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Heat Capacity of Nonstoichiometric Compounds

Hideaki Inaba and Keiji Naito*

Abstract

Difference in molar heat capacity due to nonstoichiometric composition is usually small as the
Kopp-Neumann’s law predicts, but it becomes large when the terms of heat capacity other than the

classical harmonic vibrational term are prominent.

Origins of the deviation from the Kopp-Neumann's law come from all the terms of heat capacity:
lattice heat capacity, heat capacity due to conduction electron, Schottky heat capacity, magnon heat
capacity, heat capacity due to vacancy tormation and heat capacity of phase transition.

Especially in the case when the phase transition occurs in nonstoichiometric compounds, the
transition behavior depends sharply on nonstoichiometry. The transition temperature, enthalpy and
entropy change for the transition as a function of nonstoichiometry obtained by the heat capacity
measurement give important information on the mechanism of phase transition.

{. Contributions to heat capacity

Many information on solid state, such as lattice
vibration, lattice expansion, electronic and magnetic
state, lattice vacancy, phase transition etc. can be
obtained from the heat capacity data.

The heat capacity at constant volume can be ex-
pressed as:

C‘V = C[ + (‘e,c + (Ve.:, + (vm + (vf T (1)

where C is the lattice heat capacity, C, . the electronic
heat capacity due to conduction electron, €., the
electronic heat capacity due to electronic excitation to
higher energy levels, (', the magnon heat capacity due
to the excitation of the spin system in magnetically
ordered substances, (; the heat capacity due to the
formation of vacancies. Usually, the heat capacity at
constant pressure, (), is measured and the relation
between (), and Cp is expressed as:

Cp :CV_*_Cd (2)
Vgt
Cy =<—f—) T=Cyrs? , 3

where 3 is the coefficient of cubical thermal expansion,
£ the isothermal compressibility, ¥ molar volume, 7
Griineisen constant (FV/ £Cy).

1.1 Lattice heat capacity
Since the phonon energy £ is given by
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foo= S —— 4 (4)
U9 expttag T
the lattice heat capacity is expressed as'):
Ok ey \ )
Cyz(w)lv— k‘{,\l_j(,\,ih(z)q,-, , (5)

where G{(x)=x%e¥/(e¥—1)%, w vibrational frequency,
k Boltzmann constant, § =1/kT. ¢ wave number,
j branch.

The summation over ¢ tor each branch can be trans-
formed into an integration over w, using the density
function g;{w). The expression (35) thus becomes

Cp= k2 j‘G(,/ﬁm gilwidw
K

=k J.(J'\Aﬁhm rglwidw | (6)
where g(w) is the sum of 3 branches of functions g;{ w)
and

A\" * S .
gy =22 (4 . &5

st lgradgwg;l

where NV is the number of unit cell. 2 the volume of
unit cell, dS is the elementary surface area, the vector
grad, @ being perpendicular to the surface. [gradg ol
is obtained from the dispersion relation between  and
¢ for each branch. The dispersion relation is usually
obtained from the studies of the neutron inelastic
scattering and infrared spectra. Dispersion relation and
g(w) of U0, , K¥ and AI*) have been obtained from
the neutron inelastic scattering and those of PuQ,%
and spinel® from the infrared spectra.

10— NETSU 4 (1) 1977



Heat Capacity of Nonstoichiometric Compounds

In the Debye approximation the density function is
glw) = <)1\/<1) , 0w wy
vy

(8)
=) , W>wp

where wp is the Debye maximum frequency, and the

Debye characteristic temperature # is introduced as

k=t . (9
The lattice heat capacity in the Debye approximation
can be expressed as follows:

o/T
¢ = 91{(—)3[ EX = 3kD (4 5. ao

- 1*
where D(6/T) is the tabulated Debye function. x = 7/ 4.
The equation (10) approaches to the Dulong-Petit value
3R above the Debye characteristic value #.

