Journal of Thermal Analysis, Vol. 21 (1981) 309—326

ANALYSIS OF THE HEAT CAPACITIES OF GROUP IV
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The low temperature heat capacities of 13 group IV chalcogenides are examined.
The heat capacity of crystals with largely isotropic structure (GeTe, SnSe, SnTe, PbS,
PbSe, PbTe) can be represented within 4-3 % by a three-dimensional Debye function
(6, = 205, 230, 175, 225, 150 and 130, respectively). The heat capacity of crystals with
anisotropic structures (GeS, GeSe, SnS, GeS, and SnS,) could only be represented
by pairs of two-dimensional Debye functions for the longitudinal and transverse
lattice vibrations (error +0.5 to 3%; 0.(1) = 505, 345, 400, 705, 480 and 570, re-
spectively, and 8,(z) = 200, 185, 160, 175, 100 and 265, respectively).

Since the two-dimensional Debye function has not been tabulated in detail, we
offer in the appendix a five place table of it. Raman and infrared data support this
analysis.

Low temperature heat capacities are often well described by the Debye approach
[1]. In extensive reviews [2, 3] it was shown earlier that a single 0-temperature
could represent the heat capacity at constant volume for many elements and
simple compounds adequately up to ‘about 30. For two-dimensional and one-
dimensional crystals, analogous two-dimensional and one-dimensional Debye
functions can be derived [4—6]. The one-dimensional Debye function alone and
in combination with a three-dimensional Debye function (Tarasov function) found
widespread application in the description of heat capacities of linear macromole-
cules [7]. Two-dimensional Debye functions were used to described heat capac-
ities for crystals with layer structures such as graphite and boron nitride [4, 6, 8].
Tables of the Debye functions, which are somewhat cumbersome to calculate,
are widely available for the three-dimensional case [9]. A one-dimensional Debye
function table was published by us earlier [10]. Since there seems to be no tabula-
tion [11] of a precision two-dimensional Debye function table, we included such
a table in the appendix.

The class 1V chalcogenide crystals fall into two groups. One has a largely iso-
tropic crystal structure, the other a layer-type structure. It will be shown that the
model for heat capacity description must take, as expected, this fact into account.

Our initial interest in group IV chalcogenides arose from the study of vapor
transport properties [12, 13]. For the interpretation of these, accurate values of
enthalpies, entropies and Gibbs free energies are needed. Since heat capacities
are usually not available to the lowest temperatures, we undertook the present
study which includes 13 different group IV chalcogenides (see Table 1).
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Application of the three-dimensional Debye function

The analysis of heat capacities of group IV—VI compounds below 200 K is
based on five approximation methods: The addition of contributions of the
constituent elements [14, 15], the use of the Debye model [16—21], the applica-
tion of a combined Debye and Einstein model [14, 22, 23], the fit to the Tarasov
model [16], and the approximation to an exponential function (C, = AT™) [16,
18, 24]. Most of these analyses had little or no structural justification.

We began our analysis with the application of the three-dimensional Debye model

0,
TV xPdx 04/T
C, = 9Nk 4(0—3] j R R G, 0]
0
or abbreviated, for one mole of vibrators
C, = 3RDy(0,/T) (¥}

The expression D(05/T) is the three-dimensional Debye function, 8, is the three-
dimensional Debye temperature, and x represents Av/kT. The relationship between
the measured C, and C, is

C, — C, = *VTk 3)

where o is the isothermal expansivity, K is the isothermal compressibility and V
is the molar volume of the solid. Since « and K are not commonly measured, and
are not available for the group 1V chalcogenides, we assume as a first approxima-

A

0,
4001—
GeS
o /_—__—‘
SnS
PbS \ GeSe
00 *

Temperature , K

Fig. 1. 0, as a function of temperature for group IV monochalcogenides. 8, was calculated
from C,
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Fig. 2. 0; as a function of temperature for group 1Vidichalcogenides. 83 was calculated from C,

tion, that up to 300 K C, is essentially equal to C,. A plot of calculated 5 values
from the experimental C,, values for the various group IV chalcogenides is shown
in Figs 1 and 2. All group IV chalcogenides show considerable variation in 0,
‘with temperature, as indication of serious shortcomings of the approach. The
decrease in 03 with increasing temperature occurs when C, approaches the upper
limit for C, of 6R for binary compounds or of 9R for ternary compounds. In this
temperature range the 6; calculation is particularly sensitive to the difference
between C, and C,. As a second approximation we employed several methods to
estimate the C, — C, difference and corrected the 5 calculation. A commonly
used approximation was introduced by Nernst and Lindemann [25]. For elements
and ionic solids they suggest

C,— C, = 4" CT|T,,, @)

where T, is the melting temperature and 4, is a constant determined to be 5.12 x
%10~ K mol/J. (Note that this constant is defined per mole of atoms.) Nernst
and Lindemann show in their listed values of 4, a variation from 2.4 x 10~2 to
9.6 x 10~ K mol/J [25]. Changing the experimental C, values with the help of
Eq. 4 into C, leads to the 63 values plotted in Figs 3 and;4. Some of the mono-
chalcogenides show now a largely constant 8; value with only minor fluctuations
(particularly the lead chalcogenides, GeSe and SnS), while GeS and the dichalco-
genides (Fig. 4) still show extensive variation of 8, with temperature.

