
Introduction

Strontium niobates are of considerable interest be-

cause they are constituents of practically important

ternary systems BaO–SrO–Nb2O5 and

Bi2O3–SrO–Nb2O5. The solid solution of SrNb2O6

and BaNb2O6 has found many technological applica-

tions such as electro-optic, pyroelectric, and piezo-

electric devices. Ternary oxide SrBi2Nb2O9 is one of

the most promising candidates for lead-free non-vola-

tile random access memory applications.

Phase relations in the binary system SrO–Nb2O5

were investigated by Carruthers and Grasso [1] and

more recently by Leshchenko et al. [2]. They are some

discrepancies in number and stoichiometry of observed

mixed oxides but Sr2Nb10O27, SrNb2O6, Sr2Nb2O7 and

Sr5Nb4O15 phases were observed in both studies. While

in the former study some ranges of homogeneity of

SrNb2O6 was detected, the definite stoichiometry was

observed in the later one. Strontium metaniobate,

SrNb2O6, occurs in various polymorphic forms [3]. At

the temperatures below approx. 1600 K the monoclinic

form (space group P21/c) is the stable one [2–6]. Above

this temperature the monoclinic phase transforms to the

tetragonal one with a tungsten bronze structure. The

melting point of SrNb2O6 is around 1773 K [2, 3].

Thermodynamic assessment of the system

SrO–Nb2O5 was performed by Yang et al. [7] within

which thermodynamic functions of above mentioned

oxides were evaluated. They used so called Calphad

technique for the assessment and phase equilibrium

data according to [1] were considered. They applied

the compound energy model [8] for the description of

the slightly non-stoichiometric phase SrNb2–xO6–2.5x.

For the strictly stoichiometric compound SrNb2O6

they evaluated the following values of the enthalpy

and entropy of formation from the constituent binary

oxide SrO+Nb2O5: �f,oxH= –325.044 kJ mol–1 and

�f,oxS= –58.65 J K–1 mol–1. The heat capacity and the

enthalpy increments of SrNb2O6 have not been mea-

sured yet.

In the course of a systematic study of thermo-

chemical properties of complex oxides in the system

Bi2O3–SrO–Nb2O5, we recently measured the heat ca-

pacity and the heat content of BiNbO4 [9], BiNb5O14

[10] and SrBi2Nb2O9 [11]. The aim of this paper is the

measurement of the heat capacity and the enthalpy in-

crements of strontium metaniobate, SrNb2O6, in a broad

temperature range, the evaluation of the standard molar

entropy at 298.15 K and the temperature dependence of

Cpm above the room temperature, and the first-principle

calculation of the heat of formation at 298.15 K.

Experimental

The sample was prepared by conventional solid state

reaction from high purity precursors SrCO3 (99.9%,
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Aldrich) and Nb2O5 (99.85%, Alfa Aesar). The stoi-

chiometric amount of SrCO3 and Nb2O5 was ground

in agate mortar and heated up to 1000°C in platinum

crucible in air atmosphere for 120 h. After reground,

the mixture was treated at 1250°C in air for 120 h.

The phase determination was carried out using

XRD. X-ray powder diffraction data were collected at

room temperature with an X’Pert PRO �–� powder

diffractometer with parafocusing Bragg-Brentano ge-

ometry using CuK� radiation (�=1.5418 �, U=40 kV,

I=30 mA). Data were scanned over the angular range

5–60° (2�) with an increment of 0.02° (2�) and a count-

ing time of 0.3 s step–1. Data evaluation was performed

by means of the software package HighScore Plus.

An ARL 9400 XP sequential WD-XRF spectrom-

eter was used to perform XRF analysis. It is equipped

with an Rh anode end-window X-ray tube type 4GN

fitted with 75 �m Be window. All peak intensity data

were collected by software WinXRF in vacuum. The

generator settings-collimator-crystal-detector combi-

nations were optimised for all 79 measured elements

with an analysis time of 6 s per element. The obtained

data were evaluated by the software UniQuant 4 oper-

ating without using standards. The analysed powders

were pressed into pellets about 5 mm thick and diame-

ter of 40 mm without any binding agent and covered

with 4 �m supporting polypropylene (PP) film. The

time of measurement was about 15 min.

