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Abstract. The ferroelastic and antiferroelectric transition (between phases called P and R) in
NaNbO3 samples, pure and doped with Mn (0–3.3 mol%), was investigated. The phase diagram
was obtained from DTA tests. The doping resulted in lowering of the P–R phase transition
temperature. The shift of the P–R phase transition temperature was observed also in dielectric
permittivity ε(T ) measured under compression. Changes in enthalpies obtained from DTA
were compared to the latent heat values calculated independently from the Clapeyron–Clausius
equation. Values of thermodynamic parameters of the P–R phase transition were evaluated. The
EPR test showed that the Mn dopant causes disorder and local strains. Athermal martensitic
behaviour of the P–R phase transition in NaNbO3 was enhanced by applied compression and
the dopant subsystem.

1. Introduction

The mechanical and electrical properties near phase transformations in ferroelastic
perovskites with ferroelectric or antiferroelectric order have attracted studies during recent
years. It has been found that thermodynamic parameters of the perovskites depend
strongly on chemical composition, dopant concentration and applied external fields [1, 2].
The martensitic aspects of the ferroelastic transitions in perovskites are recognized less
commonly. Generally, two classes of isothermal and athermal martensitic transformations
are known. The first proceeds at a constant temperature in some finite time. The second
develops, under defects or stress influence, in a temperature interval, while fracture volumes
of a parent phase transform into martensite phase [3, 4].

An actual first-order phase transition develops in complicated conditions especially when
the martensite phase nucleates around defects. The description of the phase front kinetic
is supported on the time-dependent Landau–Ginzburg equation. The kink-type solution
represents the interface boundary which velocity is scaled with such factors as defects
concentration, solid solution composition, electric field or external stress [5–8].

The unstable movement of the interphase boundary in perovskites, namely a switching
between slow and rapid motion of the boundary, is seen by direct optical observation [9, 10].
A hypothesis has been formulated that the jerky motion of the phase front is affected by
relaxational processes of mechanical stresses at the phase boundary [11]. Therefore the
course of the transition should be governed not only by the symmetry change but also
would be influenced by local strains caused by the defects or dopants. Moreover, the
kinetics of the phase front can be by affected by temperature variations due to latent heat
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generation near the interphase boundary [10]. However, it has been pointed that high heat
conductivity reduces the importance of the latent heat release [7].

A convenient perovskite for such an investigation is sodium niobate of which the
structural and electrical properties are very sensitive to various internal and external factors.
NaNbO3 exhibits a series of stable phases (cubic, T2, T1, S, R, P, N) and after that metastable
phases are recognized also [12–15]. Electric properties of sodium niobate are influenced
by hydrostatic pressure [16]. The EPR investigation of NaNbO3 crystals doped with Mn
shows distinct and sharp changes of crystal field at the structural phase transitions of the first
order [17], in agreement with the x-ray results [12–14]. Finally, the occurring structural
transformations are sensitive to defects introduced into the crystal lattice. For instance,
the temperatures of these phase transitions are markedly shifted with dopant concentration
(K, Li, Ca, Gd, Ta, Sr, Mn) [18–23]. The main anomaly in dielectric permittivity of
NaNbO3 is connected to the ferroelastic and antiferroelectric first-order transition between
phases called P and R [10, 13, 24]. The influence of defects on dielectric permittivity
of NaNbO3:Mn has been found [25, 26] but the thermodynamic parameters of the phase
transitions have not been evaluated. There is still an open question if and how a non-
stable jerky motion of the phase front is reflected in the classic measurement of dielectric
permittivity.

There are two aims of this work. The first is the estimation of the thermodynamic
parameters of the antiferroelectric–ferroelastic phase transition in sodium niobate: transition
temperature shift under compression∂Ttr/∂p, phase transition dependence on dopant
concentrationTtr (n), changes in enthalpy1H and entropy1S of the transition. The
second is the indirect investigation of this phase transition kinetics.

2. Experimental details

Single crystals of pure NaNbO3 were grown by the flux method from melted salts solution
[27]. Non-oriented multidomain rectangular bars were chosen for the experiment. Ceramics
of sodium niobate doped with manganese were sintered according to the standard procedure.
Manganese oxide (Aldrich, purity> 99%) was added to the stoichiometric mixture of
Na2CO3 (Reachim, purity> 99.8%) and Nb2O5 (Fluka, purity> 99.9%). The mixtures
were prepared to obtainNMn = 0.0, 0.05, 0.1, 0.1, 0.2, . . . ,1.0 wt% of Mn in the ceramic
samples—these amounts correspond to a series of samples containing from 0 up to 3.3 mol%
of Mn [22]. It should be mentioned that an uncontrolled small amount of impurity ions,
originating from initial substrates, may be present even in the nominally pure samples.