As mentioned above, the error in 4, is about +50%. Allowing 4, to go to its
upper limit, C, — C, was recalculated and 6; values obtained. These are shown
in Figs 5 and 6. In this case, 0; is practically temperature independent for the
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Fig. 3. 0, as a function of temperature for group IV monochalcogenides. ®, was calculated
from C, using the Nernst— Lindemann approximation with 4, = 5.12X 10-¢ K mol/J

4
GeS,
93
400+
SnS;

>
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10055 200 560 "
Temperature , K

Fig. 4. 0, as a function of temperature for group IV dichalcogenides. 8, was calculated from
C, determined by the Nernst— Lindemann approximation with 4, = 5.12x 10~¢ K mol/J

additional compounds GeTe and SnSe. The previously shown temperature inde-
pendence of 0, for GeSe and SnS (Fig. 3) now reveals a considerable increase of
05 with temperature. The corresponding behaviour of the:dichalcogenides is even
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Fig. 5. 6, as a function of temperature for group IV monochalcogenides. @; was calculated
from C, determined by the Nernst— Lindemann approximation with 4, = 1.02Xx 10~2 K mo}/J

| |
100 200

L
300
Temperature, K

Fig. 6. 0, as a function of temperature for group IV dichalcogenides. @3 was calculated from
C, determined by the Nernst— Lindemann approximation with 4, = 1.02X 10~2 K mol/J
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more pronounced (Fig. 6). To test the validity of the Nernst — Lindemann approxi-
mation, we looked for experimental data to use in Eq. 3. Data were only available
for GaSe [26], which exhibits a layer-type crystal structure similar to some group
IV compounds. The C, — C, difference was found to be about one half the value
predicted by the Nernst— Lindemann equation. (Note that values calculated by
Aliev et al. [26] for GaSe using the Nernst— Lindemann expression are too large
by a factor of two since they use A, “per atom” and C, “per molecule”.) Still,
the values for C, — C, are within the rather wide error margin of the constant A,,.

While the difference between C, and C, can be used to explain the curvature
in some of the 0, vs. T curves at high temperature, no reasonable change in A4,
can be found to eliminate the steep drop in 6, at low temperature for GeS and the
dichalcogenides. Thus, 6, cannot be used as an extrapolation for their low tem-
perature heat capacities. Table 1 lists the 0, values only for crystals whose heat
capacities can be adjusted to yield an approximately constant 8, value with reason-
able values for 4.

Two-dimensional Debye functions

The group IV chalcogenides vary in crystal structure from cubic, covalently
bonded structures such as SnTe [27] to orthorhombic, layer-type structures of
GeS, and GeSe, [28]. The compounds GeS, GeSe and SnS occupy an inter-
mediate position, since they exhibit layer-type structures at low temperatures,
but either transform to cubic symmetry (GeSe [291) or approach a more isotropic
structure (GeS [30], SnS [31, 32]) with increasing temperature. For the series of
compounds, GeS, GeSe, SnS and SnSe, X-ray diffraction studies [32] have shown
that the degree of anisotropic character decreases in the following order

GeS ~ GeSe > SnS ~ SnSe » GeTe > SnTe.

It is apparent that only C, of the more isotropic compounds can be approximated
by the three-dimensional Debye function.

A comparison can now be made between the layer-type structures of some group
IV — VI compounds and graphite. The orthorhombic studies of some monochalco-
genides (GeS, GeSe, SnS, SnSe) consist of sets of double-layers with strong
primary bonding within the double-layers and weak, secondary bonding between
adjacent sets of double layers [27, 29, 32]. A more detailed discussion of the
structures of the above monochalcogenides is found elsewhere [32]. The dichalco-
genides exhibit either an orthorhombic double-layer structure (GeS, and GeSe,)
[28] or a hexagonal Cdl,-type structure (SnS, and SnSe,) [32] composed of sets
of triple-layers. With respect to the layer-type structure of graphite, the heat
capacity of the layer-type I'V — VI compounds could be expected to show a similar
behaviour.

The heat capacity of graphite cannot be approximated by standard Debye
theory, and as early as 1911 Nernst [35] suggested two “Einstein temperatures”
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instead of a single characteristic temperature to be used. Tarasov [4] suggested
a two-dimensional Debye function to describe the heat capacity behavior of graph-
ite. This method was modified by several authors [6, 36], culminating in the
extension of the Debye theory by Krumhansl and coworkers [8]. Simply stated,
the lattice vibrations were divided into the transverse and longitudinal vibrations.
Because of the strong anisotropy of graphite the transverse vibrations are expected
to be of higher frequency. The overall expression for heat capacity is thus

- [42) 4 30, %2 0
B
Oy T

T T
)2 [ o

© k

where D(0,/T) is the two-dimensional Debye function

Besides for graphite and boron nitride, D, fits have been attempted to interpret
heat capacities of some layered organocopper compounds [37]. Measured graph-
ite heat capacities (C,) can be fitted to this combination D, function from
0—1000 K, partially due to the small difference between C, and C, for graphite.
In attempting to fit group IV chalcogenides to Eq. 7, C, values calculated by
the Nernst — Lindemann approximation were used. New tables were generated
for 8,/T from 0.00 to 17.50 in increments of 0.01. These are shown in the appendix.
The resulting values of #,(/) and 0.(¢) for the Jayer-type crystals of the group IV
chalcogenides are shown in Table 1. All listed 0,-temperatures yielded C, values
in the temperature range 50—250 K within +3 9. Note that while 8, is fairly
constant with temperature for GeSe and SnS, the C, data for these compounds

&)

8(t)=200

»

| | 1
6005 100 750 00

Temperature »K

Fig. 7. The variation of 0,(t) with temperature for a given 0,(/) for GeS,
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can still be fitted to the two-dimensional expression with good results. Other
compounds (such as GeTe) cannot be fitted to the two-dimensional form with
any degree of agreement. For these only 0; data were listed in Table 1. Figure 7
shows the effect of choosing different values of 8,(r) for GeS,. It is apparent that
within narrow limits the 6, temperatures are fixed.

Discussion

Considering only the measured heat capacities of group 1V—VI compounds,
it was possible to decide on a three- or two-dimensional Debye function fit.
In this discussion it is attempted to correlate the two-dimensional Debye constants
with the actual crystal structure of these compounds.