The PPMS equipment (Quantum Design) was

used for the heat capacity measurements in the

low-temperature region. The samples for heat-capacity

measurements in the PPMS apparatus were in a form

of compressed powder plates of typical mass of about

15 mg. The density of the pressed sample was 70.6%

of the theoretical one. The sample was mounted to the

calorimeter platform using standard cryogenic grease

Apiezon N. The procedure was as follows: first, a

blank sample holder with the Apiezon only was mea-

sured in the temperature range 2–300 K to get the

background data, then the sample plate was attached to

the calorimeter platform using the Apiezon as an adhe-

sive and the measurement was repeated in the same

temperature range with the same temperature steps.

The sample specific heat was then obtained as a differ-

ence of the two data sets. This procedure was applied,

since the specific heat of Apiezon is not negligible in

comparison with the specific heat of the sample (~8%

at the room temperature) and exhibits a sol–gel transi-

tion below the room temperature [12].

The heat capacity measurements in the PPMS

were performed by the relaxation method [13] with

fully automatic procedure under high vacuum (pres-

sure ~10
–2 Pa) to avoid the heat loss through the ex-

change gas. The manufacturer claims the precision

of this measurement better than 2% [14], the control

measurement of the copper sample (99.999% purity)

confirmed this precision. On the other hand, the pre-

cision of the measurement strongly depends on the

thermal coupling between the sample and the calo-

rimeter platform. Due to unavoidable porosity of the

sample plate this coupling is rapidly worsening at

temperatures ~270 K and higher as the Apiezon dif-

fuses into the porous sample. Because of that, only

the data up to 275 K were considered as reliable and

used for the calculation.

The Micro DSC III calorimeter (Setaram) was

used for the heat capacity determination in the tem-

perature range of 260–352 K. The measurements

were carried out in the incremental temperature scan-

ning mode with a number of 5–10 K steps (heating

rate 0.2 K min–1) followed by isothermal delays of

9000 s. The synthetic sapphire, NIST Standard refer-

ence material No. 720, was used as the reference ma-

terial. The typical mass of samples was 	0.4 g. The

uncertainty of heat capacity measurements is esti-

mated to be better than �1%.

Enthalpy increment determinations were carried

out by drop method using the high temperature calo-

rimeter Multi HTC 96 (Setaram). All measurements

were performed in air by alternating dropping of the

reference material (small pieces of synthetic sapphire,

NIST Standard reference material No. 720) and of the

sample (SrNb2O6 pellets, 5 mm in diameter, thickness

of 1–2 mm) being initially held at room temperature

(T0) through a lock into the working cell of the pre-

heated calorimeter. Endothermic effects are detected

and the relevant peak area is proportional to the heat

content of the dropped specimen. The measurements

were performed at temperatures 723–1472 K on sam-

ples with the masses 100–200 mg. The delays be-

tween two subsequent drops were 40–50 min. In order

to check for the accuracy of the present measurement,

the heat content of platinum was measured first and

compared with published values [15–17]. Estimated

overall accuracy of the drop measurements is �3%.