The DTA test was performed using Unipan DSC 605 equipment. The crushed ceramics
with diameters of∼0.1–1 mm were enclosed in gaskets. The DTA signals were recorded
in the 300–700 K range while temperature change rates were 5 or 8 K min−1.

The EPR test was performed using an Unipan spectrometer. The spectra were recorded
in the X-band at room temperature [22].

The electric permittivity was measured with a Tesla BM 595 capacitance meter within
the temperature range 300–750 K at a constant rate of temperature change 1 K min−1.
The measuring frequency was equal to 20 kHz. The electrodes were painted with Ag or
Pt paste and fired. Axial compression was applied to the bar samples with the use of
a lever and a weight within the range of 1000 bar. The electrodes were perpendicular
to the applied compression. Electric permittivity was recorded under constant pressure in
subsequent cycles of heating and cooling.
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3. Results

3.1. DTA test

The recorded DTA signals show the evolution of a phase transition as a function of Mn
dopant concentration. In the nominally pure sodium niobate, an antiferroelectric phase
transition between phases called P and R is seen at 633 K on heating. This DTA peak is
shifted toward lower temperatures when the Mn content in the samples is increased. This
anomaly is diffused for the samples containing more than 1.3 mol% of Mn.

Another broad DTA anomaly may be distinguished in the sodium niobate samples at
Mn content equal to 0.66 or 1.0 mol% but its temperature range could not be determined
precisely. When the manganese concentration is higher then this anomaly develops into
a peak. The induced peak, observed at 660–670 K on heating, is connected to the phase
transition between phases I and R (see figure 1(a) and table 1). The changes (induced by
Mn dopant) observed on cooling are similar (see figure 1(b)). However, one could notice
an additional anomaly appearing (around 575 K) on the cooling run for the nominally
pure sample. This could be probably the manifestation of a metastable phase caused by
uncontrolled defects. In fact, the undoped ceramic samples contain impurities—it has been
stated that EPR spectra originating from the Mn2+ ions are detected even for the undoped,
nominally pure, ceramic samples of NaNbO3.

The phase diagram (temperature of DTA peak against Mn concentration) obtained from
DTA tests is presented in figure 2. The transition between phases P and R is observed in
the nominally pure and in the slightly doped ceramics. The sequence of phase transitions—
between the phase P (known from pure sodium niobate), the phase I (induced by Mn dopant)
and the phase R—occurs at intermediate Mn concentration. The former x-ray investigation
showed that the phases P and I may coexist in sodium niobate at these intermediate Mn
contents [23]. The phase transition between the R phase and the induced I phase only is
observed at Mn concentration high enough (>2 mol%).

3.2. Dielectric permittivity

The measurement of dielectric permittivityε(T ) performed on NaNbO3 crystals under
compression shows two main effects. Firstly, the maximum in electric permittivity is
shifted toward lower temperatures. Secondly, the compression results in a change ofε(T )

characteristic shape in the vicinity of the P–R phase transition. The sharp jump inε value
at the temperature of the phase transition is observed when the sample is not compressed
(see figure 3(a)). In contrast, several steps appear on theε(T ) curve in the range of
the investigated phase transition when the applied pressure exceeds a few hundred bars
(>150 bar). The changeover from the steplikeε(T ) characteristic to a rounded one is
observed when the pressure is increased (see figure 3(b), (c)). The compression causes
the crossover from the sharp transition appearing as one jump in a range less than 0.05 K
(temperature has been recorded at≈3 s periods) under 1 bar to a wide gradual transformation
developing within a few or several K range. Such a behaviour may be explained by jerky
motion of phase front. The P–R interphase boundary, driven by temperature change, is
expected to move with a certain velocity. On the other hand, the phase front moving
through the sample may be blocked many times on local strains or defects. Due to these
competing effects, transformation of fractal volumes of the sample results in the mixed
state of the phases P and R coexisting in the compressed sample. Their contributions to the



11266 A Molak

Ta
bl

e
1.

