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The relative linear birefringence of Cs,Znl, was measured along all orthorhombic Pnam axes with use
of the rotating-analyzer method. These measurements showed three distinct phase transitions at 120,
109, and 94 K and another possible phase transition near 101 K. The transition at 94 K showed definite
hysteresis (=1 K), which indicates that it was a first-order transition. No hysteresis was observed at ei-
ther of the transitions at 109 and 120 K. The shapes of these transitions, however, indicate that the one
at 120 K was second order, and the one at 109 K was first order in nature. Rough Brewster’s-angle mea-
surements were made which yielded a crude estimate of the average index of refraction of between 1.77
and 1.80. X-ray-diffraction measurements were also made to confirm our identification of the crystals
grown and to identify the crystal orientation. These measurements yielded accurate values for the axial
lengths of the room-temperature structure that are in very good agreement with previous measurements.

I. INTRODUCTION

In past years there has been much interest in the class
of compounds that have the B-K,SO, structure at some
temperature.! The most studied member of this group
has been K,SeO, (Ref. 1) (other members of this subfami-
ly include Rb,ZnCl,, Rb,ZnBr,, and K,ZnCl,). These
compounds have a high-temperature (sometimes virtual)
hexagonal P6;/mmc parent phase, which on cooling,
transforms to the prototypic orthorhombic Pnam struc-
ture. Upon further cooling the crystal transforms to a
structurally modulated incommensurate phase.! The
modulation can be described by a wave vector
g;=+(1—8)a*. At lower temperatures this “near tri-
pling” becomes exact and the structure locks in to an im-
proper ferroelectric phase that has tripled along the old
modulation direction and belongs to the orthorhombic
space group Pna2,.! In some cases these crystals undergo
further phase transitions, usually to monoclinic struc-
tures.

There is a second subfamily of 4,BX, compounds that
likewise show the Pnam structure. Like the K,SeO, sub-
family, these compounds undergo a structural phase tran-
sition to an incommensurately modulated phase. The
difference, however, is in the size of the modulation wave
vector g;. Whereas g; for K,SeO, is near ta*, g; for this
second family (typified by Cs,CdBr,) is much closer to
the zone center (g;~0.15a*).2~* This, in turn, changes
the character of the lock-in transition. The lock-in tran-
sition is no longer to a cell-tripled ferroelectric, ortho-
rhombic phase, but instead is a zone-center transition to
a monoclinic, ferroelastic phase with P2,/n symmetry.

It is not clear to which subfamily Cs,Znl, should be-
long because there is little information available about
Cs,Znl,. In 1971, Scaife determined the room-
temperature axial lengths for Cs,Znl, and showed that
the structure at liquid-nitrogen temperature differed from
the one observed at room temperature.® Later, in 1981,
Gesi performed dielectric measurements which showed
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three phase transitions at 110, 102, and 90 K.® These
measurements also showed that none of the four phases
were ferroelectric. Most recently, Aleksandrova et al.,
on the basis of NMR measurements on Cs,Znl,, pro-
posed a sequence of space groups for the four known
phases.”

It has been shown that linear birefringence can be a
sensitive indicator of structural phase transitions.® Also,
the shapes of the birefringence anomalies can give insight
into the nature of the transitions. For these reasons we
have measured the relative birefringence along all three
crystallographic axes of Cs,Znl,.

II. SYNTHESIS

Our attempts at growing Cs,Znl, by the methods of
various workers yielded confusing results. Crystals were
grown by slow evaporation at room temperature (from
partially covered beakers) of an aqueous solution with a
stoichiometric mixture of CsI and Znl,. Initial investiga-
tions of these slightly yellowish rectangular crystals
showed no phase transitions and slightly larger lattice
constants than previously reported® with some large
unidentifiable diffraction peaks. A full x-ray structural
analysis later showed that these crystals were actually the
related compound Cs,Znl;.°

By using a nonstoichiometric mixture (about 500% ex-
cess Znl,) and dark growing conditions (to avoid aqueous
photochemical reactions), we succeeded in producing the
desired compound, Cs,Znl,. The crystals produced were
thin, flat, rectangular plates. The polarized Raman-
spectra and x-ray-diffraction data showed that the large
face was perpendicular to the Pnam b axis.

