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Abstract—Crystals of the KPh,Brgs compound are investigated using polarized light microscopy and calorim-
etry. The birefringence and the angle of rotation of the optical indicatrix are measured in the temperature range
270-620 K. It isfound that the KPb,Brg crystal undergoes afirst-order ferroelastic phase transition at temper-
atures Tp, =519.5K and Ty, = 518.5 K with a change in the enthalpy AH = 1300 + 200 Jmol. This transition
is accompanied by both twinning and the symmetry change mmm<—- P2,/c. It is revealed that the angle of
rotation of the optical indicatrix exhibits an unusual behavior under variationsin the temperature due to astrong
temperature dependence of the birefringence. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The search for new active media for solid-state
lasers operating in the middle-infrared range [1] has
given impetus to investigations of the crystal family of
compounds with the general formula APb,X5 (A = Cs,
Rb, K, NH,; X=Cl, Br). Itisknown[2] that, depending
on the ratios between the ionic radii A/X and Pb/X; all
these compounds can form two structural modifica-
tions, namely, the monoclinic modification NH,Pb,Cl5
and the tetragonal modification NH,Pb,Brs. According
to the phase diagram, the region of existence of
KPh,Br; crystals lies along the boundary between the
regions corresponding to these two structures and,
hence, the KPb,Br; compound can exist in both modi-
fications. The KPb,Brs monoclinic crystals (P2,/c) are
formed upon high-temperature crystallization, whereas
the tetragona crystals (14/mcm) grow from agueous
solutions [2, 3]. X-ray diffraction investigations of
KPb,Brs crystals at room temperature have established
that the monoclinic unit cell is similar to a rectangular
unit cell with parametersa=9.264 A, b=8.380A, c =
13.063 A, and Z = 4. The monoclinic angleisrelatively
small: 3 = 90.06(12)° [2]. Furthermore, Cola et al. [3]
assigned these crystals to the orthorhombic system.
Nothing definite is known about phase transitions from
the monoclinic structural modification to the tetragonal
modification. However, according to the differential
thermal analysis performed in [3], KPb,Br; crystalsin
the monoclinic modification undergo a phase transition
at atemperature T, = 515 K with aweak thermal effect
(=400 Jmoal). On the other hand, the x-ray diffraction
patterns at higher temperatures (T = 593 K) did not
exhibit any noticeable changes, except for insignificant

shifts of the peaks and small variations in their intensi-
ties. All the aforementioned factsindicate that KPb,Brs
monoclinic crystals can undergo astructural phasetran-
sition at high temperatures.

The purpose of thiswork wasto reveal the hypothet-
ica structural phase transition, to determine its type,
and to elucidate the nature and symmetry of the initial
high-temperature phase. In order to solve these prob-
lems, the KPhb,Br5 crystal was studied using polarized
light microscopy and measurements of the heat capac-
ity and birefringence over a wide range of tempera
tures.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Crystals of the KPb,Br; compound were grown by
the Bridgman method from a batch of stoichiometric
composition at a temperature T = 655 K. The initia
potassium and lead bromides (specia-purity grade)
were dried under dynamic vacuum and then repeatedly
purified through directional crystallization. A vertical
one-zone furnace with atemperature gradient of no less
than 5 K/mm served as the growth apparatus. Single
crystals up to 15 mm in diameter and 40 mm in length
were grown in evacuated silica tubes at a mean rate of
2-4 mm/day.

The thermodynamic properties were investigated on
aDSM-2M differential scanning microcalorimeter. The
DSM signals were recorded and processed using a
computer. The measurements with powder samples
were carried out in the temperature range 340-600 K.