D
at

a
co

nc
er

ni
ng

th
e

an
tif

er
ro

el
ec

tr
ic

an
d

fe
rr

oe
la

st
ic

P
–R

ph
as

e
tr

an
si

tio
n

(o
bt

ai
ne

d
on

he
at

in
g)

fo
r

so
di

um
ni

ob
at

e
do

pe
d

w
ith

m
an

ga
ne

se
(0

–3
m

ol
%

).
T

he
le

ft
co

lu
m

n
ha

s
be

en
ob

ta
in

ed
fr

om
D

TA
:

tr
an

si
tio

n
te

m
pe

ra
tu

re
T
D
T
A

,
en

th
al

py
Q
D
T
A

an
d

en
tr

op
y

ch
an

ge
1
S
D
T
A

.
T

he
rig

ht
co

lu
m

n
ha

s
be

en
ca

lc
ul

at
ed

fr
omε
(T
,
p
)

da
ta

:
tr

an
si

tio
n

te
m

pe
ra

tu
re
T
a
,

tr
an

si
tio

n
te

m
pe

ra
tu

re
sh

ift
un

de
r

co
m

pr
es

si
on

d
T
a
/
dp

,
la

te
nt

he
at
L

an
d

co
rr

es
po

nd
in

g
en

tr
op

y
ch

an
ge1
S
L

.
1
V

de
no

te
th

e
el

em
en

ta
ry

ce
ll

vo
lu

m
e

kn
ow

n
fr

om
x-

ra
y

da
ta

[1
3]

.
T

he
B

aT
iO 3

da
ta

,
ta

ke
n

fr
om

th
e

lit
er

at
ur

e
[3

4]
,

ar
e

gi
ve

n
fo

r
co

m
pa

ris
on

.

ε
(T
,
p
)

D
TA

L
=
T
a
1
V
/
(d
T
a
/
dp
)

1
S
D
T
A
=
Q
D
T
A
/
T
D
T
A

1
S
L
=
L
/
T
a

N
M
n

T
D
T
A

Q
D
T
A

1
S
D
T
A

T
a

dT
a
/
dp

1
V

L
1
S
L

P
ha

se
tr

an
si

tio
n

(m
ol

%
)

(K
)

(J
m

ol−1
)

(J
m

ol
−1

K
−1

)
(K

)
(K

kb
ar
−1

)
(c

m
3

m
ol
−1

)
(J

m
ol
−1

)
(J

m
ol
−1

K
−1

)

P
–R

0
63

3
22

0
0.

33
63

3
−5

−0
.0

27
[1

3]
34

0
0.

54
P

–R
0.

33
60

8
23

0
0.

36
P

–R
0.

66
61

1
36

0
0.

58
P

–R
1.

3
59

0
—

—

I–
R

1.
3

67
0

—
—

I–
R

2
67

2
35

0
0.

52
I–

R
3

66
3

36
0

0.
53

C
ry

st
al

N
aN

bO
3

P
–R

—
64

4
21

0
0.

32
62

6
−6

−0
.0

27
[1

3]
28

0
0.

45
C

ry
st

al
B

aT
iO

3
[3

4]
Te

t–
cu

b
39

7
21

0
0.

53
39

7
−5

.8
−0

.0
22

15
0

0.
39



Martensitic behaviour in NaNbO3:Mn 11267

(a)

Figure 1. DTA signal against temperature recorded for ceramic samples of NaNbO3 doped with
manganese (Mn content varies from 0 to 3 mol%): (a) heating, (b) cooling.

dielectric permittivity lead to the measured value

ε ∼=
(
VP

εP
+ VR
εR

)−1

(1)

whereVP andVR are the relative volumes (VP + VR = VSAMPLE) of the P and R phases
with permittivity εP andεR, respectively. One can say that successive change of measured
value of dielectric permittivity is reflected by the steplikeε(T ) shape connected to a variety
of transition temperatures.

Additionally, a statistical spread ofε(T , p) values is detected above the phase transition,
especially for compressed samples. It should be mentioned that the temperature in which
the dielectric permittivity reaches its maximal value cannot be regarded as an apparent
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(b)

Figure 1. (Continued)

temperature of the phase transition under external pressure. Instead of this, the other
way for determination of the mean temperature of the phase transition may be proposed.
The main jump in theε(T ) characteristic is taken for evaluation of the phase transition
temperatureTP−R shift under pressure. The transformation, or the phase front movement,
is most effective at the temperature which corresponds to maximal values in the derivatives
of recorded dielectric permittivity1ε/1T . The (1ε/1T )–T dependencies have been
calculated for eachε(T , p) data set. Those obtained atp = 1, 500 and 900 bars are inset
into figure 3(a)–(c) for evidence. The obtained values ofTP−R shifted by the applied
pressure lead to∂TP−R/∂p = −6± 1 K kbar−1 on heating and approximately 0 K kbar−1

on cooling (see figure 4).
Similar effects are observed in the case of ceramic samples of sodium niobate. The

dielectric permittivity dependencies on temperature recorded under compression show
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Figure 2. Phase diagram of NaNbO3:Mn (temperature against Mn dopant concentration)
obtained from DTA data. Transition P–R is known from pure sodium niobate. Transition
I–R is induced by the manganese dopant.

