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bstract

The heat capacities and enthalpy increments of strontium bismuth niobate SrBi2Nb2O9 (SBN) and strontium bismuth tantalate SrBi2Ta2O9 (SBT)
ere measured by the relaxation method (2–150 K), Calvet-type heat-conduction calorimetry (305–570 K) and drop calorimetry (773–1373 K).
he temperature dependences of non-transition heat capacities in the form Cpm = 324.47 + 0.06371T − 5.0755 × 106/T2 J K−1 mol−1 (298–1400 K)

nd Cpm = 320.22 + 0.06451T − 4.7001 × 106/T2 J K−1 mol−1 (298–1400 K) were derived for SBN and SBT, respectively, by the least-squares
ethod from the experimental data. Furthermore, the standard molar entropies at 298.15 K S◦

m(SBN) = 327.15 ± 0.80 and S◦
m(SBT) = 339.23 ±

.72 J K−1 mol−1 were evaluated from the low-temperature heat capacity measurements.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Ceramic materials with ferroelectric properties have found
any applications in electronics and optics. In the semicon-

uctor industry, much attention is paid to materials used in
on-volatile ferroelectric random access memories (FeRAM).
t the present time, PZT (PbZr1−xTixO3) ceramics are gener-

lly used for FeRAM fabrication. Bismuth layered perovskites
rBi2Ta2O9 (SBT) and SrBi2Nb2O9 (SBN) are now being exten-
ively studied because of their lower fatigue, better compati-
ility with CMOS (complementary metal-oxide-semiconductor)
echnology and lead-free composition [1–3]. Both ferroelectric
ompounds are orthorhombic (space group A21am) at room tem-
erature and transform to tetragonal paraelectric phases (space
roup I4/mmm) above the Curie temperature TC. Various val-
es of the ferroelectric transition temperature TC derived from

ielectric constant measurements with sintered powder sam-
les are given in literature: TC = 543–608 K for SBT [4–10] and
87–723 K for SBN [4,5,8,11,12].
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SBT, SBN, and their solid solutions have been prepared as
owder materials as well as thin films by a number of methods.
etalorganic chemical vapor deposition (MOCVD) has been

nvestigated as the most practical preparation method to realize
high-density FeRAM because of the good step coverage and

he uniform composition and film thickness over a large area.
or better understanding of MOCVD processes, thermodynamic
alculations of equilibrium compositions of relevant systems are
ften performed. For such a calculation, thermodynamic data for
ll considered substances are necessary.

Morimoto et al. [5] measured the heat capacities of SBT and
BN in the temperature range 500–770 K by the thermal radi-
tion calorimetry. Their measurements were performed with
owder samples of approximately 5 g. While the temperature
ependence of the heat capacity of SBT does not show any
nomaly in this temperature region, a distinct peak with maxi-
um at 678 K was observed for SBN. Temperature dependence

f the heat capacity of SBT in the form of polycrystalline sam-
le, single crystal as well as thin film were also determined

y Onodera et al. [13–15]. The measurements were performed
n the temperature range 80–800 K. A slight hump in Cp was
bserved around 610 K for a polycrystalline sample, while a
ather clear anomaly was detected at 613 K for the single crystal
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dx.doi.org/10.1016/j.tca.2006.09.006
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ample. Yin et al. [16] DSC study of phase transitions of SBT
etected two anomalies around 601 and 838 K, the first is a fer-
oelectric transition while the second one was supposed to be a
tructural transition. This observation is in agreement with the
esults obtained by Macquart et al. [7] who found such a tran-
ition from orthorhombic to tetragonal structure above 773 K.
nthalpy changes of these transitions are 293 and 212 J mol−1,

espectively [16].
As part of a systematic study of thermodynamic properties

f mixed oxides in the system Bi2O3–SrO–CaO–Ta2O5–Nb2O5
17,18], heat capacities and enthalpy increments of SBN and
BT were measured with various calorimetric techniques. More-
ver, values of the standard molar entropies at 298.15 K have
een evaluated for both oxides by integration of Cpm/T func-
ions from 0 to 298.15 K.