The anharmonic term of lattice heat capacity, G,
can not be described in the Debye approximation, but
it is usually described as a term proportional to the
temperature 77-%)

Ci, =Const. T . [GRD)]

1.2 Electronic heat capacity
The electronic heat capacity due to the conduction

electron is given as follows®):

Ce rrw—( )(v) (12)
where 7 is the electronic heat capacity coefficient, Ty
Fermi temperature. Since usually 7«7, the higher term
can be ignored and C, . is proportional to temperature.

The electronic heat capacity due to electronic excita-
tion to higher energy levels, which is usually called as
Schottky heat capacity, is described as follows!® ",
The partition function @ is:

Q= g exp(— 1“ (13)

When we put £, = 0, the average energy F is:

Im

Q" N - &i B exp (- ff] "
Then,
o™ )
QTR (@ 3 .“ gk eXP(‘ BT
*{El & by exp (= 1?’}‘)}:J
ROT(EE = (BYY). ("

For two-level system C,  is:
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where £ is the energy difference between the ground
state and the first excited state.

I TR o & E
At ]<</f Ces ~ /( )( )exp( R/)‘ (17)

Cos RE (2, +8)7(=X) . (18)

at “RT

1.3 Magnon heat capacity
The magnon heat capacity can be represented as

follows'?):
C =CTR( f{/IS for ferromagnetics (19
Co=C"R{ )Ijlb 5 for antiferromagnetics , (20)

where J and J' are exchange integrals, ' and (*
constants depending on the type of crystal structure,
and S is the spin.

1.4 Heat capacity due to the vacancy formation

Heat capacity due to the vacancy formation is given
259

St AHf Aflf

Ce= (=) exp( Qn
where {; is the entropy term of the vacancy formation,

AFy the vacancy formation energy.

2. Kopp-Neumann’s law and heat capacity of non-
stoichiometric compounds

According to the Dulong-Petit’'s law'?. as a three
dimensional harmonic oscillator has an internal energy
3kT and a gram-atom of an element has N, atoms, the
lieat capacity at constant volume is

K
57

) = 3Nak = 3 K. (22)

The extension of Dulong-Petit’s law was applied to
chemical compounds, i.e., the molar heat capacity of a
compound is equal to the sum of the atomic heat
capacities ot its constituent elements. This law which is
generally referred to as the Kopp-Neumann’s law'*) has
been applied to predict the atomic heat capacity of
alloys. It a compound consists of elements 1,2,--- . n
with atomic fraction x;.x,, - .x,. and atomic heat



[N #

capacity (},,,Cp2, 7+, Cyy, then the heat capacity of the

compound is

Cp- ,\-::‘ X Cpis (23)

If equation (23) is applied to nonstoichiometric
compounds, the difference in heat capacity among non-

stoichiometric compounds is proportional to the dif-
ference in the composition, and it would be usually
small compared with the experimental error of the heat
capacity measurement.

Grénvold '>) measured heat capacities of NiSe,_, with
different x-values and found that those per gram-atom
at 800 K are nearly the same. Namba et al. '} also found
that heat capacities of UC,_, O, were the same within
experimental error between 300 to 700 K in spite of
different v-values, although the heat of formation of
UC,_, O, varied with x. Heat capacities of Na, WO;'7
and Li, WO,;'® were measured by this authors and
those per gram-atom at 700 and 800 K are given in
Table 1.
experimental error regardless of the difference of the

where we can see that they are equal within

composition, indicating that the Kopp-Neumann’'s law
holds.

