350 K, but with a small anomaly near T = 86 K for which the 
transitional entropy increment ~68KUtrsA98K~'° amounted to only (0.071+0.028)-R_ = 
R . ln  1.07. t12) This finding is consistent with the subtle change of the rotative 
displacive transition. 

Whereas (NH4)zTeC16 shows no further transitions at lower temperatures, such is 
not the case for (NDg)2TeCI 6. Results from 2D n.m.r., 35C1 n.q.r., and Raman 
spectroscopy suggest additional transitions at T = 45 K and T = 25 K involving the 
cations.~S,~t) However, no crystallographic studies have yet been reported on the 
structures involved. In this paper, we report adiabatic heat-capacity measurements 
on (ND4)zTeC16, which were undertaken to determine the enthalpy and entropy of 
the transitions. 

2. Experimental 

The sample of (ND4)2TeC16 was provided by Professor J. Pelzl of Ruhr Universitfit, 
Bochum, Federal Republic of Germany. The Guinier-de-Wolff diffraction pattern 
done on the (ND4)2TeC16 sample when received by us was in agreement with the 
standard pattern for this compound and (NH¢)zTeCI6: No. 9-392 as de4ermined by 
the Joint Committee for Powder Diffraction Standards. (a3 15) Its structure was 
face-centred cubic at room temperature with a=(1.0200_+0.0002)nm, which 
compares with a = (1.0194 4- 0.0002) nm for (NH4)zTeCI6 .(12) 

The molar heat capacity Cp, m was measured from T =  5 K to T =  325 K by 
adiabatic calorimetry in the Mark XIII adiabatic cryostat, which is an upgraded 
version of the Mark II cryostat described previously, t~6) 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 
Bureau of Standards (N.B.S., now NIST) against the IPTS-1948 (as revised in 
1960) (17) 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 ~18) 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. (19) The effects 
of changing the temperature scale to ITS-90 vary over the range 90 ~< T/K <~ 350 
from +0.020 ~< (T9o-T48)/K <~ -0 .27,  and for the range 14~< T/K~<90 from 
-0 .008  ~< (Tg0-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 = 2 8 0 0 K .  (2°) Measurements of mass, current, 
potential difference, and time were based upon calibrations done at N.B.S. (NIST). 
The heat capacities from about T =  5 K to T =  350 K were acquired with the 
assistance of a computer, which was programmed for a series of 
determinations.~22, 23) 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 
(ND4)zTeCI 6. 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 
(NDg)2TeC16 was 6.77675g (~0.0176275mol based on its molar mass of 
384.442 g-mol  1 calculated from the 1985 IUPAC recommended relative atomic 
masses of the elements). (24) 

The thermal history of the (ND,)zTeC16 is represented by the following linear 
array. The arrows denote either cooling or heating, which correspond to the 
acquisition of heat-capacity results. 

300 K 33_h.._~ 5 K __7_h__. 42 K 3 _ _ h  22 K _6__h 56 K 
Series I Series II 

_ 2h_____, 45 K Z,:_,4h 325 K. 
Series 111 
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3. Results  

The experimental molar heat capacities for (ND4)2TeC16 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 T =  5.2 K and ending at 
T = 325 K. Except for experimental points in the region of the L-shaped anomaly, 
the standard errors in our heat-capacity values vary from ~0 .01 .  Cv, m at T = 10 K 
to < 0.005. Cp, m 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/25-27) Once loaded into the calorimeter, our sample 
of (ND~)2TeC16 was cooled directly from 300K to 5 K  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 Cv, m/T against T from T = 6.6 K to T = 322 K is 
shown in figure 1, where three anomalies are evident. One L-shaped transition peaks 
with very high values around T =  31 K, 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=(31.4_+0.1)K,  T =  (47.6+0.1)K,  and 

TABLE 1. Experimental molar heat capacity of (ND4)2TeC16 
( M = 3 8 4 . 4 4 2 g . m o l - 1 ; R = 8 . 3 1 4 5 1 J . K  1.too 1 1) 

T/K Cv, m/R T/K Cp, ,,,/R T/K Cp, m/R T/K Cp,,~/R T/K Cv, m/R 

Series I Series II 47.28 16.95 97.76 23.97 197.09 31.47 
6.59 0.148 23.74 4.317 47.89 16.92 99.54 24.21 202.33 31.72 
8.24 0.339 25,49 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 32.13 