. Experimental

Powder samples of SBN and SBT were prepared by con-
entional solid-state reaction from pure carbonate and binary
xides. The starting materials SrCO3 (99.9%, Aldrich), Bi2O3
99.9%, Aldrich), and Nb2O5 (99.85%, Alfa) or Ta2O5 (99.85%,
lfa) in stoichiometric amounts were mixed and ground in an

gate mortar. The SrCO3–Bi2O3–Nb2O5 mixture was treated in
t crucible at 1273 K for 24 h in air, and, after homogenization,
t 1473 K for 24 h in air while the SrCO3–Bi2O3–Ta2O5 mix-
ure was heated at 1073 K for 24 h, and, after homogenization, at
273 K for 120 h, both in air. Powder X-ray diffraction data were
ollected on a PANalytical X’Pert PRO diffractometer using Cu
� radiation. The scan rate of 4◦ 2θ/min in the range 5–75◦
θ was used for XRD data collection. The detection limit for
inority phases was 2 wt.%.
Both oxides can show some nonstoichiometry and therefore

he exact stoichiometry of our samples was determined. X-ray
uorescence spectroscopy (ARL 9400, Thermo Electron Cor-
oration) was used for chemical analysis. The effective masses
f samples with the 0.7 mm height were 1040 mg (SBN) and
106 mg (SBT). The standardless method UniQuant 4 [19] was
sed for quantitative determination.

The PPMS equipment (Quantum Design) was used for heat
apacity measurements in the low-temperature region. The sam-
les for the PPMS apparatus were compressed powder plates of
bout 15 mg. Density of pressed sample was 75.5% of theoret-
cal in the case of SBN and 63.3% for SBT. The sample was

ounted to the calorimeter platform with Apiezon N grease.
sample holder with the Apiezon only was measured in the

emperature range 2–300 K to obtained background data, then
he sample plate was attached to the calorimeter platform with
piezon and the measurement was repeated in the same temper-

ture range with the same temperature steps. The sample specific
eat was then obtained as the difference of the two data sets. The
pecific heat of Apiezon is not negligible in comparison with
he specific heat of the sample (∼8% at the room temperature)

nd exhibits a sol–gel transition below the room temperature
20].

The heat capacity measurements in the PPMS were per-
ormed by the relaxation method [21] with fully automatic
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rocedure under high vacuum (pressure ∼10−2 Pa) to avoid heat
oss through the exchange gas. The manufacturer’s claim of bet-
er then 2% accuracy [22] was confirmed by measurements on

copper sample (99.999% purity). The accuracy of the mea-
urement depends strongly on the thermal coupling between the
ample and the calorimeter platform. Due to unavoidable poros-
ty of the sample plate, this coupling becomes rapidly worse
t temperatures above 200 K as the Apiezon diffuses into the
orous sample. Thus only the data up to 150 K were taken as
eliable and used for calculations.

The Setaram C-80 calorimeter was used for heat capacity
eterminations from 305 to 570 K. The measurements were car-
ied out in the incremental temperature scanning mode with a
umber of 5–10 K steps (heating rate 0.2 K min−1) followed by
sothermal delays of 9000 s. Three runs were performed: with
mpty crucible (blank), with the reference material (synthetic
apphire, NIST Standard reference material No. 720) and with
he sample (SBN or SBT). The typical mass of samples was
3–16 g. The accuracy of the heat capacity measurements is
stimated to be better than ±2%.

Enthalpy increment determinations were carried out by the
rop method in a Setaram Multi HTC 96 high-temperature
alorimeter. All measurements were performed in air by alter-
ating dropping of the reference material (small pieces of syn-
hetic sapphire, NIST Standard reference material No. 720) and
f the sample (SBN or SBT pellets, 5 mm in diameter, thick-
ess 1.5–2.5 mm) being initially held at room temperature (T0)
hrough a lock into the working cell of the preheated calorimeter.

easurements were performed at 773–1373 K on samples with
ypical masses 230–380 mg. Delays between subsequent drops
ere 40–50 min. To check the accuracy of the measurement,

he heat content of platinum was measured first and compared
ith published values [23–25]. Estimated overall accuracy of

he drop measurements is ±3%.