3. Deviations from the Kopp-Neumann’s law in the
nonstoichiometric compounds

If the Kopp-Neumann’s law holds for nonstoichio-
metric compounds, we would have no longer reason to
measure the heat capacities of nonstoichiometric com-
pounds with different composition, because the heat
capacity of nonstoichiometric compounds is determined
by the atomic heat capacity and the atomic fraction of
the constituents. However, the Kopp-Neumann's law is
based on the Dulong-Petit’s law and only the classical
harmonic vibrational term of heat capacity is considered.
Accordingly, in the nonstoichiometric compounds in
which the terms other than the classical harmonic one
are prominent, heat capacities of these compounds may
deviate from the Kopp-Neumann’s law. Origins of this
deviation may come from all the terms of heat capacity
as described in equation (1) as follows:

i

Zre

&
(a) Lattice heat capacity (b) Heat capacity due to
conduction electron (c) Schottky heat capacity (d)
Magnon heat capacity (e) Heat capacity due to the
vacancy formation (f) Heat capacity due to phase
transition. On the last term it will be described in the

section 4.

3.1

Chernyaev et al.'®? measured heat capacities of VC,
with x-values of 0.460, 0.530, 0.712, 0.830 and 0.861
from 50 to 300 K and found heat capacities in these

Lattice heat capacity

compounds largely deviated from the Kopp-Neumann’s
law in the low temperature and approached to the law
at 300 K as shown in Fig. 1, where we can see that
at low temperatures the deviation from the Kopp-
Neumann’s law is very large, but it becomes small at
high temperatures. This shows that the bonding prop-
erty of VC, is dependent on the composition and the
Debye characteristic temperature varies with x in
carbide?®2Y. The difference in the Debye temperature
results in large difference in heat capacity at low tem-
peratures, but small difference in heat capacity at high

8

Cp/.l(g“cmn)‘I K-!
b

-
<

C content/at.%

Fig. I Composition dependence on heat capacity of
VCy, x: 1-0.460, 2-0.530, 3-0.712, 4-0.830,
5-0.861 as a function of temperature. The solid

line sliows the Kopp-Neumann’s law.!?

Heat capacity of Li, WO; and Na, WO, per gram-atom (1/(4+x) mol)'™'®

Cp/J mol™'K!

Table t
K ————
700 25.33 25.97
800 25.96 26.62

25.06
25.69

25.03
25.52

25.07
26.62
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temperatures.

It has been found that the Debye temperature varies
with composition of nonstoichiometric compounds,
such as TaC,?%, NbC,?*2Y_ PdH,*, NbO, and
TiO, 2%, NiS, ?%), Nit, 2’ and Ni, Fe;., 04",

3.2 Heat capacity due to conduction electron

The electronic heat capacity coefficient in non-
stoichiometric compounds varies with the composition,
resulting from the different band structure depending
on the composition. The electronic heat capacity co-
efficient of Na,WO;2® with x values of 0.56, 0.65,
0.73, 0.81 and 0.89 was measured and the density of
states at the Fermi surface was obtained as a function of
x, deviating from the free-electron approximation.

The electronic heat capacity coefficient has been
measured in nonstoichiometric compound with different
composition, such as VC,2® TaC, 2, PdH,*,
NbO, 2, NiS, **), NiH, *®, TiO, >*) and V4, Si*".

3.3 Schottky heat capacity

The difference in the composition results in the
difference in the valence of the magnetic ion and that
in the crystal field around the magnetic ion. According-
ly, the Schottky heat capacity may vary with the
composition in the nonstoichiometric compounds.
Mitarov et al3®) obtained Schottky heat capacity of
PrTe, with v-values of 1.33, 1.37, 1.47 and 1.50 by
measuring the heat capacities of PrTe, and LaTe, with
the same x-values in the temperature range from 5 to
273 K. The Schottky term of the heat capacity of PrTe,
was obtained by subtracting the heat capacity of LaTe,
with the same x-value from that of PrTe,. From the
Schottky heat capacity thus determined, the energy
levels splitted from the ground state 4f2(3H,) of Pri*
ion by the crystal field were obtained with different x-
values and were compared with the calculated values,
resulting in good agreement except tor the higher
energy levels.