10.05 0.613 29.28 6.842 50.04 15.22 1 0 5 . 4 9  24.90 217.89 32.30 
11.24 0.809 30.67 13.43 51.00 15.13 108.11 25.30 223.10 32.47 
12.52 1.083 31.41 34.74 52.97 15.74 1 1 0 . 9 8  25.66 228.31 32.61 
13.86 1.387 32.09 15.97 55.78 16.73 114.13 25.98 233.63 32.83 
15.21 1.741 33.16 9.522 58.75 17.37 117.69 26.33 239.07 33.01 
16.62 2.092 34.37 9.976 61.72 18.33 1 2 1 . 7 3  26.70 244.48 33.18 
18.05 2.491 35.52 10.55 64.68 18.88 1 2 6 . 0 2  27.17 249.89 33.33 
19.58 2.947 36.59 10.88 67.82 19.58 130.61 27.62 255.44 33.46 
21.21 3,477 37.77 11.38 71.12 20.30 135.43 28,01 261.18 33.67 
22.87 4.006 39.31 12.07 74.60 21.22 1 4 0 . 1 2  28.40 266.89 33.82 
24.54 4.639 41.30 12.76 78.66 22.11 1 4 4 . 8 7  28.68 272.53 33.98 
26.23 5.241 43.15 13.46 81.64 22.67 1 4 9 . 6 2  28.90 278.18 34.19 
27.93 6.017 44.62 14.18 83.31 22.94 154.51 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 23.26 48.04 15.82 87.06 23.73 1 6 5 . 1 0  29.83 294.89 34.67 
32.92 12.77 50.26 15.05 88.90 23.84 1 7 0 . 5 0  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 12.91 Series III 94.29 23.49 186.56 31.02 316.75 35.25 

45.40 14.45 96.03 23.70 191.83 31.26 322.17 35.42 
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F I G U R E  1. Experimental  molar  heat capacities Cp, m at constant  pressure plotted against temperature 
T for (ND4)2TeCI 6. The region T < 25 K is enlarged in the lower r ight-hand corner. 

T =  (89.5_0.3) K for these three anomalies. Two passes were made through the 
region of  the k-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 = 4 7  K are shown in figure 2. The point  at T =  32.92 K with Cp, m/R = 12.77 
contains a contr ibut ion from the )v-shaped transit ion at T = 31 K causing it to lie off 
the smooth  curve. The reproducibility of our  measurements  of the enthalpy and 
ent ropy changes through these regions is indicated in tables 2 and 3 where the 
transit ion enthalpy and entropy increments are listed. 

The anomaly  centred about  T = 90 K is shown in detail in figure 3, where the 
cont inuous curve reaches its greatest divergence from the lattice curve at T = 89.5 K 
and merges again with the lattice heat capacity at T =  95 K. The excess molar  
enthalpy and ent ropy associated with the anomaly  amoun t  respectively to Atr~H ° = 

• o = A95K~'° = (0 .234+0.006) 'R,  where ~.a65K~, mA95K/4° = (19.22+0.04) R ' K  and AtrsS m ~65K~m 
R = 8.31451 J .  K -  1. m o l -  1. The reproducibili ty of our  measurements  of the enthalpy 
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F I G U R E  2. Experimental molar heat capacities Cp, m at constant pressure plotted against temperature 
T through the region of the two lowest )~-shaped transitions from about T =  25 K to T =  55 K for 
(ND4)2TeC16. - - - ,  The lattice heat capacity. 

TABLE 2. Summary of the thermophysical quantities through the transition at Ttr ~ = (31.4_+0.1)K for 
(ND4)2TeC16 (R=8.31451 J . K  ~.mol-1).  T 1 and T 2 denote the beginning and ending temperatures, 

respectively, for two enthalpy determinations (Series I and II) through the transitions 

AzsK Sm/R A28K Hm/(R K) 33.5K o T,/K T2/K AT~H~,/(R.K) 33.SK o . 