. Results and discussion

The XRD analysis revealed that the prepared samples consist
f single phase SBN or SBT. Both were present in orthorhom-
ic structure (space group A21am). The lattice parameters of the
amples were evaluated by Rietveld refinement using published
tomic positions [26]: a = 0.551599 ± 0.00052 nm, b = 0.550868

0.00054 nm and c = 2.51020 ± 0.00193 nm for SBN and a =
.552244 ± 0.00039 nm, b = 0.552662 ± 0.00039 nm and c =
.50124 ± 0.00101 nm for SBT. These are in good agreement
ith the values published recently [7,27–29].
Based on the X-ray fluorescence spectroscopy analysis, the

ompositions of our samples are: (11.89 ± 0.16) wt.% SrO,
55.08 ± 0.25) wt.% Bi2O3 and (33.01 ± 0.24) wt.% Nb2O5 for
BN and (10.16 ± 0.15) wt.% SrO, (45.08 ± 0.25) wt.% Bi2O3
nd (44.66 ± 0.25) wt.% Ta2O5 for SBT. This corresponds to
r0.92Bi1.91Nb2.00O8.33 and Sr0.97Bi1.91Ta2.00O8.35. The oxygen

toichiometry was not determined but calculated with valence
f metal ions Sr2+, Bi3+ and Nb5+. Calcium oxide was detected
s the most abundant impurity: 0.03 wt.% CaO in SBN and
.01 wt.% CaO in SBT. Bismuth is in a slight deficit in both
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Fig. 1. Temperature dependence of the heat capacity of SBN (LT Fit—low-
temperature fit calculated according to Eq. (1) with parameters mentioned in
Table 1).
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ig. 2. Temperature dependence of the heat capacity of SBT (LT Fit—low-
emperature fit calculated according to Eq. (1) with parameters mentioned in
able 1).

ases, explained by significant volatility of bismuth oxide during
he synthesis at high temperatures. The same effect was observed
y Zurbuchen et al. on SBN and SBT films [30].

The measured Cpm data (95 and 94 points from relaxation
ime and 38 and 76 points from heat-conduction calorimetry for
BN and SBT, respectively) are summarized in supplementary
ables 1 and 2 and plotted in Figs. 1 and 2. The enthalpy incre-
ent data (28 and 19 points for SBN and SBT, respectively) are
isted in supplementary Tables 3 and 4.
The raw data were analyzed in two separate steps by the least-

quares method with different weights for individual points.
ata at 100–150 K and data at 305–570 K were fitted using an

S
t

able 1
arameters A, . . ., D of Eq. (1)

SBN

Parameter Standard deviation (2σ)

−14.77 4.00
1.793 0.051

−0.0033 0.0002
2.189 × 10−6 1.666 × 10−7
Acta 450 (2006) 105–109 107

mpirical polynomial equation:

pm = A + BT + CT 2 + DT 3 (1)

he parameters of Eq. (1) are given in Table 1 together
ith their standard deviations (2σ). Cpm(SBN, 298.15 K) =
86.37 J K−1 mol−1 and Cpm(SBT, 298.15 K) = 286.58 J
−1 mol−1 were calculated from Eq. (1) and these values sub-

equently used as constraints for processing high-temperature
ata.

For the assessment of Cpm functions above room temperature,
he heat capacity data from heat-conduction calorimetry and
he enthalpy increment data from drop calorimetry were treated
imultaneously. Because our measurements were performed out
f the ferroelectric transition region the derived equations hold
or non-transition heat capacity only omitting Cpm anomalies
n the vicinity of TC which were observed by other authors
5,13–15]. We supposed that ferroelectric transitions of SBT
nd SBN above room temperature, accompanied by continu-
us structural transitions (orthorhombic → tetragonal) [7], are
f the second-order without any step changes in enthalpy. Thus
t is possible to use only one equation for the whole temperature
nterval. As the heat effect due to the ferroelectric transition is
mall [16] compared to the enthalpy increments and their devi-
tions, no additional corrections were made. Different weights
i were assigned to individual points calculated as wi = 1/δ2

i ,
here δi is absolute deviation of the ith measurement estimated

rom overall accuracies of the measurements (2% for heat-
onduction calorimetry and 3% for drop calorimetry). Both types
f experimental data thus gain comparable significance during
he regression analysis. The temperature dependence of the non-
ransition molar heat capacity of solid SBN and SBT can thus
e expressed by (T = 298.15–1400 K):

pm(SBN) (J K−1 mol−1)

