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a b s t r a c t

The heat capacity and the enthalpy increments of strontium niobate Sr2Nb2O7 and cal-
cium niobate Ca2Nb2O7 were measured by the relaxation time method (2–300 K), DSC
(260–360 K) and drop calorimetry (720–1370 K). Temperature dependencies of the molar
heat capacity in the form Cpm = 248.0 + 0.04350T − 3.948 × 106/T2 J K−1 mol−1 for Sr2Nb2O7 and
Cpm = 257.2 + 0.03621T − 4.434 × 106/T2 J K−1 mol−1 for Ca2Nb2O7 were derived by the least-square method
from the experimental data. The molar entropies at 298.15 K, S◦

m(298.15 K) = 238.5 ± 1.3 J K−1 mol−1

for Sr2Nb2O7 and S◦
m(298.15 K) = 212.4 ± 1.2 J K−1 mol−1 for Ca2Nb2O7, were evaluated from the

low-temperature heat capacity measurements.
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. Introduction

Strontium niobate Sr2Nb2O7 (S2N) is a ferroelectric mate-
ial with high Curie temperature TC = 1615 K and promising
iezoelectric and electro-optical properties. It is also a compo-
ent of practically important solid solutions Sr2(Nb,Ta)2O7 and
Sr,Ba)2Nb2O7 for ferroelectric memories based on field effect tran-
istors and capacitors. Single crystals of calcium niobate Ca2Nb2O7
C2N) have been studied as non-linear optical materials and hosts
or rare-earth ions. To assess the thermodynamic stability and reac-
ivity of strontium and calcium niobates under various conditions
uring their preparation, processing and operation, a complete set
f consistent thermodynamic data including heat capacity, entropy
nd enthalpy or Gibbs energy of formation is necessary.

Heat capacity measurements on single crystal S2N have been
eported by Akishige et al. [1]. The measurements were performed
y the relaxation time method (2–250 K) and adiabatic calorime-

ry (200–600 K). They observed a �-type anomaly on the heat
apacity curve at TINC = 495 K with an incommensurate phase tran-
ition of the orthorhombic phase. The corresponding enthalpy and
ntropy changes are �H = 291 J mol−1 and �S = 0.587 J K−1 mol−1.

∗ Corresponding author. Fax: +420 220 444 330.
E-mail address: Jindrich.Leitner@vscht.cz (J. Leitner).
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eat capacity of a monocrystalline S2N has been measured by Shab-
ir et al. [2,3] by the MDSC method. They found TINC = 487 ± 2 K,
H = 147 ± 14 J mol−1 and �S = 0.71 ± 0.10 J K−1 mol−1. Curiously,

heir values of Cpm around TINC are half of the results reported in
ef. [1].

A thermodynamic assessment of the SrO–Nb2O5 system has
een performed by Yang et al. [4] and the thermodynamic func-
ions of S2N were evaluated. They used Calphad approach for the
ssessment and phase equilibrium data according to ref. [5]. The
nthalpy and entropy of formation of S2N from the constituent
inary oxides (2SrO + Nb2O5) were �f,oxH = −367.43 kJ mol−1 and
f,oxS = −39.93 J K−1 mol−1.
The Gibbs energy of formation of C2N from the compo-

ent oxides has been determined in the temperature range
225–1287 K with a CaF2 solid electrolyte galvanic cell [6],
f,oxG = −178.4 ± 1.5 kJ mol−1. The heat capacity and the enthalpy

ncrements of C2N have not been measured.
In a systematic study of thermochemical properties of complex

xides in the Bi2O3–CaO–SrO–Nb2O5–Ta2O5 system, we have
ecently measured heat capacities and enthalpy increments of

i2Ca2O5, Bi2CaO4, Bi6Ca4O13, Bi14Ca5O26 [7], BiNbO4, BiTaO4 [8],
iNb5O14 [9], SrBi2Nb2O9, SrBi2Ta2O9 [10] and SrNb2O6 [11]. The
im of this work is the measurement of heat capacity and enthalpy
ncrements of strontium niobate Sr2Nb2O7 and calcium niobate
a2Nb2O7 in a broad temperature range, and evaluation of the

http://www.sciencedirect.com/science/journal/00406031
mailto:Jindrich.Leitner@vscht.cz
dx.doi.org/10.1016/j.tca.2008.06.010
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tandard molar entropy of these ternary oxides at 298.15 K, as well
s the temperature dependence of Cpm above room temperature.