27.080 34.394 82.84 68.89" 
28.411 33.789 69.14 68.85" 

Mean: 68.87 + 0.02 

Graphical integration: 68.89 +0.01 b 2.217 ~0.004 
Lattice contribution: 41.88__+0.01 c 1.356+0.003 
~trs H2,/(R K): 26.99 + 0.03 
'~trs Sm/g: 0.861 + 0.007 

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

of the transition. 
c 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 Cp, m a t  constant pressure plotted against temperature 

T through the region of the uppermost transition from about T = 70 K to T = 100 K for (ND4)2TeC16. 
- -  - ,  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 Cp, m/R and the derived 
functions are presented at selected temperatures in table 5. The corresponding values 
for the lattice heat capacities 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 = 33.5 K 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 (ND4)zTeC16 below T =  6 K were 
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TABLE 3. Summary of the thermophysical quantities through the transition at Tt,~ = (47.6±0.I)K for 
(ND4)2TeC16 (R = 8.31451 J . K  X.mol-~). T~ and T 2 denote the beginning and ending temperatures, 

respectively, for enthalpy determinations (Series I and II) through the anomaly 

Tj./K T2/K AT~H~/(R.K) 52K o S2K o A36.sKHm/(R "K) A36.sKSn,,/R 

Experimental 36.066 151.528 213.79 216.37 

Graphical integration: 216.40_+0.02 a 4.884_+0.004 
Lattice contribution: 204.87 ± 0.02 b 4.637 + 0.002 
AtrsH~n/(R" K): 11.50 ± 0.04 
Atr sS~/R: 0.247 + 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 lattice heat-capacity curve through the region of the 
anomaly. 

TABLE 4. Summary of the thermophysical quantities through the transition at Tt, s = (89.5 ±0 .1 )K  for 
(ND~)2TeC16 (R = 8.31451 J . K  1.tool 1). T1 and T 2 denote the beginning and ending temperatures, 

respectively, for enthalpy determinations (Series III) through the anomaly 

T~/K T2/K AT~H~/(R.K) 95K o "K) 95K o A65 KHm/(R A65 KSm/R 

Experimental 63.149 95.174 699.87 661.07 

Graphical integration: 661.06 _+ 0.02" 8.229 _+ 0.004 
Lattice contribution: 641.85 ___ 0.02 b 8.065 ± 0.002 
Atr s Hm/(R" K): 19.22 ± 0.04 
Atr sS~/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 lattice 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 Cp, m/T 3 against T 2 and extrapolation to T~0 ;  
see equation (3). 

4. Discussion 

The quantity measured calorimetrically is Csat, m, the heat capacity of the solid or 
liquid in equilibrium with its saturated vapour. For solid (ND4)zTeC16, Csat, m is 
virtually identical with Cp, m as the right-hand side of the equation: 

Csat, m - -  Cp, m = (Op/~T)sat{(~Hm/Op) T -- Vm}. ( l )  

is negligible. The pressure effect of the helium exchange gas (0.2 kPa of helium at 
20 K) on the heat capacity of solid (ND4)2TeC16, i.e. @Cp, m/~p) T, is also negligible. 
However, analysis of heat-capacity results requires Cv,m, which is related to Cv,m: 

Cp, m -- Cv, m = Vm TO~2/KT, (2) 

where ~ = Vml(OVJ~T)p is the isobaric expansivity, V~ is the molar volume, and 



TABLE 5. Standard molar thermodynamic functions for (ND4)2TeC16 
def  T 

(M = 384.44168 g. mol 1; pO = 101.325 kPa; R = 8.31451 J.  K -~ -mol x; ~ .  = _AoHm/T+ATS~) 

T Cp, m ATS~n AT//m ~ T Cp, m ATS~, AoT'HmO 
R R R'K R -  K R R R'K 

~m 
R 

0 0 0 0 0 100 24.27 24.11 1376.2 
5 (0.0750) (0.0252) (0.0977) (0.0057) (24.27) (22.76) (1318.4) 

10 0.600 0.201 1.52 0.049 110 25.53 26.48 1625.2 
15 1.625 0.621 6.88 0.163 (25.53) (25.13) (1567.5) 
20 3.100 1.281 18.54 0.354 115 26.09 27.63 1754.3 
25 4.790 2.146 38.11 0.622 (26.09) (26.28) (1696.5) 
28 5.910 2.750 54.13 0.817 120 26.61 28.75 1886.1 
29 6.540 2.967 60.33 0.887 (26.61) (27.40) (1828.3) 

(6.395) a (2.966) (60.27) (0.887) 125 27.09 29.85 2020.4 
30 8.220 3.214 67.60 0.960 (27.09) (28.50) (1962.6) 

(7.025) (3.193) (66.98) (0.960) 130 27.56 30.92 2157.0 
31 22.60 3.614 79.84 1.038 (27.56) (29.57) (2099.2) 