Raman and infrared spectroscopy [38—43] have been used to determine the
relative strength of intralayer and interlayer bonding in group IV monochalco-
genides and other layered compounds. Using the ratio of intralayer to interlayer
force constants as a measure of anisotropy of the crystal structure, the degree of
anisotropy is estimated to decrease in the following order [38, 39, 41],

GeSe = GeS > SnS = SnSe. ®)

The overall trend of decreasing anisotropy is in agreement with that based on
the consideration of structural data (Eq. 5) [33]. The above trend (Eq. 8) is con-
sistent with the data in Table 1, which show that 6,(J) for all two-dimensional fits
is greater than 0,(z). Since 6, is related to vibrations within the solid by the
expression

041, 1) = v({l, Hhik , %)

the greater 0,(/) indicates a larger intralayer frequency (thus larger force constant)
relative to the interlayer frequency (6,(¢)).

SnS, and SnSe, are even more layer-like, with estimates of the force constant
ratio being of the order of 100 [42]. Spectroscopic data for GeS, and GeSe, are
not available, but using their structure for an estimate, the force constant ratio
of these compounds would probably be between that of SnS; and of the mono-
chalcogenides. : , ‘ -

Thus, all heat capacities which could be fitted to a two-dimensional Debye
function exhibit layer-type structures, and the relative values of 0,(I) and 0,(¢)
are in agreement with the expected values for layer-type structures. Unfortunately,
a more quantitative comparison of observed spectroscopic vibrations to 8y(/)
and 0,(¢) is prohibited due to a lack of such data for GeS, and GeSe, and due
to orientation dependencies of-spectroscopic vibrations. However, the evidence
presented suggests that the two-dimensional solutions are related to the vibrational
modes of these IV—~ VI compounds. '

J. Thermal Anal. 21, 1981
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RESUME — On a examiné les capacités calorifiques 4 basses températures de 13 chalcogénure
du groupe IV. Les capacités calorifiques des cristaux de structures principalement isotrope
(GeTe, SnSe, SnTe, PbS, PbSe, PbTe) peuvent étre représentées & 13 ¢, par une fonction
Debye & trois dimensions (0; = 205, 230, 175, 225, 150 et 130 respectivement). Les capacités
calorifiques des cristaux & structures anisotropes (GeS, GeSe, SnS, GeS,, GeSe, et SnS,) ne
peuvent étre représentées que par des paires de fonctions Debye a4 deux dimensions, pour les
vibrations du réseau longitudinales et transversales (erreur de +0,5 & 3%; 8,(]) = 505, 345,
400, 705, 480 et 570, et 0.(r) = 200,185, 160, 175, 100 et 265).

Comme il n’existe pas de tableaux détaillés pour la fonction Debye 4 deux dimensions les
auteurs donnent en appendice un tableau a cing positions. Des données Raman et infrarouges
sont fournies & I’appui de cette analyse.

ZUSAMMENFASSUNG — Die Warmekapazitit bei niedrigen Temperaturen wurde fiir 13 Chalco-
genide der Gruppe IV untersucht. Die Warmekapazitit der Kristalle von hauptsichlich isto-
troper Struktur (GeTe, SnSe, SnTe, PbS, PbSe, PbTe) kann innerhalb von + 3% durch eine.
dreidimensionale Debye-Funktion dargestellt werden (f; = 205, 230, 175, 225, 150 bzw.
130). Die Wirmekapazitit von Kristallen anisotroper Struktur (GeS, GeSe, SnS, GeS,, GeSe,
und SnS,) konnte fiir longitudinale und transversale Gittervibrationen nur durch Paare zwei-
dimensionaler Debye-Funktionen dargestellt werden (Fehler: 40,5 bis 3%; 0.(/) = 505, 345
400, 705, 480 bzw. 570 und 04(¢) = 200, 185, 160, 175, 100 bzw. 265).

Da die zweidimensionale Debye-Funktion nicht in allen Einzelheiten tabellarisiert worden

ist, wird im Anhang eine fiinfstellige Tafel dafiir gegeben. Raman- und Infrarot-Angaben
bestitigen diese Analyse.

Pesrome — VccnenoBaHbl HE3KOTEMIEPATYPHBIE TEINIOEMKOCTH 13 XameKorennaos rpymmst 1V,
TennoeMkocTs Xpuctanios 60b110i w30TponHoOi crpykTypsl (GeTe, SnSe, SnTe, PbS, PbSe,
PbTe) mMoser OBITE Hpencrasiera ¢ owmubkoii + 39 TpexpasmepHoil neGaesckoit byHKIHeH
(6; = 205, 230, 175, 225, 150 u 130, cooTBeTCTBEBRO). TemI0EMKOCTE KPHCTAJUIOB C aHU30-
TponHo#t cTpykTypolt (GeS, GeSe, SnS, GeS,, GeSe,, 1 SnS,) MOXeT GLITH HpeACTaBICHA
TONBKO IIAPOHA NBYXpa3MEPHBIX AebaeBckuX dYHKIMIMA A7 TPONOJBHBIX U IIONEPEYHBIX KoJieba~
HRi pemerka (omobka ot 10.5 mo 3%/ 6, (mpox.) = 505, 345, 400, 705, 480 u 570 s cooT-
BETCTBYIOIIBX COeAMHEeHNi, a 0, (on.) = 200, 185, 160, 175, 100 u 265). IToCKOABLKY AByXpa3-
MepHaa nebGaeBckasi GyHKIMS OeTanbHO paHee He Oblila IPHBEINECHA, ABTOPH NPHBOLAT €€ B

npwioxenud. K CIeKTpH ¥ cliek TPl KOMOHHAIMOHHOTO PacCesHus MONTREPXK JAIOT IPOBEICH-~
HBIH aHaJIA3 TEMJIOEMKOCTEH.
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Appendix

The following table (Table 2) of C,/3R as a function of 0,/T as given by the two-
dimensional Debye function was calculated using Eq. 7 of the text. The computer
program was based on “Simpson Rule” which states that by breaking the range
of the definite integral (¢ <x<b) into 2z intervals of length & = (b — a)/2n,
then approximately,

b
[ Ao = 5 L) + 40 + k) + 45 + .