= (324.47 ± 7.48) + (0.06371 ± 0.01172)T

− (5.0755 ± 0.3604) × 106

T 2 (2)

pm(SBT) (J K−1 mol−1)

= (320.22 ± 5.29) + (0.06451 ± 0.00859)T

(4.7001 ± 0.2449) × 106
T 2

The heat capacity as a function of temperature for SBN and
BT according to Eqs. (2) and (3) is shown in Fig. 3. While

he heat capacities of both oxides are almost the same at 298 K,

SBT

Parameter Standard deviation (2σ)

−4.80 2.524
1.754 0.0319

−0.0033 0.0001
2.223 × 10−6 1.029 × 10−7
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ig. 3. High-temperature dependences of the heat capacity of SBN and SBT
alculated according to Eqs. (2) and (3). Dotted line represents the Dulong–Petit
imit.

here is a small constant difference of ∼3 J mol−1 K−1 in high-
emperature limit, which is in accord with the slightly higher
alues of enthalpy increments for SBN in comparison with SBT.
his can be a result of a more pronounced heat effect associated
ith the ferroelectric transition as reported by Morimoto et al.

5]. Indeed, a subtraction of this effect (∼2.5 kJ mol−1) from our
nthalpy increment data leads to a corresponding suppression of
he resulting Cpm above the transition, such that the two curves
ecome nearly identical.

A comparison with the published heat capacity data is

ifficult because these are presented only as plots. Values
ead from graphs [5] and those calculated from Eqs. (2) and
3) are: Cpm(SBN, 507.4 K) = 326.8 and 337.1 J K−1 mol−1,
pm(SBN, 744.6 K) = 360.2 and 362.8 J K−1 mol−1, Cpm(SBT,

able 2
tandard molar entropies and standard entropies of formation of mixed oxides
rom the constituent binary ones

xide S◦
m(298.15 K)

(J K−1 mol−1)
�Sf,ox(298.15 K)
(J K−1 mol−1)

i2O3 148.5 [31]
rO 53.58 [32]
b2O5 137.30 [33]
a2O5 143.09 [33]
rBi2Nb2O9 327.15 ± 0.80a −12.23
rBi2Ta2O9 339.23 ± 0.72a −5.94
rBi2O4 −12b

r2Bi2O5 −24b

r3Bi2O6 −7b

iNbO4 147.86c 4.96
iTaO4 149.11c 3.31
r2Nb2O7 232.37d −12.09
r2Ta2O7 245.41d −4.84
r2Nb2O7 −39.93e

r2Nb10O27 −350.69e

r5Nb4O15 −51.01e

a This work.
b Thermodynamic assessment [34].
c Based on low-temperature calorimetric data [18].
d Based on low-temperature calorimetric data [35].
e Thermodynamic assessment [36].
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08.1 K) = 328.4 and 334.7 J K−1 mol−1 and Cpm(SBT,
45.1 K) = 379.1 and 358.8 J K−1 mol−1, respectively.

The values of standard molar entropies of SBN and SBT at
98.15 K were derived from the low-temperature Cpm data by
ntegrating the Cpm/T functions from 0 to 298.15 K. A numerical
ntegration was used for the 0–150 K range using the trapezoid
ule with the boundary conditions S◦

m(0 K) = 0 and Cpm/T = 0
or T = 0 K. An analytical integration of Eq. (1) with the parame-
ers listed in Table 1 was applied from 150 to 298.15 K. Standard
eviations (2σ) were calculated using the error propagation law.
hese values as well as the standard entropies of formation from

he constituent binary oxides, �Sf,ox, are summarized in Table 2.
he higher value of S◦

m(298.15 K) obtained for SBT is appar-
ntly due to higher values of Cpm/T in the temperature range
5–150 K, whereas in low-temperature limit and for 150–300 K,
oth curves lie very close to each other. Regarding the chemical
imilarity of Nb and Ta this effect is presumably linked to higher
tomic weight of Ta causing the excitation of the corresponding
honon modes at lower temperatures. The values of �Sf,ox for
ther mixed oxides in the system Bi2O3–SrO–Ta2O5–Nb2O5
re also listed in Table 2 for comparison.
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