A prominent Schottky effect is seen in US, and
US, %" where heat capacity of US,, is larger than
that ot US, as seen in Fig. 2a. This is interpreted to
mean that the energy difference (AE/A) between the
ground state and the excited state is 56 K for four-fifth
U atoms and 68 K for one-fifth U atoms in the case of
US g, as shown in Fig. 2b, while it is the larger value,
144 K, in the case of US,.

Schottky heat capacity as a function of composition

was also measured in Mn, Fey. O, .

3.4 Magnon heat capacity
Varazashvili et al. 3 observed that the heat capacities

NETSU 4 (1) 1977

Cpfeal mol™ K"

T/K

(o)

06 —

]
s
T

Cpleal mol 'K 7!

02 of /

/
7 AN
_/5/ VBig 2 [ DEN €3 K)

o
e
S
o LtllZ” i D I 1 I
o 20 3 40 50
T/K

Fig. b Resolution of the excess heat capacity of US, 4.
The contribution of the atoms with AL/k =
68 K is shown by ———, that of the other
four-fifths by —-—-—and the sum by ---—-. The
circles and the solid line represent the excess
heat capacity obtained by subtracting a lattice
contribution estimated by fitting the observed
heat capacity at higher temperatures to a
suitable Debye function from the observed
heat capacity.3!.32)

of Ni;_yZn, Fe,0O4 at the room temperature were de-
pendent on x-values and showed a maximum around
x=0.4. This behavior comes from the magnetic origin,
since the saturated magnetization is also dependent on
x-values and its maximum is around x = 0.4.

The heat capacity and magnetic susceptibility of
UC, N, with different x-values were measured by

Novion and Costa®3:3¢),

The magnetic susceptibility of
UC,_y Ny was changed with x-values. The lattice and
electronic heat capacity are obtained from the C,/T

against T'? plot, but the magnon heat capacity was not

- 13—



separated, perhaps because the heat capacity for anti-
ferromagnetics is a function of 7%, being the same

temperature dependence of lattice heat capacity.

3.5 Heat capacity due to the vacancy formation

Affortit and Marcon®”’ measured heat capacities of
(Ug g Pug ;) O, with v-values of 1.98, 2.00, 2.045 and
2.08 in the temperature range from 1500 to 3000 K,
and their results are shown in Fig. 3. The differences in
the heat capacities increased with temperature, and they
are 4-16% at 2500 K, Jargely deviated from the Kopp-
Neumann’s law. This difference in heat capacity may
come from the difference in the concentration of the
interstitial and vacancy sites and the difference in the
activation energy of the vacancy formation.

208
2045
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Fig. 3 Heat capacities of UQg g Plig, O+ as a tunction
of 7.7

Turchanin ¢t «l.*® measured heat capacities of VC,
with v-values of 0.72, 0.75 and 0.86 in the temperature
range {rom 1300 to 2500 K and tfound that the heat
capacities per gram-atem varied with the composition
of the carbides. This dependence of the heat capacity
on the composition was ascribed to the fact that the
metal-metal bond energy changed with increased defect
state of the C-sublattice. Similar studies were made in
NbC, 3%, ZyCy ¥ and TaC,*".

4. Heat capacity due to phase transition in non-
stoichiometric compounds

As was seen in the previous section, the difference in

— 11 -

nonstoichiometric composition results in the difference
in the properties of the compound such as the bonding
nature, the valence state of cation and vacancy concen-
tration. When phase transition occurs in nonstoichio-
metric compounds, such difference in the properties
depending on nonstoichiometry may be largely revealed,
and the transition behavior, such as transition tempera-
ture, enthalpy and entropy change tor the transition
depend strongly on nonstoichiometry. Accordingly, it
we  obtain these quantities as a function of non-
stoichiometry by the heat capacity measurement, they
will give important information on the mechanism of
the phase transition.