rounded maxima around the phase transition temperature (see figure 5). The maximum
in the ε(T ) curves is well defined and thus the value∂T εmax/∂p may be interpreted as
the temperature shift of the transition between phases P and R. The temperatureT (εmax) is
lowered on heating with the rate∂TP−R/∂p = −5± 1 K kbar−1. This shift value obtained
from cooling processes is∂TP−R/∂p = −1.5± 1 K kbar−1 (see figure 6). This value is
close to the value obtained for the P–R phase transition in the undoped sodium niobate
crystal. Higher values of the P–R phase transition shift in ceramic sodium niobate are
received from the calculated dependency of derivatives1ε/1T on temperature, namely
∂TP−R/∂p = −7± 1 K kbar−1 on heating and∂TP−R/∂p = −5± 1 K kbar−1 on cooling.

3.3. EPR test

The EPR test shows the spectra originating from Mn2+ centres (see figure 7). The EPR h.f.s.
spectra connected to Mn2+ ions are traced even for nominally pure NaNbO3 ceramic [22].
The unavoidable amount of manganese ions appear as an impurity contained in chemicals
used for sintering. The determination of this Mn amount (supported on the spectra intensity
comparison) gives the approximate concentration 0.01 mol% in the nominally pure ceramic
samples. The h.f.s. spectrum of Mn2+ ions (g = 2.00, |A| = 78× 10−4 cm−1) is recorded
only for the slightly doped ceramics when the Mn content is lower than 1 mol%. This
spectrum can be ascribed to the isolated paramagnetic centres [17, 28]. If the manganese
content in ceramics is higher then a broad resonant line (1H ∼= 0.04 T) coexists together
with the h.f.s. spectrum. This broad resonant line dominates the h.f.s. spectrum when the
Mn concentration exceeds 2 mol%. Such an evolution of EPR signal with the manganese
content variation indicates the gradual transformation of paramagnetic Mn2+ centres.
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(a)

Figure 3. Dielectric permittivity against temperature of the NaNbO3 single crystal, recorded
around the ferroelastic and antiferroelectric P–R phase transition. Characteristic shape is (a)
one-step jump, sample at atmospheric pressure= 1 bar; (b) several steps in the range of the
P–R transition, sample under compression 500 bars; (c) rounded (or many steps) in the range
of the P–R transition, sample under compression 900 bars. The insets show the derivative
1ε/1T values calculated around the P–R transition. Their maximal values may be interpreted
as occurring at the effective transition temperature. The intervals with high values of1ε/1T

are delimited with startingTS and martensiteTM temperatures connected to the martensitic
athermal transformation.

These recorded EPR spectra of paramagnetic centres reflect the crystal field of the
lattice around the dopant ions. Thus, they should bring information about the existing local
symmetry and its deformation. Such an effect has been discussed in a paper concerning Mn
spectra in disordered materials [29]. In polycrystalline and disordered materials, the outer
fine-structure transitions (other than the central hyperfine sextet) in the Mn2+ EPR spectrum
broaden out due to random orientations of the paramagnetic centres. The forbidden hyperfine
lines belonging to the hyperfine central sextet may be broadened out also in single-crystal
and polycrystalline materials, in such a case due to strain effects, random orientations of
Mn2+ ions or dipolar orientations. One can deduce that the visible crossover in the EPR
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(b)

Figure 3. (Continued)

spectra recorded for the samples of NaNbO3:Mn indicates the growing disorder and/or
strains when the Mn content is increased.

4. Calculations and discussion

It has been shown within the Landau theory that the uniaxial pressure conjugated to strain
shifts the temperature of the first-order phase transition [1, 2, 4]. After that the kinetic
properties of structural phase transitions in perovskites are affected by defects and dopants
[1, 7, 30, 31]. Thus, such effects have to be expected in ferroelastic and antiferroelectric
transition in sodium niobate. The investigation of the P–R phase transition occurring in
pure and Mn doped sodium niobate shows that this phase transition is affected both by
external compression and by internal fields caused by doping.

The defect subsystem role has been widely investigated and discussed in the literature.
The isolated defect regime of low concentrations includes both slight doping with ions
purposely introduced into the samples and also unavoidable defects originating from the
technology process. The increase in doping concentration leads through ‘quasi-isolated’
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(c)

Figure 3. (Continued)

defects to interacting defects. The change of phase transition temperature is then a linear
function of the defect density. At defect (or dopant) concentrationsNdef high enough,
usually a few molecular %, homogeneous fields develop and linear change in phase transition
temperature is expected [1, 32, 33].

