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The heat capacity of NaNb,_,Ta,O; solid solutions was measured in the temperature
range 100 to 770 K. The step-like change of phase transition temperature is observed in
the T—x phase diagram at concentration x = 0.55. The obtained results are in a good
agreement with the data of dielectric studies. The 23Na MAS NMR spectra were obtained
at Larmor frequency 79.35 MHz using a Bruker AVANCE 300 spectrometer. The quadru-
polar coupling constant, (C, = e2¢Q/h) and asymmetry parameter () were determined by
computer fitting of the NMR line shape using the DMFit software. The found parameters
show that solid solution structure is NaTaOj-based at 0.7<x<1l and NaNbOj-based at
0<x<0.5. The spectra in the intermediate region (0.5<x<0.7) can be described at a reason-
able accuracy when assuming the coexistence of NaTaO; and NaNbO,; structures.

HUccnenoBana TemnoeMKocTs TBepAberx pacTsopos NaNb,  Ta O, B mmTepBane Temmeparyp
100-770 K. Ha ¢dasoBoit guarpamme x—T1 OTMeUeHO CTyIIeHUATOe H3MeHEHNEe TeMIIEePaTypPhl
(asoBoro mepexoga npu x = 0,55. [loryuyeHHBIE PE3YIBTATHI XOPOIIIO COTJIACYIOTCS C JaHHBI-
ME AusJIeKTpudecKux ucciegoBanuii. Cruextpsr IMP MAS 23Na mosydeHB! ¢ HCIONb30BAHI-
em cuektpomerpa Bruker AVANCE 300 na napmopoBckoit yactore 79,35 MI'r. KouncranTa
KBaAPYIOJbHOU CBA3U (CQ = e2gQ/h) u mapamerp acummeTpuy (1) ONpeIeIAANNCH IIyTeM
KOMITbIOTEpHOU amnmpoxkcuManuu (GopMbl KpuBoit IMP c¢ ucmosb3oBaHHEM HIPOrPaMMHOIO
obecrreuenuss DMFit. Haiimennble mapaMeTpsl CBUJETENLCTBYIOT, UTO TBEPALIII PACTBOD UMEET
cTpyKTypy Ha ocHoBe NaTaO; mpu 0,7<x<1 um ma ocmoBe NaNbO,; mpu 0<x<0,5. CmexTpsr B
mpome:kyrounoit obmactu (0,5<x<0,7) MOKHO OIHCATL C YAOBJIETBOPUTEILHON TOYHOCTBHIO,
MCXOJA M3 MPeANOJIOoMKeHnus o cocymecrsoBanuu crpykryp NaTaO; u NaNbOs.
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1. Introduction

Some binary solid solutions NaNbOs;-
ABO3; are known to exhibit the relaxor
properties when the second component con-
centration exceeds a certain value x,. The
NaNb,_,Ta,O5 solid solutions belong to this
group. According to the literature data [1],
sodium niobate undergoes six phase transi-
tions with the following phase sequence:
high-temperature (PE) cubic Pm3m — (PE)
tetragonal P4/mbm — (PE) orthorhombic
Cemm — (PE) orthorhombic Pnmm — (AFE)
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orthorhombic Pnmn — (AFE) orthorhombic
Pbem — (FE) rhombohedral R3c. As to so-
dium tantalate, three phase transitions are
known to occur at 890, 835, and 700 K [2].
Before, the concentration phase diagram
(T-x) of the NaNb,_,Ta,Oz solutions was
studied mainly by dielectric methods [3, 4,
5]. In NaNbOj3, the anomalies of permittiv-
ity &' are observed at the phase transition
between the antiferroelectric Pmnm and
Pbem structures at 633 K and at the fer-
roelectric phase transition between the an-
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tiferroelectric Pbem phase and the polar
R3¢ phase at 73 K [1, 3].

