PHYSICAL REVIEW B

VOLUME 40, NUMBER 17

15 DECEMBER 1989-1

Phase transition of some ferroelectric niobate crystals
with tungsten-bronze structure at low temperatures

Yuhuan Xu, Zhongrong Li, Wu Li, and Hong Wang
Department of Physics, Zhongshan University, Guangzhou, China

Huanchu Chen
Institute of Crystal Materials, Shandong University, Jinan, China
(Received 14 December 1988; revised manuscript received 21 June 1989)

From 15 K to room temperature, dielectric and pyroelectric properties have been measured in six
ferroelectric niobate single crystals with tungsten-bronze (TB) structure. Dielectric and pyroelectric
experiments show that in the three kinds of ferroelectric niobate single crystals Sr;_,Ba, Nb,Og,
Pb,Ba,_,Nb,O, and (K, Na; _, )y 4(Sr,Ba;_, ), sNb,O¢ with tetragonal TB structure, there is a new-
ly identified phase transition between 60 and 80 K which has been supported by x-ray analysis. The
crystal’s symmetry changes from point group 4mm to point group m, and the direction of the fer-
roelectric polar axis tilts away from the c axis in the tetragonal lattice cell to the a axis in the mono-
clinic lattice cell as temperature decreases. The difference between the high-frequency dielectric
constants and the low-frequency dielectric constants indicates that the phase transition is of a
diffuse nature. According to the specific-heat experimental data, it is suggested that this phase tran-
sition is not a first-order transition. A model of structural change has been suggested to explain this

phase transition.

I. INTRODUCTION

Ferroelectric niobate single crystals with tungsten-
bronze (TB) -type structure are a class of important ma-
terials for applications in electro-optic, nonlinear optic,
and pyroelectric effects. Early studies of the niobate
PbNb,O¢ were performed in 1953. Afterwards, it was
found that some alkali and alkaline earth metal niobates
having TB structure possess fairly good nonlinear optical
properties.! Among them, Ba,NaNbsO,s is especially
good in the application of frequency multiplication in
nonlinear optics, and has no laser damage at room tem-
perature. Sr;_,Ba,Nb,Oq series of niobate solid solution
crystals were found to have excellent electro-optical and
pyroelectric properties.> Such crystals are used to make
modulators, frequency multipliers, and other electro-
optical devices. A new, very useful ferroelectric crystal
(K,Na,_, )y 4(Sr,Ba;_, ), sNb,O; was developed in
1981,°712 and is especially suitable to make medium-
power laser modulators and self-pumped phase conjuga-
tors.!*~15 Previous research of some high-temperature
phase-transition phenomena in niobates with TB struc-
ture has been performed.>'*"2! However, the low-
temperature properties of these crystals were hardly stud-
ied except for those of the Ba,NaNb,;Os crystal.?>?* In
this work, dielectric, pyroelectric, thermal, and structural
properties of these crystals at low temperatures were
studied. It has been found that a new phase transition ex-
ists between 60 and 80 K, and it is different from the
phase transition of Ba,NaNb;O,5 at 110 K reported in
Refs. 22 and 23, where the polar axis was considered to
remain in the c direction of the crystal cell.
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II. EXPERIMENTS

A. Sample preparation

The crystals (K,Na;_, )y 4(Sr,Ba;_, ), §Nb,Og,
Sr,_,Ba,Nb,Oq, and Pb, Ba,_,Nb,O¢ used for the mea-
surements were grown by the Czochralski technique, and
cut into two kinds of plates. The c plates were perpendic-
ular to the c¢ axis of the tetragonal cell and the a plates
were perpendicular to the a axis of the tetragonal cell.
After the gold electrodes were sputtered on the c faces,
an electric field (2 kV/mm) was applied on the crystal
samples in silicon oil at a temperature of 90 °C for poling.
By confirming that the measured value of the piezoelec-
tric constant d,; is saturated, the single-domain samples
were then ready for measurement.

B. Measurement of dielectric constant

The dielectric constants and the tangent of the dielec-
tric loss angle were measured by an impedance analyzer
Hewlett-Packard HP-4192A. Samples were contacted
close to the cooling head in a CSW-202 cryopump (Air
Products, USA) and the temperature was controlled by
APD-E with a Au-(Fe/Cr) thermoelement corrected by
Air Products. The precision of the temperature measure-
ment was +0.1 K (in the vicinity of 70 K), and the
measuring frequencies were 100, 10, and 1 kHz. The
measuring error of capacitance was less than 1% and
that of the size of samples was less than 5%. The relative
dielectric constants of the samples were calculated from
the formula for a parallel-plate condenser. The results
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FIG. 1. The thermal anomaly of the dielectric properties for
the a-plate sample of Sr,_,Ba,Nb,O¢ crystal at low tempera-
ture.

are shown in Figs. 1-6. The peak temperatures T,,,, of
the dielectric constant at different frequencies shown in
Table I.