First principle calculation

The ab-initio calculations based on density functional

theory represent an alternative method to various ex-

perimental techniques to assess the enthalpies of for-

mation of stoichiometric compounds. Among them,

the full potential LAPW method combined with gen-

eral gradient approximation (GGA) to treat the ex-

change-correlation potential has proven to yield the

most accurate results of total energies. In the present

study, we employed its modified version, APW+lo, as

implemented in WIEN2k code [18]. In order to obtain

the ground state (T=0 K) enthalpy of formation, �fH
0

(0 K), the total energies of solid Sr and Nb, and gaseous
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O2 have to be subtracted from the total energy of

SrNb2O6. Since the calculation of an isolated O2 mole-

cule yielding a reliable energy value is a relatively diffi-

cult task by means of LAPW, we preferred to perform

the calculations for SrO and Sr, and to take use of the as-

sessed value of �fH
0 (SrO, 298.15 K)= –592.15 kJ mol–1

[19]. The refined lattice parameters given below were

used in the calculation of SrNb2O6, whereas those of

Sr, SrO, Nb were minimized with respect to calculated

total energy, getting the values close to experimental

ones [20]. All calculations were performed with a

k-mesh of 2000 points per first Brillouin zone and the

parameter RMTKmax=8.0, where Kmax is the cut-off for

plane wave expansion and RMT=0.321 nm is the small-

est of the selected muffin-tin radii, RMT(Sr)=0.378 nm,

RMT(Nb)=0.340 nm, RMT(O)=0.321 nm.

Results and discussion

The XRD analysis (Fig. 1) revealed that the prepared

samples consist of single phase with monoclinic struc-

ture without any observable diffraction lines from

unreacted precursors or other phases. The following

lattice parameters of the prepared samples were evalu-

ated by Rietveld refinement using published atomic

positions [20]: a=0.772085�0.000029 nm,

b=0.559303�0.000023 nm, c=1.09821�0.000040 nm

and 
=90.3739�0.0025. They are in excellent agree-

ment with the values published recently [2–6].

Based on the X-ray fluorescence spectroscopy, the

composition of our sample is: (27.38�0.22) mass% SrO

and (72.54�0.22) mass% Nb2O5. This corresponds to

stoichiometric formula Sr0.97Nb2.00O5.97. The oxygen

stoichiometry was not determined but calculated with

respect to the valence of metal ions Sr2+ and Nb5+. Cal-

cium oxide was detected as the most abundant impurity:

(0.04�0.01) mass% CaO.

The measured Cpm data involving 216 points

(2 runs) from relaxation time and 26 points (3 runs)

from micro DSC are plotted in Fig. 2. The enthalpy

increment data (28 points) are listed in Table 1 and

shown in Fig. 3.

The raw data were analyzed in two separate steps.

The low-temperature part of the heat capacity has been

described as a sum of electronic and phonon parts, re-

spectively. The electronic part of the specific heat was

then described by a standard Sommerfeld linear approx-

imation Cpm,el=�elT, which yields the value of the

Sommerfeld coefficient �el= 6�10–4 J K–2 mol–1. This is a

reasonable value considering the insulating character of

the studied material. The analysis of the phonon specific

heat was performed as an additive combination of

Debye and Einstein models. The phonon spectrum of a

polyatomic compound contains three acoustic branches

and 3n–3 optical ones, where n is number of atoms per

formula unit. In our case, i.e. 9 atoms/f.u., this represents

24 optical branches. Let us note that this approach is still

a simplification, since n should properly refer to the

number of atoms per primitive unit cell containing, in

this instance, four formula units. However, this would

lead to an inadequate increase of parameters to be fitted.

Both models include corrections for anharmonicity,

which is responsible for small, but not negligible addi-

tive term at higher temperatures and which accounts for

the discrepancy between isobaric and isochoric specific

heat. This correction factor is considered in the form

1/(1–�T), according to [21].
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Fig. 1 X-ray diffraction pattern of SrNb2O6

Fig. 2 Heat capacity of SrNb2O6

Fig. 3 Heat content of SrNb2O6



The acoustic part of the phonon specific heat is

then described using the Debye model in the form
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where R is the gas constant, �D is the Debye charac-

teristic temperature, �D is the coefficient of

anharmonicity of acoustic branches and xD=�D/T.
Here the three acoustic branches are taken as one tri-

ply degenerate branch. Similarly, the individual opti-

cal branches are described by the Einstein model
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where �Ei and xEi have analogous meanings as in the

previous case. To reduce number of adjustable param-

eters, several optical branches are again grouped into

one degenerate multiple branch with the same Ein-

stein characteristic temperature and anharmonicity

coefficient, respectively. This way we have suc-

ceeded to describe the 24 optical branches in terms of

five Einstein modes with the respective degeneracies

2-6-6-8-2. The analysis of the phonon specific heat is

summarized in Table 2. The description of the phonon

specific heat is then taken as

C C Cph phD phEi

i 1

3n –3

� �
�
� (3)