In the NaNb,_,Ta,O5 solid solutions, the
first-order Pmnm — Pbem transition line is
observed at increasing Ta concentration up
to the end point at x = x4~ 0.6 [3]. How-
ever, there is an opinion that the the tran-
sition temperature drops by more than
200 K at x; and continues to x = 0.8 [4].
The & maximum pronounced enough in the
range x < x3 becomes diffuse at x > x3. An
evident frequency dispersion of permittivity
and the transition temperature shift toward
higher temperatures are observed as the
measuring frequency increases. These fea-
tures of the permittivity anomaly in the
NaNb,_,Ta,O; solutions are much weaker
than those in classical Pb-containing relax-
ors. It should be noted, however, that even
a small additive of a third component, Li for
example, increases the permittivity and the
transition temperature considerably, which
makes these compounds attractive for appli-
cations. As far as we know, the phase dia-
gram T—x of NaNb,_,Ta,05 in the range x >
xg was not studied by methods providing
information at the structure level. In our
case, such methods of the local structure
study as the traditional nuclear magnetic
resonance (NMR) and electron spin reso-
nance (ESR) cannot be used because those
require sufficiently large single crystals. In
this study, we use the "magic angle spin-
ning” (MAS) NMR method which can pro-
vide information on the structure when
using polycrystal samples. The important
point is that the MAS method provides a
high resolution in the NMR spectra. In
order to investigate the T—x phase diagram
line in a wide temperature range, calorimet-
ric measurements were performed.

2. Experimental

The samples of NaNb,_ Ta,O; (x =0, 0.2,
0.3, 0.55, 0.6, 0.7, 0.8, 0.9 and 1.0) solid
solutions were prepared by the high-tem-
perature solid-state synthesis. The samples
were pressed at 15 MPa, preliminary calci-
nated at 1220 K, and synthesized at
1420 K. The heat capacity of NaNb,_,Ta,O3
(x=0, 0.2, 0.3, 0.55, and 0.6) solid solu-
tions was measured in the 100 to 770 K
temperature range using a differential scan-
ning calorimeter (DSC) in the course of both
heating and cooling at the rate of
16 K/min. The ceramic samples (0.1-0.2 g)
were packed in an aluminum container. The
error inherent in this method (~15 %) is sub-
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stantially larger than that in other -calo-
rimeters, for example, in an adiabatic calo-
rimeter. The scatter of experimental points
from a smoothened curve did not exceed
1 %. In the 4-290 K range, the heat ca-
pacities of NaNbozTaoso3 and
NaNbg 4 Tag 9Oz were measured with a Physi-
cal Property Measurement System (PPMS,
Quantum Design). The sample mass was
0.029 and 0.041 g, respectively. To provide
a good thermal contact between the plat-
form and a sample, vacuum low-tempera-
ture lubricant (Apiezon) in 0.35 mg amount
was used. The measurement accuracy de-
pends on the heating method and amounts
to (0.1-0.3) %.

The 23Na MAS NMR spectra were meas-
ured using an AVANCE 300 pulse spectrome-
ter at a Larmor frequency of 79.4 MGz. The
samples were placed into a 4-mm zirconia
container and rotated at a "magic” angle of
54.7° to the external magnetic field at the
15 kHz frequency. If the rotation speed ex-
ceeds, as in our case, the value of the di-
pole-dipole interaction, then the latter is av-
eraged to zero and a high-resolved spectrum
is observed in a solid. In the high-resolved
spectrum, an isotropic part of the chemical
shift and the second-order quadrupole shift
of the central (-1/2 <> 1/2 transition) com-
ponent of the 23Na NMR spectrum are re-
tained. The specific shape of the high-reso-
lution line in the polycrystal samples with
the quadrupole interaction permits to deter-
mine the parameters of the quadrupole in-
teraction tensors at a good accuracy even in
the presence of overlapping lines from sev-
eral structurally nonequivalent sodium sites
in a structure.