C. Measurement of pyroelectric properties

The control and measurement of temperature in the
pyroelectric experiments are the same as those used in
the measurement of dielectric constants mentioned
above. A YD-01 integral electrical charge meter possess-
ing sensitivity of 3.7X 107! C per count was used to
detect the change of charges in the sample as the temper-
ature was changing. During the entire measurement pro-
cess, the resistances of the samples were greater than
5% 10 Q. The cooling and heating rates were about 3-5
K/min. The analytical procedure is as follows. A dc
field (2.5 kV/mm) is first applied on the sample at 70 K,
and the temperature of the sample is then lowered to 15
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FIG. 2. The thermal anomaly of the dielectric properties for
the a-plate sample of Pb,Ba,_,Nb,O¢ crystal at low tempera-
ture.

K. Then the sample is short-circuited for discharging.
After discharging, the sample is connected to the integral
charge meter in series. The pyroelectric charge was mea-
sured as the temperature was increased.

From the results of these experiments, we can see that
the a plate of (K, Na;_,)o4(Sr,Ba;_,); sNb,Og has no
pyroelectric effect if no electric field is applied at low
temperatures, but has a fairly large effect when the field is
applied. The c plate has only a weak effect, whether or
not an electric field is applied. The measured results are
shown in Figs. 7-11.

D. X-ray powder diffraction

X-ray powder diffraction analyses were performed at
room temperature and at 85 K, respectively, with a
diffraction angle 26 varying from 15° to 60°. Polycrystal-
line samples were made from (K Na;_, )4

TABLE 1. The peak temperature T,,,, of the dielectric constant and the onset temperature T, of
the component of polarization along the tetragonal a axis in various crystal samples.

Tax (K)
Composition of crystal samples 1 kHz 10 kHz 100 kHz 7, (K)
Sry sBag sNb,Og 60 64 73 58
1-1 (undoped) 80 90 98 84
Pb,, 3;Bag 63Nb,Og
2-1 (Doped) 68 74 84 64
Pby, 30Bag, 533N, 306Lio.02sNb,06
no. 1 58 68 86 80
(Ko.5sNag 5)o.4(Srg.90Bag, 10)0.sNb;Og
no. 2 60 68 80 76
(Ko.5Nag 5)o.4(Srg 75Bag 25)0.sNb,O4
no. 3 58 70 76 ~ 80

(Ko.sNag 5)o.4(S1o,60Bag, a0)0.sNb, 04
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FIG. 3. The temperature dependence of the relative dielec-

tric constant for the a-plate sample of (K, Na;_,)y4
(Sr,Ba, _, ) sNb,Og crystal.

(Sr,Ba;_, )y sNb,Oq single crystals by grinding them into
powder, annealing, and pressing into a plate, adding a bit
of plastic binder. The crystal lattice parameters were
a=12.482 A and ¢=3.954 A at room temperature, as
determined data from the diffraction pattern.

E. Measurement of specific heat

The thermal conductivity of niobate crystals is smaller
than that of copper by 2 orders of magnitude. For mea-
surement of the specific heat, the time-constant method
was used.?* In order to limit temperature drift in the
range of +0.005 K, two stages of temperature control
were used. The mass of the sample was 304 mg, and the
heating power was 0.655 mW. By using initial and
boundary conditions, the specific heat of the sample was
calculated from

¢, =(m/2)’m " (r/AT)dQ /dt) ,

where AT is the temperature difference before and after
heating, dQ /dt is the heating power, 7 is a time constant,
and m is the mass of the sample.

(KyNay_x )o.4(SryBaj_y)o gNbOg

0 50 100

150 200 250 300
T(K)
FIG. 4. The temperature dependence of the tangent of loss
angle, D, for the a-plate sample of (K, Na;_, )4
(Sr,Ba;_ )o sNb,Og crystal.
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FIG. 5. The temperature dependence of the relative dielec-
tric constant for the c¢-plate sample of (K, Na;_,)o4
(Sr,Ba; _, )y sNb,Og crystal.

III. RESULTS

A. Dielectric constant

Table I gives the compositions of the six crystals used
in this work. The results of the dielectric-constant mea-
surements for the a plate of Sr;_,Ba, Nb,Og are shown in
Fig. 1. The curve of €;;/¢€; has a peak and the tangent of
loss angle has a thermal anomaly in the vicinity of 60 K.
The high-frequency dielectric constant is less than that of
the low-frequency dielectronic constant. The peak tem-
perature T',, of the dielectric constant for high frequen-
cy is higher than that for low frequency. This phase tran-
sition has a diffuse characteristic. For the ¢ plate of
Sr;_,Ba,Nb,Oy, the dielectric constant, €;;/€,, monoto-
nously decreases while the temperature comes down.
The results for Pb,Ba;_,Nb,O¢ and (K,Na; )4
(Sr,Ba;_, )y sNb,O¢ crystals are similar to those for
Sr,_,Ba,Nb,Og, as shown in Figs. 2-6.