The hirefringence of the KPb,Brg crystal was mea-
sured on the (001), (010), and (100) sections. The mea-
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Fig. 1. Twinning of the KPb,Brsg crystal in the (010) section
at temperatures T = (@) 518.5, (b) 519.5, and (c) 521.0 K.

surements were performed on a Berec compensator
with an accuracy of [110-° and a Senarmont compensa-
tor with a sensitivity of no less than (110~ at a wave-
length of 6328 A. The former compensator was used to
determine the birefringence magnitude, and the latter
compensator made it possible to examine the tempera-
ture dependence of the birefringence. Observations in
polarized light and measurements of the rotation angle
of the optical indicatrix were carried out using an Axi-
olab polarizing microscope with an accuracy of £0.5°.
All the experiments were performed at temperatures
ranging from 273 to 620 K.

3. EXPERIMENTAL RESULTS

Observations of the crystal plates in polarized light
at room temperature reveal ed astreaky twin structurein
the (010) section (Fig. 1). The structural components
differ in the extinction positions by an angle 2¢. The
twin boundaries are aligned paralel to the [100] and
[001] directions. The width of twins is approximately
equa to 10 um. During heating, the twin pattern is
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Fig. 2. Temperature dependences of the rotation angle of the
optical indicatrix ¢(T) and the component x5(T) of the shear

spontaneous strain in the KPb,Brg crystal.

observed up to a temperature of 519 K and then disap-
pears. At temperatures above T = 520 K, the crystal is
characterized by a uniform “straight” extinction and
twins are absent. During cooling, twins again appear,
but the pattern changesradically: there ariselarge-sized
regions that occupy half the sample and differ in the
extinction positions by an angle 2¢. The formation of
these large-sized regions made it possible to measure
the birefringence from the (010) section of the sample
in a single-domain state. The origina twin pattern is
regained with time.

Figure 2 presents the angle of rotation of the optical
indicatrix with respect to the [010] direction in asingle
twin asafunction of temperature. The dependence ¢(T)
exhibits an unusual behavior. At room temperature, the
angle of rotation of the optical indicatrix is small and
approximately equal to 4°. During heating, the angle of
rotation initially remains constant, increases to 7° only
in the vicinity of the phase transition, and then sharply
decreasesto zero. With afurther increase in the temper-
ature, the extinction of the sample remains unchanged.
In the range 525-545 K, an unusua coloration of the
crystal is observed in polarized light: the crysta
becomes colored and changes its color (beginning with
red) at each temperature. At temperatures above 550 K,
the coloration disappears.

The temperature dependences of the birefringences
An,, Any,, and An, are depicted in Fig. 3. At room tem-
perature, the birefringences are approximately identical
and relatively large (=0.06) for the (100) and (010) sec-
tionsand closeto zero for the (001) section. Asthetem-
perature increases, the difference in the refractive indi-
ces initially changes linearly and insignificantly. At
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Fig. 3. Temperature dependences of the birefringence of the
KPh,Brg crystal: (1) Ang, (2) Ang, and (3) Any,
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Fig. 4. Temperature dependences of the birefringence of the
KPh,Brg crystal at temperatures close to 400 K: (1) Ang,

(2) Ang, and (3) Any,

temperatures above T = 390 K, the dependences An(T)
exhibit an anomalous behavior for al the sections. It is
worth noting that, at this temperature (T = 390 K), the
dependences An(T) for al three sections are character-
ized by a specific point (Fig. 4).

At temperatures Ty, = 519.5 K and Ty, = 5185 K,
the birefringence undergoes a jump with an insignifi-
cant temperature hysteresis (AT = 1 K) (Fig. 3). Asthe
temperature increases above 570 K, the temperature
dependence of the birefringence exhibits a linear
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behavior. The dashed lines in Fig. 3 correspond to the
extrapolation of the initial linear dependences of the
birefringence. It can be seen from this figure that the
KPb,Brs crystal is characterized by pronounced pre-
transitional phenomena over a wide temperature range
(=60 K) above the phase transition point.