A linear change of the P–R phase transition temperatureTP−R is observed in sodium
niobate ceramics with Mn dopant concentrationNMn increasing from 0.3 to 1.3 mol%. On
the other hand the crystal field disorder in the NaNbO3:Mn samples has been deduced from
the EPR spectrum evolution. Therefore, one may classify the manganese dopant (within
the concerned concentration range) in sodium niobate as a subsystem of quasi-isolated or
interacting defects.

The Mn dopant subsystem introduces a marked contribution to the enthalpy change in
the investigated P–R phase transition. The transition enthalpy values (based on DTA) were
obtained as averages from several records and they were estimated with an accuracy of
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Figure 4. Ferroelastic and antiferroelectric P–R phase transition temperature against axial
compression received from maxima in derivatives1ε/1T of dielectric permittivity ε(T , p)
characteristics of NaNbO3 crystal. Linear fits are shown:−5 K kbar−1 (first heating),
−7 K kbar−1 (second heating),−0.8 K kbar−1 (first cooling),+0.2 K kbar−1 (second cooling).

about 20%. TheseQDTA values increase from 220 J mol−1 up to 360 J mol−1 with the Mn
dopant concentration change (see table 1).

The experimental value of transition heat measured by the DTA method includes such
terms as latent heat of transition1Htr = L, elastic enthalpy1Helast , enthalpy of defects
subsystem1Hdef and enthalpy due to change in electric order1Hel.ord . Several other
contributions from space charge, domain walls etc are usually comparatively small and thus
can be omitted [34, 35]. One can write the change in measured enthalpy

1H =
∑
i

1Hi = 1Htr +1Helast +1Hdef +1Hel.ord + · · · . (2a)

The overall entropy change includes the corresponding terms

1S = 1SL +1Selast +1Sdef +1Sel.ord + · · · . (2b)

The Clapeyron–Clausius equation allows us to calculate the latent heatL of the transition
since the temperature of the transitionTtr and its shift under compression are known from
the dielectric permittivity measurement, the change in elementary cell volume1V is known
from x-ray data [13]

1Htr = L = Ttr 1V/(∂Ttr/∂p) (3a)
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(a)

Figure 5. Dielectric permittivity against temperature of the undoped NaNbO3 ceramic recorded
at atmospheric pressure (1 bar) and under axial compression (500 and 900 bars). The insets
show the derivative1ε/1T values calculated around the P–R transition. Their maximal values
may be interpreted as occurring at the effective transition temperature.

and the co-change in entropy equals

1SL = L/Ttr . (3b)

The calculated values ofL and1SL received from measuredε(T , p) dependencies (see
figures 4 and 6) are shown in table 1.

The elastic component of the enthalpy change1Helast connected to the transformation
interacting with the stresses may be resolved into two terms: (i) a shear stressXs times
amount of the shear straines and (ii) a normal stressXn times a linear componenten of the
volume change accompanying the transformation [34, 36] and thus

1Helast =
∑

Xses +
∑

Xnen. (4)

The enthalpy of the defect subsystem1Hdef reflects the interaction between the phase
front moving during the transition and crystal lattice defects. The concerned sodium niobate
samples contain usually such point defects as oxygen vacancies [26]. The doping with
Mn ions creates additional point defects and even volume defects like precipitation [25].
These defects can act as stress concentrators which form dislocations in their vicinity
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(b)

Figure 5. (Continued)

[37]. The increase in dislocation density, caused by doping or external load, leads to
the mutual interaction between dislocations. The stored energy can be released if the
dislocations rearrange into other configurations like the boundaries. Another important
origin of dislocation boundaries is interfaces between the parts of the crystal with different
symmetry. A matching of the interface between two phases with different atomic spacinga1

anda2 can be achieved if the misfit parameter(a2−a1)/a1 is small. In this case, the elastic
coherency strains can be accommodated by the formation of an array of edge dislocations
at the interface boundary. The stress field, strain energy, movement and other properties of
such a boundary will depend on the type of dislocation present in the boundary. On the
other hand, the interface movement is influenced by temperature, external stress and the
capture phenomena on obstacles. The variety of imperfections encompasses the range from
small barriers such point defects (from vacancies or solute dopant ions) up to large barriers
such as precipitates. The obstacles produce short-range barriers which can be overcome
by thermal activation and/or the flow stress. Overcoming the barrier requires changes in
energy provided in the form of mechanical work done by the applied load and the thermal
activation [37–40]. Hence, these processes form the defect part of the enthalpy change
during the phase transition.