» III. X-RAY-DIFFRACTION ANALYSIS

The lattice constants of the crystals were determined
by x-ray powder diffraction. The system used was a
Rigaku D-MAX B system with a water-cooled copper
anode tube and a graphite monochromator. The sample
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to be analyzed was crushed with a mortar and pestle, and
packed in an aluminum powder holder. The sample was
then mounted in a 6-20 goniometer. 6 scans were done
with a step size of 0.05°. The peaks in the resulting
diffraction pattern were matched to particular (h,k,[)
planes by comparison with a calculated pattern for the
assumed lattice constants. Then, using 26 of these peaks,
a best-fit set of lattice constants was determined. The fit
was excellent, with no significant peak unaccounted for.
The lattice constants calculated are listed in Table I along
with the lattice constants determined by Scaife.’

Finally, as a reference system, a large crystal was cut
and polished along its axes as determined by crossed po-
larizer extinctions. A complete set of polarized Raman
spectra were then taken of this sample at room tempera-
ture. The marked crystal was then sent out to be x-ray
oriented.’ Subsequent crystals could then be oriented in
house by comparison of their polarized Raman spectra to
this set of standards.

IV. BREWSTER’S-ANGLE MEASUREMENTS

Crude Brewster’s-angle measurements were made using
a polarized He-Ne laser as a light source (A=632.8 nm)
and a visual spectroscope table as a goniometer. A thin
polished sample was mounted on the prism table of the
spectroscope such that the crystal surface was on the ro-
tational axis of the table and the polarization of the laser
was directed along a crystal axis. The table was rotated
so that the beam was reflected back along its incident
direction (autocollimated) to reference the table with the
incident-light direction. The table was then rotated while
observing the intensity of the reflected spot. When the
spot intensity was at a minimum, the table position was
noted, and the Brewster’s-angle was calculated by taking
the difference between the minimum-intensity position
and the incident-beam position. Five repetitions were
used to calculate an average angle. The crystal was then
rotated by 90° about the incident direction and the mea-
surements were repeated. Because of the scatter in the
data obtained from this crude experiment, we were not
able to determine the individual indices of refraction for
the different lattice directions. We were only able to
determine that the average index of refraction of Cs,Znl,
was between 1.77 and 1.80 at a wavelength of 632.8 nm.

V. BIREFRINGENCE

A. Instrumentation
The relative birefringence was measured with the

rotating-analyzer method of Wood and Glazer.!® The

TABLE I. Lattice constants of Cs,Znl, as determined from
x-ray diffraction.

Axis Scaife? This work
a 10.84 A 10.827+0.006 A
14.45 A 14.450+0.008 A
8.29 A 8.289+0.005 A

*Reference 5.
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apparatus used is shown schematically in Fig. 1. Light
from a Uniphase model 1305P 5-mW linearly polarized
He-Ne laser passed through a Babinet-Soleil compensa-
tor. This allowed complete control of the polarization
state of the light incident on the sample. In this experi-
ment we usually used circularly polarized light. The
beam exiting the sample first struck a thin glass plate (at
near-normal incidence), and a small fraction was reflected
to a Coherent Optics model 90 power meter. This al-
lowed us to monitor the total transmitted intensity (re-
gardless of its polarization state). The majority of the
beam passed through the glass plate and passed through
the rotating analyzer. This was simply a synchronous
chopper mechanism with a two-slot reference blade. The
main chopper blade was replaced with a sheet of linear
polaroid. The light that passed through the rotating
analyzer was detected by a silicon photovoltaic cell. The
resulting electrical signal was then lock-in detected at
twice the rotation frequency of the chopper.