For the assessment of Cpm function above room

temperature, the heat capacity data from Micro DSC

and the enthalpy increment data from drop calorime-

try were treated simultaneously. Different masses wi

were assigned to individual points calculated as wi=
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Table 1 Enthalpy increments of strontium metaniobate SrNb2O6

T/K
Hm(T)–Hm(298.15)/J mol–1

experimental
Hm(T)–Hm(298.15)/J mol–1

integration of Eq. (1) �/%�

722.7 84018 86272 2.7

722.8 86570 86276 –0.3

772.8 98038 97281 –0.7

772.8 94329 97292 3.2

822.9 111960 108420 –3.1

823.5 114535 108561 –5.2

872.9 119019 119647 0.5

872.9 123838 119649 –3.4

922.9 129024 130980 1.5

922.9 132254 130987 –0.9

973.3 143318 142478 –0.6

973.3 141943 142490 0.4

1023.2 158660 153990 –2.9

1023.2 155666 153990 –1.1

1073.4 166851 165635 –0.7

1073.5 160329 165656 3.3

1123.3 178491 177299 –0.7

1123.3 178031 177311 –0.4

1173.7 187786 189168 0.7

1173.7 185855 189177 1.8

1223.4 201241 200963 –0.1

1273.4 205843 212926 3.4

1273.4 207390 212931 2.7

1322.7 229156 224788 –1.9

1322.8 228449 224805 –1.6

1372.9 238064 236954 –0.5

1372.9 229759 236957 3.1

1471.9 254116 261182 2.7

��=100(calc.–exp.)/exp



1/� i

2 where �i is absolute deviation of the ith measure-

ment estimated from overall accuracies of the mea-

surements (1% for Micro DSC and 3% for drop calo-

rimetry). Both types of experimental data thus gain

comparable significance during the regression analy-

sis. The temperature dependence of the molar heat ca-

pacity of solid SrNb2O6 can thus be expressed by

(T=298.15–1500 K):

C Tpm � � � �

�

( . . ) ( . . ) –

–
( . .

200 47 551 002937 00760

3 4728 03115 106

2

)
( )

�

T
J K mol–1 –1

(4)

The heat capacity as a function of temperature ac-

cording to Eq. (4) is shown in Fig. 4. The dependence

calculated according to the empirical Neumann–Kopp’s

rule [22] is given there for comparison.

The value of standard molar entropy of SrNb2O6

at 298.15 K Sm

0 (298.15 K)=173.88�0.39 J mol–1 K–1

was derived from the low-temperature Cpm data by in-

tegrating the Cpm/T functions from zero to 298.15 K.

A numerical integration (the trapezoid rule) was used

with the boundary conditions Sm

0 (0 K)=0 and

Cpm/T=0 for T=0 K. Standard deviations (2�) were

calculated using the error propagation law. This value

as well as the standard entropy of formation from the

constituent binary oxides, �f,oxS, are listed in Table 3

together with the values of �f,oxS for other mixed ox-

ides in the system SrO–Bi2O3–Nb2O5.