+ 2f(Xq-2 + 4(Xan_1 + f(X2)] - (1a)

The number of intervals was chosen to be 100, which leads to an error of less
than +0.000001 over the whole range of 8,/T. Above 0,/T = 17.50 the two dimen-
sional Debye function is represented to better than +0.02%, by the low tempera-
ture approximation:

Dy(0/T) = 14.42468/(6/T)* (2a)

J. Thermal Anal. 21. 1981



321

HEAT CAPACITIES

GAUR et al.:

6€6TL°0 £80€L°0 8TCELO CLEELO LISEL'O 199€L°0 908¢L°0 0S6£L°0 Y60vL0 8€TYL0 08°C
£8EVL0 LTSYL0 TLOVLO SI8YL'O 6S6VL°0 €0ISL0 9pTsLo 06€6L°0 PESSLO LL9SLO 0L'T
1T8SL°0 P965L°0 LOI9L0 0$29L°0 £6€9L°0 9€69L°0 6L99L°0 TT/IL0 §969L°0 LOILLO 09°C
6¥CLL0 TOELL'O PESLLO 9LILLO 8I8LLO 096LL0 ' TOI8LO EVI8L0 P8E8L0 §TS8L'0 0s'C
9998L°0 LO88LO 8¥68L°0 8806L°0 6TT6L°0 69€6L°0 6056L°0 6¥96L°0 88L6L°0 | 8T66LO (U} 4
L9008°0 907080 S¥£08°0 85080 79080 19L08°0 66808°0 LEOIBO SLII80 | TIEISO 0¢C
6V¥18°0 985180 £TLISO 098180 966180 (434 Ny 897T8°0 Y0pT8°0 6£S78°0 $L9T8°0 07T
60828°0 ¥628°0 8L0€8°0 CTlzego 9yEER0 6L1E8°0 19g80 SYLESO 8L8£8°0 010¥8°0 01T
wriv8’o LT8O 90¥¥8°0 LESPR0 899¥8°0 86L18°0 6C618°0 850580 88168°0 L1€68°0 00'C
L¥P$8°0 SLESRO £0LS8°0 1£868°0 65658°0 98098°0 £1798°0 0y€98°0 99¥98°0 765980 06°L
LTL98°0 8980 L9698°0 160.8°0 S1CL8°0 6£€L8°0 9vL8°0 ¥85L8°0 LOLL8O 678L8°0 081
056L8°0 L0880 761880 £1¢88°0 £EV88°0 T6E88'0 ¢ TL988°0 06.88°0 806880 920680 0L'1
£V168°0 097680 9LE680 w6r68°0 80968°0 £7L68°0 | 8€868°0 56680 §9006°0 8.106°0 09°1
16206°0 ¥0v06°0 $1506°0 97906°0 LELOG'O LV806'0 | LS606°0 L90T6°0 SLIT6'0 | €8T160 0s'I
16€16°0 66¥16°0 S0916°0 11L16°0 LI816°0 6160 LT0T6°0 1€1T6°0 PETT6'0 Leeee’o | ov'l
6£¥T6°0 1¥526°0 £¥976°0 EVLT6'0 £V876°0 £V676°0 0e6°0 ovie6o 8ETE60 9€€e6’0 | 0E'l
EVE6'0 87SE6°0 $29¢6°0 61L£6°0 £18€6°0 L06£6'0 000¥6°0 £60¥6°0 ¥81¥6°0 9LT¥6'0 . 0T1
99¢¥6°0 9ShY6°'0 9P$Y6°0 S€976°0 £€TLY6'0 018%6°0 L68Y6°0 ¥86¥6°0 690560 ¥S166°0 or°'1
6£7S6°0 cTES60 SOPS6°0 88¥S6°0 69556°0 05956'0 1€L86°0 018560 688560 896560 M 001
§¥096°0 1960 66196°0 L7960 6¥£96°0 Pr96’0 1 L6v96'0 0L596°0 wo96°0 €1L96°0 | 060
¥8L96°0 ¥$896°0 26960 766960 09060 LTIL6'0 . $6IL66 6STL6°0 PYTeL60 68€L60 080
SYL60 SISL60 LLSL6'0 8€9L6°0 669L6°0 6SLL6°O 818L6°0 9L8L60 ¥£6L6°0 166L6°0 0L'0
L¥086°0 T0I86°0 LST860 01286°0 £9786°0 9I€86°0 L9€86°0 81¥860 89¥86°0 L1586°0 09°0
996860 £1986°0 099860 90.86°0 C¢SL86'0 96L86°0 018860 £8886°0 §7686°0 996860 050
L0066°0 9%066°0 98066°0 ¥Cl66'0 19166°0 86166°0 PET66°0 89766°0 £0£66°0 9££66'0 | 0V0
69£66°0 00+66°0 TE¥66°0 %6670 16¥66°0 6166’0 | LPS66'0 YLS66°0 009660 §7966°0 1+ 0£0
05966°0 £L966°0 969660 81L660 6£L66°0 09L66°0 6LL660 86L660 918660 £€866°0 0T0
678660 98660 6L866°0 £6866°0 90666°0 81666°0 676660 6£666°0 6¥666°0 856660 01 o
99666°0 £L666°0 | 6L666°0 £8666'0 686660 £6666°0 §6666°0 L6666°0 66666°0 00000t 000
60°0 80°0 L0°0 90°0 00 0°0 ﬁ £0°0 <00 10°0 000
Lyl

AL[AD uonouny 2£Ga(] JRUOISUILUIP-OM T,

uonouny 94qa(J [BUOISUSWIP-0M [,

(A CLAA

Thermal Arnal. 21, 1981

J.