. Experimental

The samples were prepared by conventional solid-state reac-
ions from high purity precursors SrCO3 (99.9%, Aldrich), CaCO3
99.9%, Aldrich) and Nb2O5 (99.85%, Alfa Aesar). The stoichiomet-
ic amounts of SrCO3 and Nb2O5 were ground in agate mortar and
alcined at 1273 K in platinum crucible in air atmosphere for 48 h.
fter regrinding, the mixture was fired at 1673 K in air for 100 h. In

he case of CaCO3 and Nb2O5 mixture, calcination was performed
t 1073 K (48 h) and the final heat treatment at 1273 K (142 h).

X-ray powder diffraction data were collected at room tem-
erature with an X’Pert PRO (PANalytical, The Netherlands) �–�
owder diffractometer with parafocusing Bragg–Brentano geom-
try using Cu K� radiation (� = 1.5418 Å, U = 40 kV, I = 30 mA). Data
ere scanned over the angular range 5–60◦ (2�) with an increment

f 0.02◦ (2�) and a counting time of 0.3 s per step. Data evaluation
as performed by means of the HighScore Plus software package.

The PPMS equipment 14 T-type (Quantum Design, USA) was
sed for the heat capacity measurements in the low-temperature
egion. The measurements were performed by the relaxation
ethod [12] with fully automatic procedure under high vacuum

pressure ∼10−2 Pa) to avoid heat loss through the exchange gas.
he samples were compressed powder plates of about 15 mg. The
ensities of the pressed samples were about 65% of the theoreti-
al ones. The samples were mounted to the calorimeter platform
ith cryogenic grease Apiezon N (supplied by Quantum Design).

he procedure was as follows: First, a blank sample holder with
he Apiezon only was measured in the temperature range 2–300 K
o obtain background data, then the sample plate was attached to
he calorimeter platform and the measurement was repeated in
he same temperature range with the same temperature steps. The
ample heat capacity was then obtained as a difference between the
wo data sets. This procedure was applied, because the heat capac-
ty of Apiezon is not negligible in comparison with the heat capacity
f the sample (∼8% at room temperature) and exhibits a sol–gel
ransition below room temperature [13]. The manufacturer claims
he precision of this measurement better then 2% [14]; the control

easurement of the copper sample (99.999% purity) confirmed this
recision at least below 250 K. However, the precision of the mea-
urement strongly depends on the thermal coupling between the
ample and the calorimeter platform. Due to unavoidable porosity
f the sample plate this coupling rapidly worsens at temperatures
bove 270 K as Apiezon diffuses into the porous sample and the
ncertainty tends to be larger.

A Micro DSC III calorimeter (Setaram, France) in the incremental
emperature scanning mode with a number of 5–10 K steps (heating
ate 0.2 K min−1) followed by isothermal delays of 9000 s was used
or the heat capacity determination in the temperature range of
60–350 K. Synthetic sapphire, NIST Standard reference material
o. 720, was used as the reference material. The typical sample
ass was ∼0.4 g. The uncertainty of heat capacity measurements

s estimated to be better than ±1%.
Enthalpy increment determinations were carried out by drop

ethod with a high-temperature calorimeter, Multi HTC 96
Setaram, France). All measurements were performed in air by alter-
ating dropping of the reference material (small pieces of synthetic
apphire, NIST Standard reference material no. 720) and of the sam-

le (S2N or C2N pellets, 5 mm in diameter, thickness of 1–2 mm)
eing initially held at room temperature (T0), through a lock into the
orking cell of the preheated calorimeter. Endothermic effects are
etected and the relevant peak area is proportional to the heat con-
ent of the dropped specimen. The measurements were performed

w
t
s
i
S

Fig. 1. Low-temperature heat capacity of Sr2Nb2O7.

t temperatures 723–1372 K on samples of 100–150 mg. The delays
etween two subsequent drops were 40–50 min. To check the accu-
acy of measurement, the heat content of platinum was measured
rst and compared with published values [15–17]. Estimated over-
ll accuracy of the drop measurements is ±3%.