B. Spontaneous polarization and pyroelectric coefficient

A peak occurs in the pyroelectric coefficient curve of
the a plate in the vicinity of 60 K (see Figs. 7 and 8).
This indicates that a component of spontaneous polariza-
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FIG. 6. The temperature dependence of the tangent of loss
angle, D, for the c-plate sample of (K,Na,_, )4
(Sr,Ba, _, )y sNb,Og crystal.
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FIG. 7. The temperature dependence of the pyroelectric
coefficients for Pb, Ba,_, Nb,O¢ crystal.

tions occurs at this temperature (see Fig. 9). However,
for the ¢ plate, in the absence of any peaks, the pyroelec-
tric coefficients gradually reduce toward zero with a de-
crease of temperature. This means that P, in the ¢ direc-
tion changes very slowly, and it still has a large value at
low temperatures. The temperature T, at which the on-
set of polarization component P, along the a direction
occurs when the ag-plate sample was cooling down, was
obtained by pyroelectric measurement (see Table I).

C. Direction of tilt of polarization axis

In order to determine the direction of the tilt of the po-
larization axis at low temperature, we cut a plate of crys-
tal with major face to be perpendicular to the [110] direc-
tion of tetragonal cell in the (K,Na;_,)y4
(Sr,Ba;_, )5 sNb,O¢ crystal and measured dielectric and
pyroelectric properties of this plate sample. As shown in
Figs. 10 and 11, the change of spontaneous polarization
P, of this (110) plate at the vicinity of transition tempera-
ture is obviously larger than that of the (100) face sample

,:’2 - (K Najy )o.4(SryBaj.y)g sNb;O¢
£ 101 No. 3
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*.-9 L
=5t
hd
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FIG. 8. The temperature dependence of the pyroelectric
coefficients for (K,Na;_, )o 4(Sr,Ba;_, )o sNb,Og crystal.
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FIG. 9. The changes of the spontaneous polarization with
the change of temperature for (K Na;_, )o 4(Sr,Ba,_, )5 sNb,Og
crystal.

(i.e., the a plate), and the pyroelectric coefficient of the
(110) plate is also larger than that of the (100) plate.
When an electric field is applied to the (110) plate, and
the change of spontaneous polarization in [ 110] direction
is measured in the vicinity of transition temperature, it
can be observed that the change of spontaneous polariza-
tion in the [110] direction is smaller by 1 order of magni-
tude than that in the [110] direction. This experiment
indicates that the polarization axis in the low-
temperature phase should be tilted towards the [110]
direction of the tetragonal cell.

D. X-ray diffraction analyses

X-ray powder diffraction patterns of (K,Na;_, )4
(Sr,Ba,;_, ) sNb,O6 at 298 and 85 K (Fig. 12) indicate
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FIG. 10. The changes of the spontaneous polarization with
the change of temperature for the (110) and (110) face sample of
KNSBN.
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FIG. 11. The peak of pyroelectric coefficient along the [110]
direction of tetragonal cell for (K,Na,_,)os
(Sry B3.1 -y )0. 8Nb206‘

that the diffraction peaks of (400) and (140) of point
group 4mm at room temperature split at 85 K, and the
diffraction peak (541) becomes stronger. This implies the
initial appearance of the pseudo-orthorhombic phase. At
85 K, the lattice parameter ¢ =3.945 A. It has been
shown that the phase transition has diffuse characteris-
tics. From the changes of the dielectric constant and py-
roelectric coefficient, the phase transition temperature is
below 85 K. Based on the scanning electron microscopy
(SEM) analyses of the composmon fluctuation on mi-
croregions with 5000- A size of diffuse phase transi-
tion,>>2% the results of the x-ray analyses can be ex-
plained. In diffuse phase transition, the transition tem-
perature of all microregions is different because of the
fluctuation of composition in these regions. At 85 K,
some of the microregions begin to transform. This makes
the diffraction peaks of (400), (140), and (541) different
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FIG. 12. X-ray diffraction patterns of (K ,Na;_,)o4
(Sr,Ba;_) ) sNb,Og¢ at 85 K (upper) and 298 K (lower).

T(K)

FIG. 13. The change of the specific heat with the change of
temperature for (K, Na;_, )o4(Sr,Ba,_, )5 sNb,Og crystal.

from those at room temperature. When the tetragonal
structure changes into a pseudo-orthorhombic structure,
the split of the diffraction peak from (h,k,l) to (h',k’,1")
should occur. When the transition begins from the phase
with a=b to the phase with asb, diffraction peaks
which are easier to split are those whose Miller indices /
are zero or small, and the difference between h and k is
large. The peaks of (400) and (140) belong to this case.