GAUR et al.,: HEAT CAPACITIES

322

$689€°0 9869¢°0 8L0LEO TLILEO €97LE0 95ELE0 6¥PLEO €PSLEO 9€9LE°0 0ELLEO oL’s
T8LE0 616LE°0 €108¢°0 8018£°0 £078¢€°0 6678¢°0 76£8¢£°0 0618¢€°0 9858¢°0 7898¢°0 09°¢
6LL8E0 9L88¢°0 €L68E°0 0L06£°0 8916£°0 §976£°0 €9€6¢£°0 w9v6et0 0956¢°0 6596¢€°0 0s°¢
86L6€°0 L686E°0 LS66£°0 9£00¥°0 95100 LSTOV'0 LSEOV0 8SY0¥'0 6550V°0 0990%°0 (U 49
79L0V°0 £980%°0 $960¥°0 8901+°0 OLTIV'0 ELTIVO 9LETVO 6LY1Y°0 €8SIP°0 9891+°0 0e's
06L11°0 S6811°0 666110 YOTTP 0 60CTV0 143744\ 0ZvTy'o STSTV'0 1€9T¥°0 LELTYO (49
P8I0 1S62¥°0 850€¥°0 SoIEY0 ELTEV'O 08¢EY’0 88VEV°0 96SEV°0 SOLEY0 PI8EY0 ors
€T6EV0 (4302 4\ wIry'o ISTvy'0 19€¥91°0 ILvb10 [4:3%44\ 69110 Y08¥¥°0 STevyo 00°s
920540 8¢€ISY0 05780 41394\ SLYSY0 L8SSY0 00L57°0 P1851°0 LT6SY0 1¥091°0 06y
SSI9Y°0 6979%°0 £8€9Y°0 86¥9¥°0 £199%°0 8TLIV0 ¥¥891°0 09691°0 SLOLY0 C6ILY0 08y
80€LY0 STYLY0 WeLY'o 6S9LY0 9LLLY'O Y68LY°0 108470 0€I8Y°0 8¥T8Y°0 L9E8Y0 oLy
981810 S098%°0 PTL8YO br88¥°0 $9681°0 ¥8061°0 0610 STE6Y0 SYP6v°0 995610 09t
88961°0 6086¥°0 1€66¥°0 £500$°0 SLI0SO 8670570 0Z¥05°0 £vS05°0 99905°0 06L05°0 oSy
€1605°0 LEOISO 19115°0 98C1¢°0 oIviso SESISO 09915°0 S8LISO 0l61s0 9€07s°0 or'y
91280 88220 PIves o 3274 %Y 8997¢°0 $6LTS0 TC6TS0 050€5°0 LLIESO £0E€S°0 oy
EEVES O 796¢€5°0 069¢5°0 618¢5°0 8¥6£5°0 LLOVSO 90T¥<S’0 9EEYs0 99P¥S 0 965¥5°0 0Ty
9TLYS 0 LS8YS0 886¥S°0 8T15S°0 057650 18€6€°0 (45332 795570 9LLSS™O 8065570 (U7
01095°0 €LI9S0 $0€95°0 8€¥95°0 1LS9S°0 S0L9S0 8€895°0 TL69S°0 901LS°0 0vTLS 0 00y
PLELSO 60SLS0 EVILS0 8LLLSO £16L5°0 8708570 €8185°0 61€85°0 SS¥85°0 16585°0 06°¢
LTL8SO £€9885°0 66685°0 9€165°0 €LT6S°0 01v65°0 LPS65°0 ¥8965°0 1786570 656650 08¢
L6009°0 S€T09°0 €L£09°0 11509°0 05909°0 88L09°0 LT609°0 99019°0 S0T19°0 PE19°0 oL'e
£8¥19°0 £€7919°0 79L19°0 20619°0 0790 281790 TTETY0 °OVT9°0 £0979°0 EVLTO0 09°¢
¥8879°0 §20£9°0 991€9°0 LOEEY0 8¥Pt9 0 065€9°0 T€L£9°0 €L8€9°0 Y10¥9°0 9SI¥9°0 0s°¢
867190 oryy90 78619°0 STLY9°0 L98¥9°0 600590 761590 ¥67$9°0 LEVSO0 08559°0 ov'e
€TLS9°0 998590 600990 51990 96799°0 6£¥99°0 78$99°0 9TL990 08990 £10L9°0 (U
LSIL90 10€L9°0 S¥PLI0 68SL9°0 €ELLIO LL8LYO 12089°0 $9189°0 60€89°0 ¥§¥89°0 0T'e
86£89°0 rL890 L8889°0 1€069°0 9L169°0 0C€69°0 £9¥69°0 60969°0 L6970 66869°0 ()
£v00L°0 88T0L°0 £€€0L°0 8LYOL0 TT90L°0 L9LOLO Z160L°0 LSOTLO 10CIL°0 OVEIL0 00°¢
I6¥IL'0 9€91L°0 I8LILO 9Z6IL°0 0L0TL0 SITTLO 09€TL°0 POSTL'O 6¥9TL°0 Y6LTLO 06'C
600 80°0 L0°0 90°0 S0°0 00 €0°0 <00 10°0 00°0
LfewyL