The analysis (presented in this paper) of equation (2) follows in analogy to the
literature example [34] of transition between tetragonal ferroelectric and cubic paraelectric
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(c)

Figure 5. (Continued)

phases in BaTiO3 where latent heatL = 150 J mol−1, whereas polarization gives
1Hel.ord = 1HFE−PE = (β/2ε0)P

2
s = 253 J mol−1. Necessary approximations for

relations between the shear and normal stresses and strains (such asXs = Xn, Xn = c44e23,
c44 = 5.43× 10−10 N m−2, e23 ≈ ϕ′ ∼= 0.0058,ϕ′ denotes angular deformation) are made
and numerical values of stiffness constantscij are used to obtain1Helast = α(c44ϕ

′)2 J m−3

(where calculated coefficientα ∼= 0.5× 10−10 m2 N−1). The conducted calculation leads
therefore to the value1Helast = −195 J mol−1. Consequently, the effective sum∑

i

1Hi(BaTiO3) = 150+ 253− 195= 207 J mol−1 (5)

remains in good agreement to the value obtained from DTA asQDTA = 205 J mol−1 [34]
(placed in table 1 for comparison).

The difference between theQDTA results measured for NaNbO3 samples and the latent
heatL calculated (3a) from dielectric permittivityε(T , p) data increases when the Mn
concentration is higher. Thus, one may state that the latent heat contributes as a part only
of the effective transition heat value1H (2a) measured by DTA. The amount lacking in
enthalpy could be related mainly to elastic effects, denoted as1Helast , and to strains effects
originating from the Mn dopant, denoted as1Hdef .
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Figure 6. Antiferroelectric P–R phase transition temperature–axial compression dependency for
ceramic NaNbO3 received from maxima in dielectric permittivityε(T , p) curves. Linear fits are
shown: −4.5 K kbar−1 (first heating),−5.5 K kbar−1 (second heating),−0.2 K kbar−1 (first
cooling),−2.5 K kbar−1 (second cooling).

In the case of the P–R phase transition of NaNbO3 the latent heat is 340
(±15%) J mol−1; polarizationPs = 0 leads to1Hel.ord = 0. It is impossible to determine
precisely the elastic enthalpy component1Helast due to the stiffness constant having not
been measured. However, the specific strain tensor components have been calculated
[10, 41] based on the Roitburd theory applied to the sodium niobate phase transitions.
In the case of the concerned orthorhombic P–R phase transition, the reported values are
ea = 1a/ao = −0.001 1722,eb = 1b/bo = 0.001 4051,ec = 0, t = tan((δ − 90◦)/2) =
0.0017 (a, b, c refer to the lattice parameters,t to the angle of monoclinic deformation of
pseudocubic subcell). The values of strain tensor components listed here for NaNbO3 are
lower but comparable to those of BaTiO3. Instead of adequate calculations, it is justifiable
that the elastic component in enthalpy change could be taken as1Helast ∼= −102 J mol−1

(common order for perovskites). Under such an assumption, one can obtain for the P–R
phase transformation in sodium niobate∑

i

1Hi = L+1Helast +1Hdef ∼= 340− 100+1Hdef . (6)

This sum is expected to be equal to the enthalpy obtained by DTA. SinceQDTA = 220–
360 J mol−1 depends on the Mn dopant concentration, one can estimate the defect subsystem



11278 A Molak

Figure 7. EPR spectra of NaNbO3:xMn (x = 0.33, 0.66, . . . ,3mol%) recorded in X-band at
room temperature. The evolution of the h.f.s. spectrum originating from Mn2+ paramagnetic
centres as a function of Mn dopant concentration is visible.

contribution1Hdef as varying in the 0–100 J mol−1 range with Mn concentration increase.
The analysis conducted above shows that the dopant subsystem introduces internal

strains and affects the P–R phase transition in the investigated sodium niobate samples. The
appearance of disorder and internal strains caused by the Mn dopant has been confirmed
with the EPR test. The discrepancy between ionic radii of the sodium niobate host and
the dopant support this conclusion. The charges of heterovalent Mn2+

Na ions built into
the sodium sublattice of Na+Nb5+O2−

3 :Mn are mostly compensated by oxygen vacancies
forming Mn2+–V ′O centres [26]. In this case the radius of Mn2+ ions (0.083 nm) is smaller
than the radius of Na+ ions (0.102 nm). Charge compensation by niobium valence change
in Mn2+

Na–Nb4+ centres is also possible and the Nb4+ radius (0.068 nm) is larger than the
Nb5+ radius (0.064 nm). Even if some of the manganese ions replace niobium ions as
Mn4+

Nb, then the Mn4+ ionic radius (0.053 nm) is smaller than the Nb5+ radius. Such a
relation between ionic radii in the induced centres should cause shrinking of the doped
sodium niobate lattice.
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As found for NaNbO3, the external compression shifts the P–R phase transition by
−5+–6 K kbar−1 (a discrepancy observed on cooling would be caused by irreversible
effects, possible due to interaction of defects). This may be compared to the shift caused
by internal strains due to the doping. It is seen from the phase diagram (figure 2) that the
temperature of the P–R phase transition is lowered by approximately 50◦C with the Mn
concentration approaching 1 mol%. Thus one may presume that the strain effects caused
by the Mn dopant are equivalent to external pressure of the order of 10 kilobars.