Since the P, possesses both of the components along
the ¢ axis and the b axis in the pseudo-orthorhombic cell,
it could be suggested that the symmetry of the low-
temperature phase belongs to point group m of the mono-
clinic structure, like some ferroelectrics, such as
Bi,Ti;0,,.7

E. Specific heat

Figure 13 gives the result of specific-heat measure-
ments in (K, Na;_, )y 4(Sr,Ba,_ ), §Nb,Og sample no. 2.
No latent heat was observed in the range 40-140 K. The
relative error is less than 5%. There is a change in the
slope of the curve at 75-80 K, corresponding to the tran-
sition temperature.

IV. CONCLUSION AND DISCUSSION

From the experimental results, some conclusions are
obtained as follows.

(1) A phase transition between 60 and 80 K, which has
not previously been discovered, exists in (K,Na;_ )4

(Sr,Ba,_, )5 sNb,Op, Sr,_,Ba,Nb,Oq, and
Pb,Ba, _,Nb,Og crystals with tungsten-bronze-type
structure.  Dielectric constants and pyroelectric

coefficients all have peaks near the phase transition tem-
perature.

(2) From the splitting of x-ray diffraction peaks (400)
and (140) at 85 K, it can be proven that the transition is
from the tetragonal point group 4mm to the monoclinic
point group m.

(3) Comparing the pyroelectric coefficients and the
spontaneous polarizations along [100], [110], and [110],
it is indicated that this structure transition is a ferroelec-
tric to ferroelectric (F-F) transition, and the direction of
polarization axis tilts away by a small angle (less than a
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FIG. 14. A possible model for explaining that a component
of P; occurs along the a direction of the monoclinic cell when
the temperature is below T,. (a) P; tilts away by a small angle
from the ¢ axis towards the [110] direction in the tetragonal
structure. (b) The component of P; occurs along the a direction
of the monoclinic cell in tungsten-bronze structure (looking
down the ¢ axis of the pseudo-orthorhombic cell.
A,, A,, B,, B,, and C represent different positions for cation’s
occupation).
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few degrees) from [001] (i.e., the c-axis) towards the [110]
direction of the tetragonal cell, i.e., the a axis of the
monoclinic cell (or the b axis of the pseudo-orthorhombic
cell). In contrast to the data of the phase transitions of
Ba,NaNbsO,s crystal reported in Refs. 22 and 23, this
transition was discovered for the first time in
Sr,_,Ba,Nb,Os, Pb,Ba;_,Nb,O¢, and (K, Na;_,)g4
(Sr,Ba;_, ) §Nb,Og crystals.

(4) No latent heat was observed from the result of
specific-heat measurements. Thus the transition might
belong to a higher-order phase transition.

(5) From the dielectric properties, one can see that the
relative dielectric constant €;; /€, at high frequency is
smaller than that at low frequency. The tangent of the
loss angle D and the peak temperature T,, of the dielec-
tric constant at high frequency are higher than those at
low frequency, and the dielectric constant peaks widen.
This indicates that the transition is a diffuse phase transi-
tion.

The  experimental results of (K, ,Na;_,)o4
(Sr,Ba;_,)q gNb,Og, Sr,_,Ba, Nb,O,, and
Pb,Ba,;_,Nb,O4, which have the same structure, are
very similar, so the transitions in these crystals are the
same type. Figure 14 is a sketch projected along the ¢
axis of a tungsten-bronze cell structure in which a tetrag-
onal cell is shown by the dotted line and a monoclinic cell
(or a pseudo-orthorhombic cell) is shown by the solid
line. A possible model for explaining the component of
P, which occurs along the @ axis of the monoclinic cell
(i.e., the b axis of the pseudo-orthorhombic cell) is sug-
gested (see Fig. 14). When the temperature is lower than
T,, the spontaneous polarization P tilts away by a small
angle from the c¢ axis towards the [110] direction of the
tetragonal cell, i.e., the a axis of the monoclinic cell and
the symmetry changes from point group 4mm to point
group m.

There is a discrepancy between Fig. 9 and Fig. 10, i.e.,
Fig. 9 suggested a drop of 0.13 uC/cm? for the projection
of P, along the [001] direction, and a rise of 0.04 uC/cm?
for that along the [100] direction on heating. Figure 10,
on the other hand, suggests a rise of 0.087 uC/cm? along
a [110] direction. These data are not enough to reconcile
one to the other. It is believed that the discrepancy is
caused by the deviation of the sample’s orientation
formed in the cutting process. However, these data are
qualitatively reasonable for his model, because it is obvi-
ous that |AP (| > [AP110)] > |AP(4)l.
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