Slightly above the transition temperature, thereisan
“isotropic point” at which the birefringence An, for the
(010) section decreases to zero and then changes sign.
It is in this temperature range that the continuous
change in color of the crystal is observed in polarized
light with a variation in the temperature. The birefrin-
gence of the crystal is characterized by alarge disper-
sion (close to that of lithium niobate). This dispersion
in the visible spectral range is approximately equal to
0.01. Hence, for each wavelength in the temperature
range 525-545 K thereisone zero point. Apart from the
zero point for the (010) section, the zero point of the
birefringence is observed for the (001) section below
room temperature (Fig. 3).

Figure 5 shows the temperature dependence of the
excess heat capacity associated with the phase transi-
tion according to the microcalorimetric data. The
change in the enthalpy upon the phase transition was
determined by integrating the function AC,(T), where
AC, isthe excess heat capacity. The obtained change in
the enthalpy AH = 1300 + 200 Jmol is nearly three
times larger than that determined by the differential
thermal analysisin [3] (AH = 400 Jmol). This substan-
tial differencein the values of AH can be caused by dif-
ferent accuracies of the methods used.

4. DISCUSSION

The investigations performed demonstrate that the
KPb,Brs crystal undergoes a phase transition at a tem-
perature T, = 519 K. Thistransition is accompanied not
only by a jump in the birefringence but also by a tem-
perature hysteresis that is characteristic of first-order
phase transitions. The twinning geometry and the angle
of rotation of the optical indicatrix indicate that, at
room temperature, the phase is monoclinic with the
twofold axis parallel to the[010] direction. Thisis con-
sistent with the symmetry group P2,/c [2]. Judging
from the observations in polarized light, the high-tem-
perature phase has orthorhombic symmetry. A consid-
erable increase in the twin size upon repeated runs
through the phase transition temperature T, suggests
that the twin boundaries are sensitive to inhomoge-
neous internal stresses that arise upon the first-order
phase transition and are responsible for the formation
of asingle-domain structure of the sample. Inhomoge-
neous strains relax with time, and the twinsregain their
original structure. Such a situation can be observed
when the phase transition is ferroelectric in nature.
These findings give grounds to assume that, at a tem-
perature T, = 519 K, the crystal undergoes a first-order
ferroelastic phase transition with the symmetry change
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mmm-— P2;/c. This change in symmetry leadsto the
appearance of the component x; of the shear spontane-
ous strain and, hence, to the rotation of the optical indi-
catrix about the [010] axis.

It should be noted that no changes in the x-ray dif-
fraction patterns above the phase transition temperature
as compared to those at room temperature were
revealed in[3]. Thisfact isnot clear from the standpoint
of the assumed symmetry change. The extinction laws
are different for orthorhombic and monoclinic symme-
tries. Taking into account these circumstances, we
repeated the experiment performed in [3]. For this pur-
pose, we recorded the x-ray powder diffraction patterns
at atemperature of 560 K and at room temperature and
then compared them. According to our experimental
data, a number of lines that do not satisfy the condition
(h + k+ 1) = 2n disappear at temperatures above the
phase transition point. This suggests that the high-tem-
perature phase of the KPh,Br; crystal is orthorhombic
and has the same unit cell but the cell is body-centered.
The phase transition is not accompanied by a multiple
change in the unit cell volume. Thisistypical of proper
phase transitions. Most likely, the set of reflections
observed in the x-ray diffraction pattern corresponds to
a space group of the orthorhombic crystal system with
acenter of symmetry and abody-centered unit cell, i.e.,
to the space group Immm or Imma.