As noted above, the total energy of gaseous O2

needed to evaluate the enthalpy of formation was not

calculated directly in WIEN2k, but derived from the

corresponding values of calculated total energies of

SrO and Sr and the experimental value of

�fH
0(298.15 K) for SrO. Hence, the formal reaction,

from which the resulting enthalpy of formation was

directly derived, reads

6SrO(cr)+2Nb(cr)=SrNb2O6(cr)+5 Sr(cr)

In order to recalculate the data from the tempera-

ture of reference state T=298.15 K to the ground state

temperature T=0 K, which the LAPW calculations are

referred to, and vice-versa, the value of

Hm(298.15)–Hm(0)=28.722 kJ mol–1 derived from the

measured low temperature Cpm of SrNb2O6 as well as

the literature data for SrO, Sr, Nb and O2 [26] were

used. The standard enthalpy of formation

�fH
0(298.15 K)= –2826.78 kJ mol–1 was hereby ob-

tained. The corresponding enthalpy of formation from

the constituent oxides, SrO and Nb2O5 at 298.15 K is

�f,oxH
0(298.15 K)= –335.20 kJ mol–1.

While the value of �f,oxH
0(298.15 K) based on

ab-initio calculation and that derived from the equilib-

riumwith a high temperature liquid phase [7] agree very
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Fig. 4 Temperature dependence of the heat capacity of

SrNb2O6 calculated according to Eq. (4) and according

to the Neumann–Kopp’s additive rules. Dotted line

represents the Dulong–Petit limit

Table 3 Standard molar entropies and standard entropies of
formation from the constituent binary oxides of mixed
oxides in the system SrO–Bi2O3–Nb2O5

Oxide
Sm

0 (298.15 K)/
J K–1 mol–1

�f,oxS(298.15 K)/
J K–1 mol–1

SrO 53.58 [19]

Bi2O3 148.5 [23]

Nb2O5 137.30 [24]

SrNb2O6 173.88�0.39a –17.00

Sr2Nb2O7 232.37b –12.09

SrNb2O6 –58.65c

Sr2Nb2O7 –39.93c

Sr2Nb10O27 –350.69c

Sr5Nb4O15 –51.01c

SrBi2O4 –12d

Sr2Bi2O5 –24d

Sr3Bi2O6 –7d

BiNbO4 147.86e 4.96

BiNb5O14 397.17f –25.82

SrBi2Nb2O9 327.15�0.80g –12.23

aThis work, bbased on low-temperature calorimetric

data [25], cthermodynamic assessment [7],
dthermodynamic assessment [26], ebased on

low-temperature calorimetric data [9], fbased on

low-temperature calorimetric data [10], gbased on

low-temperature calorimetric data [11]

Table 2 Parameters for the phonon specific heat

Type Degeneracy
Characteristic

temp./K
Anharmonicity
coeff./10–5 K–1

Acoustic 3 241�1 5�1

Optical

2 139�1 8�1.5

6 312�2 5�1

6 444�2 6�1

8 824�5 3�0.8

2 956�5 1�0.5



well, there is a large difference between the value of

�f,oxS
0(298.15 K) derived from low-temperature Cpm

data and the assessment result [7]. The value of standard

molar entropy Sm

0 (298.15 K)=132.23 J K–1 mol–1 based

on the phase diagram data optimization [7] is unexpect-

edly low. The same applies for Sr2Nb2O7 for which the

assessed value Sm

0 (298.15 K)=204.53 J K–1 mol–1 [7] is

significantly lower than the calorimetric value

Sm

0 (298.15)=232.37 J K–1 mol–1 [25]. For that reason we

consider the value Sm

0 (298.15 K)= 173.88 J K–1 mol–1

derived in this work as a more reliable.

Using our data it is possible to calculate the stan-

dard molar Gibbs energy of solid SrNb2O6 at the tem-

perature of its fusion T=1773 K [1, 2]:

Gm

0 (SrNb2O6,cr,1773 K)= –3481.062 kJ mol–1. On the

other hand Gibbs energy of a stoichiometric liquid

(SrO+Nb2O3)(l) at 1773 K can be calculated using

model parameters given by Yang et al., [7]:

G(l,1773 K)= –3411.895 kJ. The difference of

69.167 kJ implies that the model parameters for liquid

have to be reassessed.
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