¥ /4D uonouny SAQI(J [EUOISUSWIP-OM T,

uonouny 94qa(] [RUOISUSWIP-OM L,

J. Thermal Anal. 21, 1981



323

GAUR et al.: HEAT CAPACITIES

91891°0
89ILT0
0eSLTO
£06LT°0
L8C8T'O
789810
68061°0
LOS6T1°0
8€661°0
78€0T0
8¢80T°0
60¢1T0
€6L1T0
16222°0
$08TT0
£EEETO
8L8ET0
vy o
S10ST°0
019¢T°0
12290
1689C°0
006,20
L918T°0
PS88T0
1986T°0
8820¢°0
9E0IE0
9081¢°0
L6§TE0
orveeo
LYTye0
901¢¢°0
8865¢°0

1$891°0
YOTLT O
L9SLTO
IP6L1°0
9T¢8I0
L8l
0E161°0
0856170
8661°0
LTPOT0
$880C°0
95e1C0
w8IT0
rETT0
LS8TTO
L8EETO
£€6£C°0
93274V
L0ST'O
0L9§T°0
¥829C°0
§169T°0
996LT0
SET8T0
76870
£€967°0
79¢€0t°0
CIIIeo
¥881¢°0
LL9TE0
£oveELo
1eeve0
£615¢€°0
8L09¢°0

98891°0
oreL1o
Y09LT°0
6L6LT1°0
$9€81°0
C9L8T0
IL161°0
6561°0
9200T°0
wUY0T0
1£602°0
YovITo
16812°0
£6£7T°0
6067C°0
Irveco
686¢C°0
[4394AY
£€I1ST0
1€LST°0
9rE9T0
0869C°0
TEILTO
£0£8T°0
¥668C°0
S0L6T0
9¢¥0£°0
8811¢°0
961¢°0
6SLTE0
9L6EE°0
LIPpE0
08T5€°0
L919¢°0

07691°0
9LTL10
1P9LT°0
LTO8T0
PO¥81°0
£0881°0
£1261°0
§€961°0
0L00T°0
LTS0T0
8L60T°0
49414y
1761T°0
PyreTo
796TT0
S6¥ET0
PrOrTo
019%T0
615T0
16L8T°0
60$9C°0
¥POLT0
869LC°0
ILE8T0
$906C°0
LLL6TO
0150€°0
§921¢°0
1%0T€°0
6£87¢°0
659¢€°0
05ve0
89¢SE°0
L§T9¢°0

96691°0
CTIELTO
8L9L1°0
9¢081°0
P8I0
£7881°0
§SC61°0
8L961°0
¥110T°0
£950T°0
§T0ITO
10$12°0
06610
S6¥TT0
$10€T°0
6¥SET0
001I¥C0
L99%T0
1STSTO
T686T0
1.¥9T°0
801LT°0
YOLLTO
o¥y8C°0
1620
6¥86C°0
$8S0£°0
1PEIE0
0CIZE0
0T62¢0
TrLeEe’o
L8SYE'0
96PsE0
87£9¢€°0

9ILLI"O
6081°0
£8¥81°0
88810
962610
12L61°0
86100
8090C°0
7LOIT0
6¥S1T0
0v0TT'0
9psTT0
L90£T°0
£09€T0
9SIYT'0
STLYTO
01€sTo
1650
yE££9T°0
ELILTO
1£8LT°0
806870
§0T6T0
TT66C°0
0990¢£°0
81v1E0
661T¢°0
100£E°0
978LE’0
€LIVE0
1223320
8EPOL0

970L1°0
¥8ELTO
EPLLTO
°eI81°0
£CS81°0
§T681°0
8£€61°0
¥9L61°0
£070T°0
¥£90T°0
611120
L6STITO0
060TT0
L6§TT0
0ZIET0
899¢T°0
Iy o
8LYTO
0LESTO
SL6STO
L689T°0
8ETLTO
868.2°0
LLSBTO
9LT6T°0
$666C°0
SELOED
S6vie0
8LTTE0
780¢¢°0
606£€°0
6SLYE0
TE96¢€°0
67S9¢°0

I90LT°0
ITvLL0
06LLT0
IL181°0
79581°0
$9681°0
08¢61°0
L0861°0
LYT0T0
00L0T°0
9911T°0
9%912°0
orizTo
6v9TC0
ELIETO
€ILETO
89TYT0
or8vT°0
6TPSTO
9¢09T°0
0999C°0
£0€LT0
§96LT°0
9Y98T'L
LYe6T0
8900¢€°0
0180€°0
ELSTEO
LSETEO
$91€€°0
£66£€°0
SP8YE0
1TLSE0
0799¢°0

L60LTO
LSYL10
8T8LIO
60281°0
09810
90061°0
welo
16861°0
267070
9¥YLOT'O
£1CITo
S691T°0
0617C°0
10LTT0
9TTET0
L9LETO
STEYT0
6681YC°0
68¥5C°0
8609C°0
¥2L9T0
69€LT0
°e08T°0
SIL8TO
81¥6C0
I710€°0
£880¢°0
0591¢°0
LEPTEO
9PTEE0
LLOYEO
e6reo
0185¢°0
TIL9¢€°0

CEILT0
YovrL1'0
998L1°0
3¥T81°0
981°0
LY061°0
S9¥61°0
¥6861°0
LEEOTO
c6LOT0
192170
PrLITO
I¥TCT0
€6LTTO
08TETO
£C8ET0
18¢¥C°0
LS6YT0
6¥SST0
6S19T°0
88L9C°0
PEPLTO
0018C°0
$8L8T°0
68¥6C°0
SIT0E0
1960¢°0
8TLIE0
LISTEO
87¢EL0
91¥E°0
6105¢°0
668SE°0
2089¢°0

ore
00’6
06°8
088
0L'8
09°'8
0¢'8
(U
0¢'8
0’8
01°8
00°8
06'L
08°L
oL'L
09°L
0s'L
ov'L
0¢°L
0T’L
o1°L
00°L
069
089
0L9
099
09
0’9
0t9
07’9
01°9
009
06°'S
08'S