The sample was cut so that the incident light propagat-
ed along one of the orthorhombic axes. The sample
thicknesses used ranged from 0.3 to 1.5 mm depending on
the propagation direction of the light. The crystal was
mounted in a liquid-nitrogen-cooled exchange gas cryo-
stat of our own design and construction.!! The tempera-
ture of the sample was measured with a platinum resis-
tance thermometer connected to a 51 digit multimeter.
A coil of nichrome wire wound around the cryostat tip
and a voltage-controlled current source were used to con-
trol the sample temperature.

All of the various signals were read and recorded by a
Digital Equipment Corp. LSI-11 microcomputer. The
computer was also programmed to vary the temperature
of the sample either up or down at a preset rate (usually
about 0.3 K/min).

As shown in the Appendix [Eq. (A11)], there were
three components of the intensity leaving the rotating
analyzer. The lock-in amplifier only responded to com-
ponents proportional to some function of 2w or, in this
case, the in-phase and quadrature components. By ad-
justing the relative orientations of the crystal and rotat-
ing analyzer (to set a to zero), there were two possible
outputs of the lock-in amplifier. Depending on the phase
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FIG. 1. Experimental setup.
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FIG. 2. Typical lock-in output vs temperature.

setting, the outputs were either

Vv <t t,Acos[¢+8(T)], (1)

in-phase

for a lock-in phase of 0°, or
Vquaa < %(t)? _tyzA 5, @)

for a lock-in phase of 90°. Obviously, since we were in-
terested in the temperature-dependent birefringence [con-
tained in the 8(T) term], we chose the 0° or in-phase set-
ting. In practice, the phase a could not be set to zero
with an accuracy greater than about +5°. Measurements
of the quadrature signal, however, showed that the com-
ponent (:2—12A4?) was small, making the phase error
negligible.

The phase shift 8(T') that was extracted from Vip jpase
is related to the birefringence An,,(T) by

27An,,(T)d
}\' ?
where d is the crystal thickness (in the propagation direc-

tion), A is the laser wavelength, and Anxy(T) is the
temperature-dependent birefringence.

3(T)= (3)

B. Results

The output of the lock-in amplifier from a typical
birefringence scan is shown in Fig. 2. Phase-transition
anomalies are clearly seen near 120, 110, and 94 K. Fig-
ures 3-5 show the three components of the relative
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FIG. 3. Relative birefringence An,,. The arrow indicates a
probable phase transition near 101 K.
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FIG. 4. Relative birefringence An,,.

birefringence as extracted from the lock-in amplifier sig-
nals. The anomalies at 110 and 94 K are steplike, and the
one at 120 K is continuous in temperature. This suggests
that the transition at 120 K is of second order and the
transitions at 110 and 94 K are of first order. Figure 6
shows these data plotted on a common birefringence
scale. This shows that the variations in the components
An,. and An,, are of roughly equal magnitude, but the
An,, variation component is much smaller. This implies
that the c-axis component of the refractive index under-
goes the largest changes with temperature.

Close examination of Fig. 3 shows a very small and ap-
parently second-order anomaly near 101 K. This anoma-
ly was seen in several scans and may correspond to the
dielectric anomaly observed by Gesi at 102 K. °

Table II lists the average transition temperatures from
several measurements. It should be noted that (depend-
ing on the sample and the heating or cooling rate) the
transition at 94 K showed about 1 K of hysteresis.

The upper trace in Fig. 7 shows the lock-in output of a
very slow (about 0.2 K/min) heating scan of the An,,
birefringence component. The lower trace shows a fast-
cooling (about 12 K/min) run (the temperature scale on
the fast-cooling scan was shifted to correct approximately
for the temperature gradient set up between the crystal
and thermometer). The two curves are essentially identi-
cal except for the region below 94 K. In the slow-heating
run (and in similar slow-cooling runs), the region below
94 K is nearly flat, indicating a nearly constant
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FIG. 5. Relative birefringence An,,.
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FIG. 6. Relative birefringence for all directions, plotted to a
common scale.

birefringence. In the fast-cooling run, this region shows a
large amount of curvature, indicating a changing
birefringence. The transmitted intensity measurements
also indicate (in the fast-cooling or -heating runs) that
there is a large drop in the transmitted intensity below
the 94-K transition. Visually, this is seen as diffuse
scattering (increasing the total area that the transmitted
light subtends, thus lowering the total amount of light
striking the power meter detector). This seems to indi-
cate a dynamic process with a relatively long-time con-
stant.