Heat capacities due to several types of phase transi-
tion have been measured as a function of nonstoichio-
metry as follows:

(a) Order-disorder transition of atomic configuration
(b) Magnetic transition (¢) Superconducting transition
(d) Semimetal-metal transition (¢) Order-disorder

transition due to valence electron.

4.1
The theory of the order-disorder transition has been

Order-disorder transition of atomic configuration

developed in binary alloys. The method of Bragg and
Williams*'**?) is a simple, yet successful, approximate
method. The result of the Bragg-Williams approximation
is as follows. The heat capacity and entropy change for
the order-disorder of a binary alloy is described in terms

of the long-range order parameter s:

. 27,
RTE {1 tanh (F5) )
- ST (24)
I*~77T.{1-tanh (:‘lc‘*ﬂ
A :
_—
7! I .
g(s) - - (25
%( 1+s)! —‘}—( 1—s)! I '
and
AS =k In{glsy))~ A Inf{e(s;)} (26)

where C is heat capacity due to the order-disorder

rearrangement, 7. the critical temperature. g(s) the
number of possible ways of rearranging atoms, AS the
entropy change from s, to s, and it becomes RIn2,
when the transition occurs from completely ordered to
completely disordered state.

The
stoichiometric TiO, and the heat capacities of TiO,

order-disorder transition was found in non-
with v-values from 0.08 to 0.40 were measured by
Koiwa and Hirabayashi*®. The enthalpy and entropy
change for the transition against O/Ti ratio is shown in

Fig. 4. This transition has been interpreted as mainly
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Fig. 4 Composition dependence of enthalpy change (a)
and entropy change (b) for the transition. Solid
lines show the theoretical curves for the intra-
plane disordering, ***%

the intra-plane disordering of interstitial oxygen atoms
dissolved in the h.c.p. lattice of «-Ti*¥*) and the
enthalpy and entropy change for the transition were
calculated*®? by the Bragg-Williams approximation as
shown in Fig. 4 in relatively good agreement with the
observed values.

Heat capacities of Ni, ., Se phase with different x-
values have been measured by Grénvold er al '5:9¢)
A-type transitions were observed in all Ni;_, Se samples
(1.-x=0.925, 0.90, 0.889, 0.861, 0.85. 0.8375, 0.825,
0.8125, 0.775 and 0.75) due to vacancy disordering in
the NiAs-like structures. The entropy change of the
disordering was calculated as a first approximation as:

AS = ,,[;{(1,,,_\-);“(1 ~x)+xdn v} (27)

Similar heat capacity measurement has been made by
Grénvold et «l in nonstoichiometric compounds such
as Fe;_.Se?”’ and Nij., Te?®).

4.2 Magnetic transition
R. Mainard ¢t ¢/ measured heat capacity anomalies
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of Fe, O, with x-values of 0.944, 0.937, 0.927. 0.923
and 0.899%). The peak maximum in the heat capacity
curve decreases linearly with increasing v, confirming
the variation of Neel temperature with v derived from
magnetic susceptibility measurements by Koch and
Fine %),

Heat capacity measurement on US.P, . with x-
values of 0.75, 0.50, 0.25 was reported by Counsell
et al *V. US and UP are known as ferromagnetic and
antiferromagnetic respectively, but ferromagnetic inter-
actions predominate over antiferromagnetic interactions
in US,P,_y. As P is progressively substituted for S in
US, the magnetic ordering temperature decreases and
the entropy increment becomes smaller. Recently, heat
capacity of US,P,_, with ten v-values has been meas-
ured by Yokokawa er al®*. The magnetic ordering
temperature, the peak maximum of heat capacity and
other thermodynamic parameters have been obtained
against the composition.

Heat capacity of Mn, Fe;_, O, with different x-values
has been measured by this authors®?! and the entropy
change due to the transition was discussed as a function
of the composition. The entropy change is mainly due
to magnetic origin, but some extra contributions to the
entropy change are considered.