. Results and discussion

The XRD analysis revealed that the prepared samples were
ithout any observable diffraction lines from unreacted pre-

ursors or other phases. The S2N sample was orthorhombic
space group Cmc21). The following lattice parameters were
valuated by Rietveld refinement: a = 0.395444 ± 0.000017 nm,
= 2.677354 ± 0.000130 nm, and c = 0.570041 ± 0.000026 nm. They
re in excellent agreement with the values published recently [18]:
= 0.39544(7) nm, b = 2.6767(6) nm, and c = 0.56961(8) nm. The
2N sample was monoclinic (space group P21) with refined param-
ters: a = 0.768528 ± 0.000012 nm, b = 1.335868 ± 0.000040 nm,
= 0.549586 ± 0.000010 nm, and � = 98.2864 ± 0.0098◦, compared
ith the literature values [19]: a = 0.7697(2) nm, b = 1.3385(6) nm,
= 0.5502(1) nm, and � = 98.34(6)◦. The corresponding densities
erived from the above given lattice parameters are 5.21 g cm−1

or S2N and 4.50 g cm−1 for C2N.
The measured data for S2N involve 124 Cpm values from relax-

tion time, 74 points from DSC and 25 values of the enthalpy
ncrements from the drop measurements. For C2N, 122 Cpm val-
es from relaxation time, 28 points from DSC and 14 values
f the enthalpy increments from the drop measurement were
btained. Cpm data are plotted in Figs. 1 and 2 and summarized
n Supplementary Tables 1–4, enthalpy increment data are listed in
ables 1 and 2.

The fit of the low-temperature heat capacity data consists of
wo steps. Assuming the validity of the phenomenological for-

ula Cpm,el = ˇT3 + �elT, where ˇ is proportional to the Debye
emperature and �el is the Sommerfeld term, we plot the C/T
s. T2 dependence for T < 7 K to estimate the �el value. As
xpected, the electronic specific heat is negligible in both sam-
les, C2N and S2N, yielding the respective �el values 3 × 10−5 and
.6 × 10−4 J mol−1 K−2, which contribute to the heat capacity at the
oom temperature by 9 × 10−3 and 0.11 J mol−1 K−1, respectively,

ell within the experimental error. It should be noted that the 10

imes higher value of �el in S2N might be due to impurities or
ome kind of disorder, which either bring about a population of
tinerant charge carriers or give rise to a series of Schottky effects.
imultaneously, the C/T vs. T2 plot provides an estimation of the
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Fig. 2. Low-temperature heat capacity of Ca2Nb2O7.

Table 1
Enthalpy increments of strontium niobate Sr2Nb2O7

T (K) Hm(T) − Hm(298.15) (kJ mol−1),
experimental

Hm(T) − Hm(298.15) (kJ mol−1),
integration of Eq. (4)

ı (%)a

773 118.8 120.7 1.6
773 121.7 120.7 −0.8
824 138.4 134.8 −2.6
824 132.0 134.8 2.1
873 151.9 148.5 −2.2
873 147.1 148.5 1.0
924 164.4 162.9 −0.9
924 168.0 162.9 −3.0
924 163.4 162.9 −0.3
973 173.2 176.9 2.1