The indirect observation of the phase transition kinetics is possible by use of the
characteristics of dielectric permittivity. The correspondence between the steplikeε(T )

curve and optically observed pinning of interphase boundary has been stated for another
phase transition (P–N) in NaNbO3:Mn [42]. Thereby, one can deduce that recorded mean
values ofε(T ), in accord with (1), reflect the mixed state of the sample within the phase
transition range.

The influence of the strains on the kinetics of the antiferroelectric and ferroelastic
phase transition is visible clearly in the steplike dielectric permittivity curve recorded for
NaNbO3 crystals (see figure 5). It should be pointed out that a few hundreds of bars (more
than 100 bar) is sufficient to suppress a one-step jump inε(T , p) behaviour. Such effect
manifests the jerky motion of the phase front stopped by the existing local strains around
defects. A smeared and almost smoothε(T ) curve is recorded at compression approaching
1000 bars. This means the phase transition occurs step by step in small volume fragments
of the compressed crystal sample.

A similar effect has also been observed on sodium niobate crystals slightly doped with
manganese (NMn ≈ 0.1 mol% [25]) where the steplikeε(T ) curves are recorded even
for non-compressed samples. When pressure is applied then this effect becomes more
remarkable, i.e. more steps in a wider temperature range appear [42, 43]. Pressure induced
smearing of theε(T , p) characteristics, visible for the investigated ceramics, reinforces such
an explanation. The internal strains may be considered as the factor causing the smooth
smeared shape of theε(T ) characteristic although transformation between P and R phases
in sodium niobate persists as the first-order transition.

The time-dependent Ginzburg–Landau equation describes the interphase motion as a
moving kink. Its basic solution gives the kink which propagates with stable velocity which
is scaled by such factors as stress or defect concentration [5–8]. This solution describes
adequately the kinetic of the P–R phase transition in the non-compressed crystal samples
(see figure 3(a)). However, a more complicated situation is detected in compressed or Mn
doped sodium niobate. When strains in these samples are increased then the jerky movement
of the interphase front is enhanced, reflecting different states of motion of the interphase
boundary.

From the literature reports [9, 10] it is known that such a jerky movement is the result
of switching between slow and fast motion of the interface boundary. This unstable kinetic
may be explained within a generalization of the kink model where the switching between
slow and fast motion is ascribed to polarization and stress decoupling [44]. Circumstances
for such a switching could be temperature or strain inhomogeneity. It should be mentioned
that the subsystem of the Mn dopant in NaNbO3 carries in an additional amount of enthalpy
1Hdef detected by DTA. However, from the point of view of the kink motion model
developed for perovskites, the release of energy near the moving phase front ought to be
meaningless due to high heat conduction in these materials [7]. Due to such restrictions,
the effective temperature should be homogeneous within the sample. On the other hand, the
performed compression and dopant ions create local heterogeneous strains which produce
barriers to the motion of interphase front connected with the dislocation boundary. Under
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the circumstances of the performed temperature run, it is equivalent to the appearance of
overheated or overcooled areas near the interacting obstacles. Therefore one can say that the
inhomogeneous stress fields cause a spatial variation of the transition temperatures, adequate
for the fracture volumes, within the samples of Mn doped NaNbO3. Such stress fields lead
to the step-by-step occurrence of the investigated phase transition within an interval of
temperatures.

The phenomena discussed above involve strains and defects as main factors modifying
the investigated antiferroelectric, ferroelastic, first-order structural displacive phase transition
(called P–R) in sodium niobate.

The similarity should be noted between the concepts of the displacive and martensitic
transformations because of the characteristic coordinated atomic movement through the
interface. Moreover, since a distortion of the lattice is a general feature of martensitic
transformations, many of them fulfil the properties of ferroelastic phase transitions [3, 10, 45–
48]. One can find a few models which describe such phase transitions as a function of the
strains or defect concentration.