3. Resulls of the measurements

Fig. 1 shows the study results of a
NaNb,_,Ta,O; solid solution with x = 0.9.
The curve describing the temperature de-
pendence of heat capacity does not exhibit
clearly manifested anomalies typical of tra-
ditional phase transitions. However, in the
temperature region 50-200 K, a broad
blurred anomaly in Cp(T) at T =902 K is
observed. To analyse these features in more
detail, the anomalous ACp and lattice Cp,
contributions to the total heat capacity
should be separated. This procedure was
carried out using a simple model describing
the lattice heat capacity of a compound by a
combination of the Debye and Einstein func-
tions (dashed line in Fig. 1).
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Fig. 1. a) temperature dependence of

NaNb, ;Ta; O3 heat capacity. Dashed line,
the lattice heat capacity; b) temperature de-
pendence of excess specific heat; ¢) tempera-
ture dependence of transition entropy.
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where A and B are the fitting parameters
and ®p and Of are the characteristic Debye
and Einstein temperatures. It is to note that
when extrapolating to the high-temperature
area, the heat capacity [described by Eq.(1)]
tends to the classical value following from
the Dulong-Petit law:

where N, is the Avogadro number and kp is
the Boltzmann constant.

In the temperature area under considera-
tion, the heat capacity is already poorly
sensitive to fine details of the vibration
spectrum and the approximation of the lat-
tice contribution carried out in that way is
quite justied. Thus, anharmonic contribu-
tions and distinection Cp(T) and C,(T) were
not considered, as this difference is as a
rule insignificant due to low thermal expan-
sion coefficients of the NaNbOj-based solid
solutions. The anomalous component of heat
capacity ACp =Cp — C; shown in Fig. 1b
reaches only ~5.0 J-mol 1K1 or ~10 % of
lattice heat capacity Cp(T). The entropy
change associated with the anomalous be-
haviour of heat capacity, determined as

AS = [(AC,/T)dT, is shown in Fig. lc. The
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Fig. 2. a) temperature dependence of excess
heat capacity for different Ta concentrations;
b) change of phase transition temperatures
with Ta concentration.

small value of AS ~ 4.5 J-mol 1. K1 ~ RIn(2)
demonstrates clearly the displacive nature
of crystal phase changes.

Fig. 2 displays the temperature depend-
ence of the excees heat capacity calculated
after extraction of the lattice heat capacity
for all the NaNb,_,Ta Oz solid solutions.
The temperature dependence of the lattice
heat capacity in the differential calorimet-
ric study was approximated by a smooth
polynomial function. This function coin-
cided with the experimental curve outside
the heat capacity abnormal behavior. As
would be expected according to the dielec-
tric data, the first-order phase transition
(Pbem — Pmnm) is observed at 7 =633 K
in the solid solution with x = 0. In this
case, the total entropy change is
AS ~ (8.240.4) J-mol 1.K~1. Such a small en-
tropy change indicates a substantial role
being played by displacive processes in the
phase-transition mechanism. As the Ta con-
centration increases, the heat capacity
anomaly decreases, diffuses, and displaced
towards low temperatures. The concentra-
tion x = 0.55 corresponds to the last experi-
mentally registered point of the firs-order
transition (Pbem — Pmnm). At a further
increase of Ta concentration (x = 0.6-0.9),
the only low-temperature heat capacity
anomaly is observed. This anomaly is dis-
placed in low temperature area with in-
creasing x. The anomaly strongly broadens
with the increasing Ta concentration and
above x = 0.9 it is nearly impossible to ex-
tract the excess heat capacity from the lat-
tice one. The T—x phase diagram of NaNb,_
«1a,05 obtained from the calorimetric data
is presented in Fig. 2b. The obtained results
of phase transition temperature are in a
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Fig. 3. The 22Na NMR MAS spectra in NaNb,_, Ta, O, solid solutions.

good agreement with the data of dielectric
studies [4].