1024 189.2 191.5 1.3
1024 190.7 191.5 0.4
1024 194.5 191.5 −1.5
1073 213.7 205.7 −3.7
1073 208.0 205.7 −1.1
1124 228.0 220.6 −3.2
1124 214.4 220.6 2.9
1173 235.4 235.1 −0.1
1173 231.5 235.1 1.6
1223 257.3 250.0 −2.8
1224 243.0 250.3 3.0
1224 246.1 250.3 1.7
1273 258.1 265.0 2.7
1273 257.1 265.0 3.1
1373 286.5 295.3 3.1

a ı = (calc. − exp.)/exp. × 100

Table 2
Enthalpy increments of calcium niobate Ca2Nb2O7

T (K) Hm(T) − Hm(298.15) (kJ mol−1),
experimental

Hm(T) − Hm(298.15) (kJ mol−1),
integration of Eq. (5)

ı (%)a

774 125.9 122.4 −2.7
774 124.6 122.4 −1.7
874 147.1 150.5 2.3
874 151.1 150.6 −0.4
974 176.7 179.1 1.4
974 176.8 179.1 1.4

1074 204.9 208.1 1.6
1074 204.9 208.1 1.6
1174 233.3 237.6 1.8
1174 233.4 237.6 1.8
1274 262.1 267.4 2.0
1274 262.1 267.4 2.0
1373 297.0 297.4 0.1

a ı = (calc. − exp.)/exp. × 100
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ebye temperature, as in this temperature range only the acoustic
honons are populated.

In the second step of the fit, both sets of the Cp data (relax-
tion time + DSC) were considered. All the estimated values were
ncluded into the simplex routine [20] and the full non-linear fit
as performed on all adjustable parameters. Analysis of the phonon
eat capacity was performed as an additive combination of Debye
nd Einstein models. The phonon spectrum of a polyatomic com-
ound contains three acoustic branches and 3n − 3 optical ones,
here n is number of atoms per formula unit. In our case, i.e. 11

toms/f.u., this represents 30 optical branches. This approach is
ndeed a simplification, since n should properly refer to the num-
er of atoms per primitive unit cell containing, in this instance, two
ormula units for S2N and four formula units for C2N. However,
his would lead to an inadequate increase of parameters to be fit-
ed. Both models include corrections for anharmonicity, which is
esponsible for a small, but not negligible, additive term at higher
emperatures and which accounts for the discrepancy between iso-
aric and isochoric heat capacity. According to literature [21], the
erm 1/(1 − ˛T) is considered as a correction factor.

The acoustic part of the phonon heat capacity is then described
sing the Debye model in the form:

phD = 9R

1 − ˛DT

(
T

�D

)3
∫ xD

0

x4 exp(x)

(exp(x) − 1)2
dx, (1)

here R is the gas constant, �D is the Debye characteristic temper-
ture, ˛D is the coefficient of anharmonicity of acoustic branches
nd xD = �D/T. Here the three acoustic branches are taken as one
riply degenerate branch. Similarly, the individual optical branches
re described by the Einstein model:

phEi = R

1 − ˛EiT
· x2

Ei
exp xEi

(exp xEi − 1)2
, (2)

here ˛Ei and xEi have analogous meanings as in the previous case.
he phonon heat capacity then reads

ph = CphD +
3n−3∑
i=1

CphEi. (3)

To reduce the number of adjustable parameters, several optical
ranches are again grouped into one degenerate multiple branch
ith the same Einstein characteristic temperature and anhar-
onicity coefficient. This describes the 30 optical branches in

erms of four Einstein modes with the respective degeneracies
–8–8–10. The analysis of the phonon heat capacity is summarized

n Table 3.
The values Hm(298.15) − Hm(0) = 37,977 ± 266 J mol−1 and

m(298.15) − Hm(0) = 35,631 ± 215 J mol−1 for S2N and C2N,
espectively, were obtained from the low-temperature Cpm data
y numerical integration of the Cpm from 0 to 298.15 K. Standard
eviations (2�) were calculated with the error propagation law.