Heat capacities of Fe,_,Co.S, and Co,_y NipS, were

measured by Ogawa’®®

and the magnetic entropy.
density of states and the Debye temperature of these

compounds were discussed as a function of x.

4.3 Superconducting transition

Heat capacities of NbC, and TaC, with different
x-values have been measured by Toth er «l*?. The
superconducting critical temperature 7, decreases with
decrease of x in the carbides as shown in Fig. 5. The
Debye temperature @. electronic heat capacity coeffi-
cient 7 and superconducting parameters N (O) and 17,
are also decreases with decrease of x.

Zimmermann of ¢l ?¥ found from the heat capacity
measurement of PdH, that 7., & and r varied with x.
Similar study on superconducting transition has been
made in the nonstoichiometric compounds such as
NbO,, TiO,* and V,;-.Si?' by the heat capucity
measurement.

4.4 Semimetal-metal transition

Heat capacity measurement has been made by Coey
and Brusetti®®? from 5 to 330 K on Ni S with v-values
of 0.95. 0.98 and 1.00. As shown in Fig. 6, a sharp
maximum of heat capacity in Ni; oS was obtained at
265 K. indicating a semimetal {low temperature phase)
to metal (high temperature phase) phase transition of



woom 2]
" 3‘6? 60C

“ 32 B ‘ s

: 238 580} S0 8Y

TOC‘ X(B\)
Z a Kgnc,_xmu @’520 X
480 Tl

8;:"‘:’3““%”) 240 TaCy_y (B3] 70 NBC (€ -FayN)

& 16 Sae 400 hE

= 12} ToyCCe) —3y ) T ~a—To,C (C6)

£ 108875654 109.876.5.4.3

C/ND{CiTa) RATIO

REF (1) 5
1070 e 32} o 8ol sele
- 1-X NbCyy <2 °Cix <
Z : \\c:\o 2 30ty 20 o\/ ia.52 Nt
< A . 28f o &l 548k N\
™~ o4 ] \o ;‘i 26 L e 19 \o Z 44
ToCy N NEEL:TAN ToZ, y
2 245 70¢, 08 174nNee, 28 40
09 8 10 8 8 09 8 W0 9 8

C/ND (C/Ta) RATIO

Fig. 5 Variation of the thermodynamic and super-
conducting properties with C/Nb and C/Ta ratio 2%

i
60,
L
T 50
N4
E
Z 4
<
0
100 200 300

/K

Fig. 6 Heat capacity as a function of temperature for:
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Table 2 Changes in thermodynamic parameters at the first-order transition
in nickel sulfide ¥
Sample T+ /K A/ mol~! AS/F mol™'K! AC, /I mol™ ' K™!
Nij g9 S 265 1409+42 5.32¥O;16 0.8%0.5
Nigog S 165 454+14 2.80+0.09 1.0+0.5
NiggsS 4.2 — —_ —_—
first order. In Ni,gsS the transition temperature shifted from X-ray diffraction data®? of superlattice lines,

to 165 K, and in Niges S the phase transition was not

observed. Changes in hermodynamic parameters at
first order transition in nickel sulfide are given in

Table 2. The electronic heat capacity coefficient and
the Debye temperature of these compounds were also
largely dependent on nonstoichiometry. The entropy
change for the transition was resolved into electronic,
vibrational and magnetic contributions.

4.5 Order-disorder transition of valence electron
Heat U040
measured by Inaba and Naito®) with different y-values

capacity  of nonstoichiometric was
and the transition temperature. enthalpy and entropy
changes tor the transition were obtained as a function
of v. This phase transition is thought to be originated
from an order-disorder rearrangement of U*' and US*
fons and succeeding displacement of oxygen ions. The
is elucidated as

entropy change as a function of »

follows %5-5¢),

The entrepy change AS is the sum of
that due to the displacement of oxygen ions, ASy. and
that due to the order-disorder rearrangement of U and

U jons, AS.:

AS = A5 +AS, (28)

As tor AS;. it is calculated from the numbers-of oxygen
atoms of normal fluorite sites and interstitial sites in the

low- and high-temperature phases. which are obtained

based on the Willis model. The results are given in
Table 3.