Fig. 3 shows the 23Na MAS spectra taken
at room temperature for several solid solu-
tions of a general formula NaNb,_,Ta,O5 at
Ta concentration x from 0 to 1. At room
temperature, the NaNbO; structure is in the
antiferroelectric Pbem phase with two lat-
tice positions of 23Na in the unit cell quad-
ruplicated along the ¢ direction [1, 5]. Thus,
the NaNbO; MAS spectrum should be a su-
perposition of the lines from the two lattice
sites: Nal in the special (4c) position and Na2
in the general (4d) position (Fig. 4).

The spectra of the solid solutions in the
concentration range from 0 to 0.5 vary
gradually with increasing x, keeping the
shape typical of NaNbOj;. However, at x =
0.55, the spectrum line shape changes dras-
tically. High resolution of the spectrum ob-
tained with MAS makes it possible to re-
solve the spectrum of the Pbecm phase and a
new line occurring from a certain third Na3
site at x = 0.55. The majority of the spec-
tral intensity is concentrated in the line be-
longing to the Na3 position. The spectrum
consisting of three overlapping lines is ob-
served in the range from x = 0.55 to x =
0.7. At x = 0.8 and 0.9, there is the only
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Fig. 4. The decomposition of experimental
23Na NMR MAS spectrum of NaNbO;. Two

components correspond to Nal (I) and Na2
(2) positions.

line from the Na3 nucleus located in the
general position in the cell.

The high-resolved spectra were processed
using the DMFit software [6]. The quadru-
pole coupling constants Cgi» asymmetry pa-
rameters of the electric field gradient (EFG)
tensor m;, and integral intensities A; of the
spectrum components, are varied during fit-
ting of the model spectrum to the experi-
mental NMR spectrum. The results of the
analysis are given in the Table. Parameters
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Table. Analysis results of the experimental NMR spectrum.

x A, Co(kHz) M 4, | Co(kHz) Mo Ay | Co(kHz) Mg
0.0 0.5 2115 0.0 0.5 990 0.9 - - -
0.2 0.4 1756 0.0 0.6 980 0.8 - - -
0.5 0.4 1544 0,0 0.6 1040 0.8 - - -

0.55 0.1 1679 0.2 0.2 1200 0.9 0.7 1223 0.9
0.6 0.1 1520 0.4 0.1 1200 0.9 0.8 1269 0.9
0.7 0.1 1619 0.4 0.1 1120 0.9 0.8 1386 0.9
0.8 - - - - - - 1 1359 0.9
1.0 - - - - - - 1 1396 0.9

A, CQ (kHz), and n were determined at the
accuracy of 0.1, £100, and #0.1, respec-
tively.

According to the Table, the solid solu-
tions in the concentration range from 0 to
0.5 retain the symmetry of the Na1l and Na2
sites existing in Pbem space group of
NaNbOj structure. Note that the Na1l spec-
trum shape corresponds to the theoretical
line with two maxima typical of the pa-
rameter 1 = 0, while the Na2 spectrum is
characteristic of the general position of a
nucleus with n ~ 0.8 (Fig. 4). As is known,
the asymmetry parameter is zero when the
observed nucleus is located on the symmetry
axis of third or higher order. In our case,
zero value 1 in the Pbem phase is caused by
the subcell cubic pseudosymmetry. When Ta
enters the NaNbOj; lattice, the quadrupole
coupling constant of the Nal nucleus re-
duces and that of the Na2 nucleus somewhat
increases with x. At x > 0.5, the nonzero
asymmetry parameter of the EFG tensor oc-
curs on the Nal nuclei and reaches the
value 1= 0.4 at x = 0.7. Such a variation
in the EFG tensor parameters originates from
strong local distortions of the Pbem phase
structure in the solid solutions under study.