For the assessment of Cpm function above room temperature,
he heat capacity data from DSC and the enthalpy increment
ata from drop calorimetry were treated simultaneously. As our
easurements on the S2N sample were performed out of the

ncommensurate phase transition region, the derived equation
olds for non-transition heat capacity only leaving out the Cpm

nomaly in the vicinity of TINC which was observed by other authors
1–3]. As the heat effect due to this transition is small compared

o the enthalpy increments and their uncertainties, no additional
orrections were made. Different weights wi were assigned to
ndividual points calculated as wi = 1/ıi where ıi is the abso-
ute deviation of the i-th measurement estimated from overall
ccuracies of the measurements (1% for DSC and 3% for drop
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Table 3
Parameters for the phonon heat capacity

Type Degeneracy S2N C2N

Characteristic temperature (K) Anharmonicity coefficient (10−4 K−1) Characteristic temperature (K) Anharmonicity coefficient (10−4 K−1)

Acoustic 3 154 ± 1 0.7 ± 0.1 218 ± 1 0.5 ± 0.1
Optical 4 157 ± 1 0.5 ± 0.1

8 307 ± 1 0.3 ± 0.1
8 432 ± 1 0.6 ± 0.1

10 900 ± 1 0.1 ± 0.1
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obviously underestimated in comparison with third-law calorimet-
ric data.
Fig. 3. Heat capacity of Sr2Nb2O7.

alorimetry). Both types of experimental data thus gain compa-
able significance during the regression analysis. The temperature
ependencies of the non-transition molar heat capacities of S2N
nd C2N (T = 298.15 − 1400 K) can thus be expressed by

2N : Cpm = (248.0 ± 3.9) + (0.04350 ± 0.006301)T

− (3.948 ± 0.1998) × 106

T2
(J K−1 mol−1) (4)

2N : Cpm = (257.2 ± 6.2) + (0.03621 ± 0.01206)T
− (4.435 ± 0.2428) × 106

T2
(J K−1 mol−1). (5)

The heat capacities as functions of temperature are shown
n Figs. 3 and 4. The pertinent functions calculated according
o the additivity Neumann–Kopp’s rule (NKR) [22] are given for

Fig. 4. Heat capacity of Ca2Nb2O7.

a
i

F
e

177 ± 1 0.5 ± 0.1
382 ± 3 0.7 ± 0.1
448 ± 6 0.7 ± 0.1
880 ± 4 0.5 ± 0.1

omparison. Cp data for CaO, SrO and Nb2O5 were taken from
efs. [23–25], respectively. While NKR predicts the heat capaci-
ies of S2N and C2N remarkably well from room temperature up
o ∼700 K, the differences between the two dependencies, �Cp,ox,
ncrease with increasing temperature. The prediction ability of
KR for mixed oxides was discussed in Refs. [26,27], but it seems

mpossible now to state in which cases NKR will estimate the
eat capacity with acceptable uncertainty in the high-temperature
egion.

A comparison of our results with those of Akishige et al. [1] is
iven in Fig. 5. It follows that the agreement between these sets of
ata is very good in the temperature range 0–350 K. Then the broad
p anomaly sets in with a maximum at 495 K which could not be
etected by our measurements. However, a significant difference
xists between our high-temperature fit and Cp data [1] above this
ransition temperature (≈15 J K−1 mol−1 at 600 K).

The values of standard molar entropies of S2N and C2N at
98.15 K S◦

m(S2N, 298.15 K) = 238.5 ± 1.3 J K−1 mol−1 and S◦
m(C2N,

98.15 K) = 212.4 ± 1.2 J K−1 mol−1 were derived from the low-
emperature Cpm data by integrating the Cpm/T functions from

to 298.15 K. A numerical integration (trapezoidal rule) was
sed with the boundary conditions S◦

m = 0 and Cpm/T = �el
t T = 0 K. Standard deviations (2�) were calculated using
he error propagation law. Our value of entropy for S2N is
n good agreement with S◦

m(S2N, 298.15 K) = 232.37 J K−1 mol−1

erived from Akishige low-temperature Cpm data [1]. Using
◦
m(SrO, 298.15 K) = 53.58 J K−1 mol−1 [24], S◦

m(Nb2O5, 298.15 K) =
37.30 J K−1 mol−1 [25] and �f,oxS(S2N) = −39.93 J K−1 mol−1 [5]
ne can calculate S◦