It is universally accepted that, upon proper ferro-
electric phase transitions, the temperature dependence
of therotation angle of the optical indicatrix reflectsthe
behavior of the shear spontaneous strain arising below
the phase transition: ¢ ~ x;. However, thisis not always
the case. As was shown by Aleksandrov et al. [4], this
simplification holds true for small angles of rotation
and for insignificant changes in the birefringence. In
actual fact, upon transformation of the polarization ten-
sor from one coordinate system to another coordinate
system, we obtain tan2¢ = n3pgxs/An,, where pss is
the photoelasticity coefficient, n is the averaged refrac-
tive index, and x5 is the shear strain component. The
angle of rotation of the optical indicatrix is small and,
hence, tand = ¢. However, it can be seen from Fig. 3
that the birefringence for the (010) section in the phase
transition range varies from a maximum value to zero
and even reversessign. Therefore, in order to determine
the temperature dependence of the shear strain xs(T) for
the KPb,Br; crysta from optical experiments, we
should take into account the two dependences Any(T)
and ¢(T). Figure 2 depicts the dependence
(Anytan2¢ )(T), which reflectsthe behavior of the shear
strain xs(T) for the KPb,Brs crystal under the assump-
tion that the phase transition is purely ferroelastic in
nature.

The temperature dependences of the anomalous
component of the birefringence in the range below the
phase transition point T, are plotted in Fig. 6. These
dependences were obtained by subtracting the extrapo-
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Fig. 5. Temperature dependences of the excess heat capac-
ity of the KPb,Brg crystal.
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Fig. 6. Temperature dependences of the anomal ous compo-
nent of the birefringence for the KPb,Brs crystal: (1)

8(Any), (2) 5(Any), and (3) S(Any).

lated linear portions of the temperature dependences of
the birefringence for the initial phase from the curves
AN(T) depictedin Fig. 3. Ascan be seen from Fig. 6, the
KPh,Brs crystal is characterized by pronounced pre-
transitional effects over a wide temperature range
(=60 K) above the phase transition point. The phase
trangition is accompanied by a jump in the birefrin-
gence, and then the birefringence increases gradually.
However, at temperatures below T =400 K, the value of
O(An)(T) beginsto decrease. It isknown that, below the
phase transition temperature, the anomalous compo-
nent of the birefringence measured in the orthorhombic
setting is proportional to the transition parameter
squared; i.e., 8(An)(T) ~ n2 Figure 7 shows these
dependences for all three sections of the KPb,Br; crys-
tal. The transition parameter istaken as the strain com-
ponent x5 calculated according to the above procedure
(Fig. 2). It can be seen from Fig. 7 that all the experi-
mental points fall on a linear dependence passing
through the origin of the coordinates. Thisimplies that
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Fig. 7. Correlation between the anomalous component of
the birefringence and the transition parameter squared at the
corresponding temperatures. The point designations are the
sameasin Figs. 3, 4, and 6.

the anomal ous birefringence is governed by the shear
strain. However, at temperatures below 400 K, the
anomalous birefringence considerably deviates from
linear behavior.

5. CONCLUSIONS

Thus, the above investigations confirmed the
assumption that the KPh,Br5 crystals undergoes aphase
transition in the temperature range close to 515 K in
which a weak thermal anomaly was revealed in [3].
This transition is not related to radical structural trans-
formations that can occur upon the transition between
two structural modifications of the crystal, namely,
P2,/c and I4/mcm. The observed transition is accompar
nied by weak structural distortions and twinning typical
of the change in crystal symmetry mmm ~—— P2,/c.
The structural distortion is very small, and the mono-
clinic angle is determined within the limits of experi-
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mental error: B = 90.06(12)° [2]. According to our
experimental data, we can assume that the high-temper-
ature phase is adequately described by the space group
[mmm or Imma.

The factors responsible for the inflection in the tem-
perature dependences of the birefringence at a specific
point in the vicinity of 390 K (Fig. 4) remain unclear.
There are two possible variants. First, there can occur
another phase transition. However, closer examination
performed by differential scanning calorimetry did not
reveal additional anomalies (Fig. 5). Second, the phase
transition is pseudoproper in nature; i.e., there are two
transition parameters that are linearly related but are
characterized by different temperature dependences (as
is the case with the CsLiCrO, compound [5]).
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