J. Thermal Anal. 21, 1981

&%



GAUR et al.: HEAT CAPACITIES

324

1 1

168600 | L9860°0 A £8860°0 k 00660°0
S10010 | IE00I0 | 8K00I0 | 190010
Z8101°0 | 66101°0 | 917010 | €€201°0
$SE0T0 | 1LEOTO _ 68£01°0 | 90b01°0
0£S01°0 | SPSTI'0 | 99501°0 | ¥8S0T°0
01L01'0 | 62LOI'0 | LPLOT'O | S9LOT'O
S68010 | VIGOTO | €£601°0 | TS60L'0
G80IT'0 | $OILIT0 | €TV | 51110
6LTIT'0 | 662110 y 6IEIT0 | 6EETTO
6LYITO | 66VITO | 0TSTIO | OFSIFO
$SOTT'0 | POLIT'O | STLITO | 9¥LIT'O
v68TI°0 | SIGIT0 | 9E611°0 | 8S6IT0
601T1°0 | IE1ZT'0 | €S1TT0 | SLITIO
0SETI0 | €SETI'0 | SLETI'O | 86£T10
gSSTI'0 | T8STI'0 | $09TI'0 | LTozl'0
16LTV0 | VISTI'O | SY8TIO | C98TI0
0£0ST°0 | SOST'0 | 6L0E1'0 | €OIETO
9LZET'0 | T0SEI'0 | 9TEEL'0 | TSEETO
QTSET'0 | ¥SSET'0 | 08SEI'0 | 909€I0
88LET'0 | PISEI'0 | I¥8EL'0 | L98ETO
pSOPI'0 | TI8OVI0 | 60IFI0 | 9EIPTO
gZEPI'0 | 9sepT'0 | p8er10 | TIvEI0
01910 | SE9FI0 | L99PT'O | 969¥T°0
668V1°0 | 6Z6PT'0 | 8S6PI'0 | 886PT0
L6IST'0 | LzgsT'0 | LStsT'0 | 88TSI0
€0SST'0 | +ESSTO | S9SST'O | 968ST°0
LISST'0 | 6YSST'O | 188S1°0 | €I6ST'0
IWI9r'0 | YLIOIO | LOTOT'O | ObI9T0
VLPOT0 | LOSOT'O | IbS9T0 | SLS9T'0

60°0 80°0 _ L0°0 900

91660°0
18001°0
0520170
$THo1°0
20901°0
¥8L01°0
1L601°0
791110
6SETT0
09S11°0
LILTTO
6L6T1°0
L6121°0
ITve1o
059¢1°0
988210
LTIET'O
9LEET 0
1€9€T°0
P68€1°0
€91¥1°0
oFrr1°0
STLYT'0
L10ST°0
81€ST0
LT9sT0
9P6S1°0
€L29T°0
60991°0

S0°0

T€660°0 6¥660°0 §9660°0 78660°0 866600 00°C1
86001°0 ST101°0 1€10T°0 8¥101°0 S9101°0 0611
L970T°0 $8¢01°0 20€01°0 61£01°0 LEEOT0 08°IT
01°0 65¥01°0 LLYOTO 601’0 718010 oL’ 11
02901°0 8€90T°0 95901°0 $L£901°0 °6901°0 09°11
20801°0 12801°0 6£801°0 8680170 LL8OT"0 0S°T1
066010 60011°0 87011°0 LYOIT'0 99011°0 o1t
781110 10T11°0 12211°0 0¥CI1°0 09Z11°0 0E°Il
6LETTO 66€11°0 6IvII0 6EVIT0 6SPIT0 0TIl
18STT°0 10911°0 09110 wWOIT0 £€9911°0 o1'11
88LIT0 608T1°0 0£811°0 1S81T°0 TLRITO 00°1T
100210 c0TT0 #P0CT°0 990C1°0 L80TT°0 06701
612CT°0 1wZT1o €97C1°0 987T10 80¢T1°0 08°01
EVPCI0 99%v¢I0 68¥C1°0 cIsero YESTI0 0L°01
€L92T°0 L69TT0 0TLTI0 EPLTT'O L9LTT0 09°01
0162170 £e6C1’0 866210 78621°0 900€1°0 0501
°SIeET0 LLIETO 102€T°0 9zTel’o ISTET'0 ool
10¥€1°0 LTVET0 5PET0 LLYET'O £0SET°0 ocor
LS9ET0 £89€T°0 60LETO SELETO TILETO 00l
026¢€T°0 LY6E£1"0 PL6ETO 100¥1°0 LTOVT0 01°0I
06171T°0 81Tvio SyTvio eLTVLO 10¢v1°0 00°01
89PP1°0 96¥¥1°0 45480 (33948} 18S¥1°0 066

YSLYT0 €8LYI'0- 421454 1¥8¥1°0 0L8%1°0 086

Ly0ST0 LLOSTO LOIST 0 LeISTo L91sT 0 oL'e

6¥EST 0 6LESTO 0IvST0 1229 XY TLYSTO 096

6S9S1°0 069ST°0 TTLSTO YSLSTO S8LST0 056

8L6ST0 01091°0 €7091°0 SLO9T°0 80191°0 o6

90€91°0 6£€91°0 €LESTO 90¥91°0 o910 0€°6

¥¥991°0 8L991°0 TIL91°0 LyL91'0 18L91°0 076

0°0 £0°0 200 100 000
ZfewyL

d¢ A uonsuny 94qa(g TEUIOISUAWIP-OMT,

uonouny 94 [eUOISUSWIP-OM T,

J. Thermal Anal. 21, 1981



325

HEAT CAPACITIES

GAUR et al.:

11090°0
68090°0
69190°0
1§290°0
¥££90°0
81+¥90°0
§0§90°0
£6590°0
£8990°0
SLLOO0
898900
$9690°0

790L0°0"

I9TLO°0
€97L0°0
L9€L0°0
€LPLOO
86L0°0
£69L0°0
908L0°0
°T6L0°0
0r080°0
19180°0
§8780°0
11¥80°0
1v$80°0
£L980°0
60880°0
¥680°0L
68060°0
§€760°0
£8£60°0
§£560°0
169600

61090°0
L6090°0
LLT900
657900
re90°0
LTPo0°0
PI§90°0
209900
76990°0
¥8L90°0
8L890°0
¥L890°0
TLOLOO
ILTLOO
€LTLO0
8LELOO
¥8¥L0°0
£65L0°0
YOLLOO
LI8LOO
PE€6L0°0
50800
€L180°0
L6T80°0
Yer80°0
16680°0
L8980°0
£C880°0
19680°0
$0160°0
6¥T60°0
86£60°0
15560°0
LOL60°0

LT090°0
$0T190°0
$8190°0
L9790°0
05£90°0
9¢¥90°0
22590°0
171990°0
10490°0
£6L90°0
L8890°0
£€8690°0
180L0°0
8ILO0
¥8CLO0
88€L0°0
S6¥LO0
09L0°0
SILLO'O
678L0°0
SY6LO’0
¥9080°0
98180°0
01€80°0
LEV8O'0
L9$80°0
00L80°0
9£880°0
9L680°0
8T160°0
¥9760°0
¢1y60°0
99560°0
£CL60°0

$£090°0
€1190°0
€6190°0
SLT900
65€90°0
¥¥¥90°0
1£§90°0
029900
01.90°0
£€0890°0
L6890°0
£6690°0
160L0°0
T61L0°0
P6TLO0
66£L0°0
905L0°0
S19L0°0
9TLLOO
0¥8L0°0
LS6LO°0
9.080°0
86180°0
€7€80°0
057800
086800
¥1L80°0
0£880°0
066800
TE160°0
6L260°0
8T¥60°0
85600
6£L60°0

|

|

0900
12190°0
07900
¥8790°0
L9€90°0
£6+90°0
0r$90°0
62990°0
61.90°0
18900
906900
£00L0°0
101L0°0
¢0TL00
y0€L0"0
60vL0°0
91§L0°0
LT9L0°0
8ELLOO
CSRLOO
696L0°0
88080°0
012800
$€€80°0
£9¥80°0
¥6580°0
LTL800
$9880°0
00600
L¥160°0
¥6260°0
Yrr60°0
L6560°0
§5L60°0

05090°0
671900
012900
767900
9L€90°0
19¥90°0
6v590°0
8£990°0
62L90°0
12890°0
916900
£10L0°0
IT1L0°0
CTITLO0
SIELO0
0Tyl00
LTSLOO
LE9LOO
6¥LLOO
¥98L0°0
186L0°0
001800
£7780°0
87£80°0
9L¥80°0
L0980°0
17480°0
8.880°0
61060°0
19160°0
80£60°0
65160°0
£1960°0
1LL60°0

8€090°0
L£190°0
812900
00£90°0
¥8¢90°0
0L¥90°0
L§590°0
L¥990°0
8¢L90°0
1€890°0
§T690°0
<0L00
1TILO0
cceLoo
§TELOO
1EvL0°0
8¢6L0°0
8¥9L0°0
09LL0°0
SL8L0°0
£66L0°0
TII80°0
$€C80°0
19€80°0
68¥80°0
029800
PSL8O0
768800
780600
9L160°0
£CE60°0
L1600
87960°0
L8L60°0

|

990900
SH190°0
97T90°0
60£90°0
£6£90°0
6L¥90°0
99690°0
969900
LyL90°0
0¥890°0
$€690°0
TE0LO0
T€1L0°0
TETLO0
9€€L0°0
I¥¥L0O°0
6¥SLO0
6$9L0°0
TLLLOO
L88LOO
$0080°0
$Z180°0
8%780°0
£L£80°0
20$80°0
£€980°0
89.80°0
$0680°0
970600
16160°0
8€€60°0
68%60°0
¥¥960°0
£0860°0

|
|

¥L090°0
£6190°0
£T90°0
L1€90°0
10+90°0
L8¥90°0
$L§90°0
$9990°0
9§L90°0
6¥890°0
$¥690°0
WOLO0
I¥1L0°0
EVCLO0
9vELO0
SyLO0
095L0°0
0L9L0°0
£8LLOO
868L0°0
91080°0
LET8O0
09780°0
98€80°0
$1680°0
L¥980°0
18L80°0
616800
19060°0
$0T60°0
£6€60°0
S0S60°0
09960°0
6186070

18090°0
19190°0
wT90°0
$TE90°0
01¥90°0
96¥90°0
¥8590°0
$£990°0
§9.90°0
658900
¥$690°0
60L0°0
IS1L0°0
£9CL0°0
LSELOO
£9%L0°0
1LSL0°0
189L0°0
S6LLOO
016,00
82080°0
6¥180°0
TLTR00
66£80°0
875800
09980°0
$6.80°0
£€680°0
SLO60'0
022600
89€60°0
025600
9L960°0
$£860°0

(UAY}
0esl
0TSl
01°¢1
00°¢l
06'v1
08'vI
0Lvl
09°v1
osvI
ovvil
0e vl
0Tyl
orvi
00Vl
06'¢l
08¢l
oL’ el
09°¢cl
0S¢l
ov'el
ocel
0zel
orel
00°¢l
06°Cl
08Tl
0LTl1
091
0s¢l
oy’ cl
0ecl
ozel
o1el

J. Thermal Anal. 21, 1981
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Thermal Anal: 21, 1981
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