As for AS,, it is estimated from the jump width of
electrical conductivity. Electrical conduction in U;Oq_
is believed to occur via a hopping mechanism, and the
Z-type jump of electrical conductivity is originated
from the increment of the probability for hopping
Ut us* AS,
correspond to this increment of probability tor hopping

between and ions. is thought to

and also correspond to the vibrational entropy change,
namely

“n

A8 = log -4, (29)

Yy
where vy and v, are the hopping frequency in the high-
and low-temperature phase, and J is the jump width of
clectrical conductivity. One can therefore calculate the
variation of AS, among samples with different O/U
ratios from the jump width of electrical conductivity.
As seen in Table 3, since the entropy change due to the
displacement of oxygen ions ASy is zero in the case of
UO,; »50. the observed entropy change 1.92 J mol~'K !
is thought to represent AS.. Therefore, AS, for sub-
stoichiometric samples can be calculated using equation
(29) and the results are given in Table 4. The total
entropy change (1S, + ASy) thus calculated and the
observed entropy change are given in Table 4, from

which we can see that the calculated values are in fairly
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Table 3 The compositions of U,O04_, in the low- and high-temperature phases:
I, and [/, represent the intensity of superlattice lines of U,04_, in the high- and low-temperature
phases, respectively. A5, is the entropy change due to the normal fluorite sites and AS, is that due

to the displacement in the interstitial sites.’®
N | Composition of N . (‘ompos_ition of AA?nl - 33: _ ASd -
ow-temperature phase  high-temperature phase  J mol"'K Jmol™'K™'  Jmol 'K~!
U0z 20 U0r00007010:0 0168 U020220002000 020 272 —0.75 1.97
UOZ.240 I 55 UOZ’O, 140 O' 0.193 O” 0.193 UOZ-(),Z4O 0'0.24() 0’10.240 l 7() 7075 1 01
U02A250 10 UOZv(J.ZSOO’().ZSOO”().ES() UOZ*().ZSO O'()AZSO O”().ZSO O O 0

Table 4 Relative jump width and entropy change calculated and observed for the transition

for Uy Oy samples. 5

relative S A8 calculated observed
. . Ve Dd entropy change entropy change
jump width T mol 'K-! Tmol- 'K} A(Su454) AS
Tmol 'K! Jmol KT
UO; 540 1.0 1.92 0.0 1.92 1.92
UO; 540 0.68 1.30 1.00 2.30 2.34
U0, 408 0.60 1.17 2.01% 3.18 2.93

* 1t is calculated on the basis of the assumption that the ratio /;,//; is 2.0. which is the same value

as for UO, 530
good agreement with the observed ones.

4.6 Other examples

Heat capacity of Na, WO; with x-values of 0.485,
0.698 and 0.794 was measured by this authors!”) and a
A-type heat capacity anomaly was observed around
400 K, as shown in Fig. 7. The entropy change due to

= (1) this work NQ, p0sW O,
=== {2) this work NG, 40 WO,
== {3) this work NG g 7qg WO,

—-— Taylor and Weller  Nd, 4 WO,
*** Gerstein et al.

200 %66 500 800
T/K
Fig. 7 Heat capacities of Nag4gs WO3, Nug s WO;3 and
Nag 194 WO;  with results of NaggoWO; by
Gerstein ¢f gl and those of Nag WO, by Taylor
and Weller.'”

the transition was obtained as a function of x. It is
supposed that the entropy change due to the transition
is caused by the increase in the number of slightly
displaced atoms with respect to the ideal perovskite
position. Similar A-type heat capacity anomalies were
observed in Li, WO; with x-values of 0.363, 0.437 and
0.478'%),
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