(i) The influence of defects on first-order structural phase transitions has been studied
using the mean-field thermodynamic potential [49]. It is shown that the defect contribution,
proportional to their concentration, causes smearing of the first-order phase transition:
decreasing of jumps of various thermodynamic quantities at the phase transition are expected.
The results obtained within this phenomenological approach may qualitatively describe the
phase transition in sodium niobate although the model, considering elastic deformations in
an isotropic medium and an order parameter which has symmetry properties different from
those of the components of strain tensor, idealizes the real crystals.

(ii) Another model is developed within the Landau theory of ferroelastic phase transitions
[39]. An interaction of a phase front and a defect has been proposed to describe the direct
observations of the phase front stopping in sodium niobate and lead hafnate crystals. It is
shown that the phase front can be locked by the inhomogeneous elastic field raised by a
pre-existing twin boundary. The case of joint motion of the twin boundary and phase front
may be realized if an applied pressure overcomes a maximum valueσmax of the pressure
due to the interaction of the twin boundary with the locking defect. The value of such a
pressureσmax is estimated as 0.01–0.1 bar [39].

However, this model does not deal with the case of stronger external pressure which
may affect or create locking centres.

(iii) Although there are still controversies about the classification of whether a
transformation is a martensitic one, this transformation is usually described as being:
(a) diffusionless, (b) displacive, (c) first order, (d) mediated by a habit plane resulted from
invariant plane strain condition and (e) dominated by the strain energy involving lattice
distortion of ‘shear-like’ type [3, 36, 40, 47, 50].

The discussion about the features of martensitic transformation in sodium niobate is
possible after the examination of the properties (a)–(e). The transition between P and
R phases, connected to Nb ion displacement within oxygen octahedra, occurs with the
monoclinic distortion of the pseudoperovskite cell. Indeed, the properties (a)–(c) are
fulfilled as determined by x-ray [12, 13, 14, 23], optic, dielectric and specific heat [24, 43]
investigation.

The study [41] of orientation of phase boundaries allow us to determine the components
of the specific strain tensor (their values are listed in the text, above (6)). In the case of the
P–R phase transition, apart from the dilatation of the pseudoperovskite unit cell, also angular
strain (shear) takes place. It occurs that in the framework of Roitburd theory [10, 11, 41]
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the P–R phase transition belongs to the class in which the specific strain is a strain with
invariant plane. The presented crystallogeometric relations of interphase boundaries indicate
that the P–R transition in sodium niobate exhibits features characteristic of martensitic
transformation [41].

The importance of strain energy at the phase transition (property e) is stated in this work
as well in the literature. The shear strain is involved at the transition between the P and R
phases [10, 41]. It is shown that the transition temperature and the movement of the interface
is influenced by external pressure [16, 23, 43]. The interaction of this transformation with
structural defects like impurities or dislocations [9, 10, 27, 39, 42] remains also in agreement
with martensitic transformation dependencies [3, 40, 47, 48, 50].

One can notice that these properties of the P–R phase transition in sodium niobate are
sufficiently convergent to the features of martensitic transformation.

The range of the martensitic transformation, starting from temperatureTS and completed
at the martensite finish temperatureTM can be estimated from variety of derivatives of
dielectric permittivity1ε/1T shown in the insets in figures 3 and 5. For the non-stressed
sample the transformation occurs in one jump (figure 3(a)) and thenTS equalsTM practically.
In the case of stressed samples, one can easily distinguish the startingTS and finishTM
temperatures (see insets in figure 3(b), (c)) as the temperatures limiting an interval within
which1ε/1T take markedly high values. It may be estimated that the compression applied
within the range of 1 kbar causes theTS–TM range increase up to a few degrees for the
NaNbO3 crystal (see figure 3). This effect may be regarded as even more distinct for the
ceramic samples (figure 5). Therefore these results lead to the conclusion that local strains,
originating from compression or Mn dopant, induce athermal martensitic behaviour of the
transformation between P and R phases in sodium niobate.

5. Conclusions

(1) Manganese dopant induces disorder and strains in the NaNbO3 samples, detected by
the EPR test.

(2) The axial compression causes the lowering of the P–R phase transition temperature.
The values of the shift are∂TP−R/∂p = −5 ± 1 K kbar−1 for ceramic samples and
−6 ± 1 K kbar−1 for single crystals of NaNbO3. The strain effects caused by 1 mol%
of the Mn dopant is equivalent to external pressure of the order 10 kbar.

(3) It has been found that local strains, caused by Mn dopant or external compression,
influence the kinetic of the phase front in sodium niobate. The steplike characteristics of
dielectric permittivity in the range of first-order phase transition are observed due to the
phase front stopped on local strains. The athermal martensitic behaviour of the ferroelastic
and antiferroelectric P–R phase transformation in sodium niobate is enhanced by applied
compression.
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