(7.745) (3.435) (74.36) (1.036) 135 27.97 31.97 2295.8 
32 17.60 4.447 106.0 1.133 (27.97) (30.62) (2238.1) 

(8.505) (3.693) (82.49) (1.115) 140 28.36 32.99 2436.7 
33 9.600 4.824 118.3 1,240 (28.36) (31.64) (2378.9) 

(9.195) (3.965) (91.35) (1,197) 145 28.71 33.99 2579.4 
34 9.735 5.109 127.8 1.350 (28.71) (32.64) (2521.6) 

(9.735) (4.248) (100.8) (1.283) 150 29.02 34.97 2723.7 
35 10.22 5.398 137.8 1.461 (29.02) (33.62) (2666.0) 

(10.22) (4.537) (110.8) (1.372) 160 29.61 36.86 3016.9 
40 12.35 6.903 194.3 2.046 (29.61) (35.51) (2959.2) 

(12.05) (6.030) (166.8) (1.860) 170 30.19 38.67 3315.9 
45 14.36 8.471 260.9 2.673 (30.19) (37.33) (3258.2) 

(13.45) (7.532) (230.6) (2.407) 180 30.73 40.42 3620.6 
46 15.11 8.795 275.7 3,802 (30.73) (39.07) (3562.9) 

(13.72) (7.830) (244.2) (2.522) 190 31.19 42.09 3930.3 
47 16.44 9,133 291.4 2.933 (31.19) (40.74) (3872.5) 

(13.99) (8.128) (258.0) (2,638) 200 31.62 43.70 4244.3 
48 16.20 9.500 308.8 3.066 (31.62) (42.35) (4186.6) 

(14.26) (8,425) (272.2) (2.755) 210 32.03 45.25 4562.6 
49 15.17 9.817 324.2 3.201 (32.03) (43.91) (4504.9) 

(14.53) (8.722) (286.6) (2.874) 220 32.37 46.75 4884.6 
50 15.21 10.12 339.4 3.336 (32.37) (45.41) (4826.9) 

(14.82) (9.019) (301.2) (2.994) 230 32.70 48.20 5210.0 
55 16.40 11.62 417.8 4.021 (32.70) (46.85) (5152.2) 

(16.40) (10.50) (3793) (3.609) 240 33.04 49.60 5538.7 
60 17.83 13.11 503.6 4.717 (33.04) (48.25) (5480.9) 

(17.83) (12.00) (465.0) (4.246) 250 33.34 50,95 5870.6 
65 18.95 14.58 595,5 5.419 (33.34) (49.61) (5812.8) 

(18.95) (13.47) (557,0) (4.899) 260 33.64 52.27 6205.4 
70 20.10 16.03 693,1 6.125 (33.64) (50.92) (6147.7) 

(19.87) (14.91) (654,1) (5.563) 270 33.93 53.54 6543.3 
75 21.29 17.45 796.6 6.833 (33.93) (52.19) (6485.5) 

(20.72) (16.31) (755.6) (6.233) 280 34.25 54.78 6884.1 
80 22.37 18.86 905.8 7,541 (34.25) (53.43) (6826.4) 

(21.47) (17.67) (861.1) (6.905) 290 34.54 55.99 7228.1 
85 23.35 20.25 1020.1 8.248 (34.54) (54.64) (7170.3) 

(22.18) (18.99) (970.2) (7.577) 300 34.82 57.16 7574.9 
87 23.71 20.80 1067.2 8.530 (34.82) (55.82) (7517.2) 

(22.45) (19.51) (1014.8) (7.846) 310 35.06 58.31 7923.8 
90 23.84 21.60 1138.6 8.953 (35.06) (56.96) (7866.1) 

(22.86) (20.28) (1082.8) (8.248) 320 35.34 59.42 8275.8 
92 23.61 22.13 1186.1 9.234 (35.34) (58.08) (8218.1) 

(23.14) (20.78) (1128.8) (8.514) 325 34.48 59.97 8450.4 
95 23.56 22.88 1256.6 9,653 (34.48) (58.62) (8392.6) 