The sharp change in the spectrum shape
(Fig. 2) at x = 0.55, as is seen from the
Table, results from jump-like integral in-
tensity drop of the spectrum from the Na1
and Na2 nuclei down to 0.1+£0.1. The main
integral spectrum intensity at x > 0.55 is
focused in the Na3 line, which grows within
x = 0.55-0.7 attaining 1 at x = 0.8. At the
concentrations x = 0.8, 0.9, and 1, parame-
ters Az, Cps, and Mg have constant values.
The quadrupole coupling constant and the
EFG tensor asymmetry parameter on Na3
nucleus in this concentration range corre-
spond with high accuracy to the known val-
ues for NaTaO5 [7].
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4. Conclusion

The above results demonstrate the exist-
ence of two areas with different structures in
the T—x phase diagram of the NaNb,_,Ta,O5
solid solutions, depending on Ta concentra-
tion. In the concentration range x = 0-0.55,
the solid solution structure below 633 K re-
tains the Pbem space group inherent in the
NaNbOj structure. Accordingly, in those
concentration and temperature ranges the
line of the first-order transitions between
the antiferroelectric Pbem and Pmnm
phases is observed. This line has the end
point at x = 0.55+0.05. Note that transition
line of the ferroelectric transition R3¢ <
Pbem observed in NaNbOj; at 245 K upon
heating was not revealed during our cal-
orimetric measurements at x < 0.55. This is
possibly related to strong blurring of the
thermal anomaly due to the coexistence of
the R3¢ and Pbem phases in a wide tem-
perature range [1]. At x > 0.55 and below
700 K, the solid solutions are formed on
the basis of the NaTaO; structure with the
Pbnm space group. In the low-temperature
region, the second-order transition line is
observed that limits the region where the
Pbnm phase exists (Fig. 2b). This transition
occurs to the ferroelectric structure whose
space group is being refined by us. With
increasing x, a strong broadening of the
thermal anomaly is observed in this region.
The phase transition may be observed up to
x = 0.9. According to the literature data, at
x = 1, there are no phase transitions below
room temperature. Within the range x =
0.55-0.7, the 23Na spectra show the coexis-
tence of the NaNbOj;- and NaTaOj-based
solid solutions. Perhaps the dielectric prop-
erties typical of the relaxor ferroelectrics in
the NaNb,_,Ta,O; series have the same ori-
gin as the ferroelectric transition in
NaNbOj [1], i.e., occur due to the coexis-
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Hocaigxennsa (a3oBoi AiarpaMu TBepAHX PO3UYMHIB
NaNb,_,Ta,O; meTomaMmu KaxopumeTpii
ta IMP MAS 23Na

I1.IT. Anexcandposa, I0.H.lé6anoé, B.C.Bondapes,
A.A.Cyxoécovruii, B.H.Boponos

Hocrimxeno remroemuicts TBepaux posumuis NaNb, ,Ta,O; B imrepsani remmeparyp
100-770 K. Ha dasosiii giarpami x—T BizmsHadyeHo cTymiHuacTy sMiHy Temmeparypu (pasoBo-
ro nepexoxy upu x = 0,55. Ozxep:kani pesyabraru go6pe y3romKyHOTHCA 3 JAHUMU Ji€IeKT-
puunnx gocrimkens. Crexrpu AMP MAS 23Na ozep:xaHo 3 BHKOPHCTAHHAM CIEKTPOMETDA
Bruker AVANCE 300 ma japmopiBcbkiit wactori 79,35 MI'n. KomcranTa KBagpyIOJLHOTO
3B’ A3KY (CQ=62qQ/h) Ta mapamMeTp acuMerpii (1) BUBHaUYaJHMCA UIJIAXOM KOMII IOTePHOL
anpokcumarii opmu KpusBoi IMP 3 Bukopucramusam mnporpamuoro sabesmeuemus DMFit.
3maiifleni mapamMeTpu CBiguaTh, IO TBePAWH PO3YMH Mae cTPYKTypy Ha ocHosi NaTaO; mpm
0,7<x<1 Ta Ha ocmoBi NaNbO; nmpu 0<x<0,5. Crnexrpu y mpomimuiii obmacti (0,5 < x<0,7)
MOJKHA OIKCATU i3 B3aJ0BiNBHOI0 TOYHICTIO, BUXOAAYW 3 INPUIYIIEHHSA IIPO CIIiBicCHyBaHHSA
crpyrTyp NaTaO,; Ta NaNbO,.
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