m(S2N, 298.15 K) = 204.53 J K−1 mol−1 which is
There are many other mixed oxides in the systems SrO–Nb2O5
nd CaO–Nb2O5 and it should be useful to estimate still miss-
ng values of their entropies. Jenkins and Glasser [28,29] have

ig. 5. Heat capacity of Sr2Nb2O7; comparison of our results with those of Akishige
t al. [1].
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Table 4
Standard molar entropies at 298.15 K and formula unit volume of mixed oxides in the system Bi2O3–CaO–SrO–Nb2O5–Ta2O5

Oxide V (nm3 f.u.−1) Sm,exp.(298.15 K) (J K−1 mol−1) Sm,calc.(298.15 K) (J K−1 mol−1) ı (%)a

Bi2O3(monoclinic) 0.08173 148.5 [30] 130.3 −12.3
CaO(cubic) 0.02760 38.1 [23] 44.0 15.4
SrO(cubic) 0.03435 53.58 [24] 54.8 2.2
Nb2O5(monoclinic) 0.09778 137.30 [25] 155.9 13.5
Ta2O5(monoclinic) 0.08588 143.09 [25] 136.9 −4.3
Bi2Ca2O5(triclinic) 0.14854 231.28 [7] 236.8 2.4
Bi2CaO4(monoclinic) 0.12128 188.46 [7] 193.3 2.6
Bi6Ca4O13(orthorhombic) 0.37126 574.13 [7] 591.8 3.1
BiNbO4(orthorhombic) 0.08270 147.86 [8] 131.8 −10.8
BiTaO4(orthorhombic) 0.08212 149.11 [8] 130.9 −12.2
SrBi2Nb2O9(orthorhombic) 0.19110 327.15 [10] 304.6 −6.9
SrBi2Ta2O9(orthorhombic) 0.19087 339.23 [10] 304.2 −10.3
SrNb2O6(monoclinic) 0.11889 173.88 [11] 189.5 9.0
Sr2Nb2O7(orthorhombic) 0.15111 232.37 [1] 240.9 3.7
Sr2Nb2O7(orthorhombic) 0.15111 238.5b 240.9 1.0
Sr2Ta2O7(orthorhombic) 0.15237 245.41 [1] 242.9 −1.0
Ca2Nb2O7(monoclinic) 0.14021 212.4b 223.5 5.2
CaNb2O6(orthorhombic) 0.11170 167.40c 178.0 6.4

p
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a ı = (calc. − exp.)/exp. × 100
b This work.
c Unpublished results.

roposed a linear correlation between the standard molar entropy
t 298.15 K and the formula unit volume. This approach was used in
he case of mixed oxides in the Bi2O3–CaO–SrO–Nb2O5–Ta2O5 sys-
em. The input data for correlation are summarized in Table 4. Only
he third-law calorimetric values were considered here because
igh-temperature electromotive force measurements and the ther-
odynamic assessments in particular give less accurate data. Fig. 6

hows the results of the correlation. The linear relation is obvious
nd the straight line almost naturally passes through the origin:
m(J K−1 mol−1) = 1594V(nm3 f.u.−1), R2 = 0.98. However, the mean
elative error of estimated Sm values is about 7% which is too much
n comparison with experimental errors of input calorimetric data.

hen only the mixed oxides (13 species) are considered, the cor-
elation equation remains the same but the mean relative error of
stimated Sm falls to 5.7%. It may be interesting to compare this
pproach with a simple additive scheme based on summing the
ntropies of constituent binary oxides (�f,oxS = 0). For a set of mixed

xides given in Table 4 the mean relative error of calculated Sm val-
es is 3.4%. For specific case of S2N and C2N under study, Sm is
redicted, respectively, with an error 2.6% and 0.5% using the latter
stimation.

ig. 6. Correlation between molar entropy and formula unit volume of selected
ixed oxides in the system Bi2O3–CaO–SrO–Nb2O5–Ta2O5.
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