(23.56) (21.53) (1198.8) (8.914) 298.15 34.79 56.95 7510.5 
+0.03 __+0.06 +7.4 

10.35 
(9.576) 
11.71 

(10.88) 
12.37 

(11.53) 
13.03 

(12.17) 
13.68 

(12.80) 
14.33 

(13.42) 
14.96 

(14.04) 
15.58 

(14.65) 
16.20 

(15.25) 
16.81 

(15.85) 
18.01 

(17.02) 
19.17 

(18.16) 
20.30 

(19.28) 
21.40 

(20.36) 
22.48 

(21.42) 
23,53 

(22.46) 
24,55 

(23,46) 
25,55 

(24.45) 
26.52 

(25.41) 
27.47 

(26.35) 
28.40 

(27.27) 
29.31 

(28.17) 
30.19 

(29.05) 
31.06 

(29.91) 
31.91 

(30.76) 
32.75 

(31.59) 
33.56 

(32.40) 
33.96 

(32.80) 

31.76 
+ 0.03 

a Quantities in parentheses represent the values taken on the lattice curve. 
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FIGURE 4. Experimental values of Cp, m/RT 3 plotted against T 2 for (ND4)2TeC16: - - ,  this work; 
. . . .  , (NHg)2TeCI6 (reference 7); - - - ,  argon (references 26 and 27). The vertical bars represent about 
0.1. C p ,  m . 

tOT=-Vnal(OVm/~P)T is the i so thermal  compressibi l i ty .  Values of  c~ and XT are 
unava i lab le  for (ND4)2TeC16 but,  for tunately ,  at  T < 20 K, (Cp, m-- CV, m) ~ 0. 

The  hea t  capaci ty  of an insu la to r  at  very low tempera tures  can be descr ibed by  a 
power  series of the form: 

Cv, m = a T 3 + b T S + c T 7 +  . .  ., (3) 

in which the pa ramete r s  a, b, and  c are  di rect ly  re la ted to the c o r r e s p o n d i n g , p o w e r  
series for the frequency spec t rum at low frequencies/TM As T - 0 ,  the lat t ice hea t  
capac i ty  of the crystal  should  become equal  to tha t  of  an elastic con t inuum and  can 
be descr ibed by  the "Debye  T 3 ' '  law: 

C v ,  m : a T  3, (4) 

0 c = (12r~4Lk/5a) 1/3, (5) 

where 6)o c is the Debye  t empera tu re  der ived f rom heat  capac i ty  and  L and k are the 
A v o g a d r o  cons tan t  and  the Bo l t zmann  constant .  
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A plot of Cp,,n/RT 3 against T 2 shown in figure 4 is also useful for identifying any 
non-vibrational contributions to the heat capacity at low temperatures. In the region 
36 < (T2/K 2) < 400,-the graph of our experimental heat capacities for (ND4)2TeC16 
resembles that for argon (29'3°) and suggests that only lattice vibrations make 
significant contributions to the heat capacity in this temperature range. By 
extrapolating the points below T 2 = 43 K 2 to intersect the Cp, m /RT  3 axis at T 2 = 0, 
we found 104 .a /R  = (3.60-+0.60)K -3 or 104.a = (29.93±5.0)J .K 1.mol 1, 
which yields from equation (5) OOC=(86.6-+4.3)K. This may be compared with 
93.3 K for argon, (29) (83.6_+ 5.9) K for (NH4)2TeC16, (7) 83.7 K for (NH4)2PtC16, (6) and 
92.1 K for (ND4)2PtC16 .(7) 

Neutron-diffraction experiments have yet to be done on (ND4)zTeC16. 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 (ND4)zTeC16, the continuous curve of heat capacity against temperature and low 
values of molar enthalpy: AtrsH~n = (19.22_+0.04)" R" K, and molar entropy: Z~trsS~n 
= (0.234_+ 0.006). R, are consistent with a subtle change in orientation of the anions. 

The )~-shaped transitions in the heat capacity of (ND4)2TeC16 at T -= 47.6 K and 
T =  31.4 K occur within the temperature range where anomalies were found 
respectively in the 35C1 n.q.r, and deuteron spin-lattice relaxation rates. (11) These 
anomalies are thought to be due to the change in the motion and orientation of the 
ND~.(8, t l) It is likely that crystallographic studies will confirm the presence of a 
phase III and phase IV above and below T =  31.4 K, respectively. For  the likely 
structural change at T = 47.6 K, the ldw value of AtrsS ~ -= (0.247 ___ 0.006)" R suggests 
a subtle change in orientation. However, at T = 31.4 K, the larger value of AtrsS~n  = 

(0.861_+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 = 31.4 K, and below T = 31.4 K. 

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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