VI. DISCUSSION

As alluded to earlier, Cs,Znl, probably does not belong
to the K,SeO, structural family. The lack of a spontane-
ous polarization at any temperature is sufficient evidence
to rule out the existence of a ferroelectric phase.® The
NMR spectra of Cs,Znl, (Ref. 7) also more closely
resemble those of Cs,CdBr,. This would suggest that one
of the lower-temperature phases of Cs,Znl, should be fer-
roelastic. In our fast- and slow-cooling cycles, we have
seen what appears to be a slow dynamic process in the
birefringence and .transmitted intensity in at least the
lowest-temperature phase. We believe that this process is
the formation, growth, and movement of ferroelastic
domains. The scattering observed in the transmitted in-
tensity data would then be due to scattering from domain
walls.

One other member of the
Cs,HgBr,. In 1981, Plesko

Cs,CdBr, family is
et al. measured the

TABLE II. Phase-transition temperatures of Cs,Znl,.

T, T, T, T,
This work 119.8 K 109.4 K 101.3 K* 94.0 K°
Gesi® 109.3 K 101.7 K 91.0 K®
Aleksandrova 118.2 K 107.9 K 95.1 K
et ald

*Weak transition signature.

®Thermal hysteresis was observed at this transition.
‘Reference 6.

9Reference 7.
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FIG. 7. Lock-in output for fast-heating and slow-cooling
runs.

birefringence of Cs,HgBr,.!?> Comparison of our data to
Fig. 1 of Plesko et al. shows great similarity. Cs,HgBr,
has four phase transitions, of which only three are clearly
seen in birefringence. The An,, birefringence anomalies
of Cs,HgBr, are smaller than the anomalies observed in
the other two directions, as we have observed in Cs,Znl,.
The transitions in Cs,HgBr, are of second, first, second,
and first order (from highest temperature to lowest tem-
perature, respectively), again, as they appear to be in
Cs,Znl,.

Figure 8(a) shows schematically the phases of
Cs,HgBr,. Based on the evidence presented here and in
Refs. 6 and 7 and assuming the existence of four phase
transitions, we believe that Cs,Znl, will follow a similar
phase sequence as shown in Fig. 8(b). If the phase transi-
tion at 101 K does not exist, Cs,Znl, would closely
match the phase diagram of Cs,CdBr,, which is essential-
ly the same as that of Cs,HgBr, except that the lowest
phase transition is missing. In any case it seems clear
that Cs,Znl, belongs to this family of ferroelastic com-
pounds and not to the K,SeO, family of ferroelectrics.

ferroelastic |
| CspHgBr,
PT | PT | P2;/n | incomm. | Pnam
l | | |
T, Ts Tz Ty
85K 167K 232K 245K
(a)
ferroelastic
J| CsyZnl,
PT 1 PT [ P2,/n | incomm. | Pnam
| l | [
Ty Ts Ty Ty
95K 101K 110K 120K
(b)

FIG. 8. Proposed phase diagram for Cs,Znl, compared with
the phase diagram for Cs,HgBr,.
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APPENDIX

To analyze the optics of this experiment, we must start
with a description of the electric field entering the sam-
ple. We can write this as

E, =E,[X+ 4e'%y], (A1)
where the oscillatory nature of the field is contained in
E,, ¢ is the phase shift introduced by the compensator
(and all other optical elements before the rotating
analyzer excluding the sample crystal), and A4 is the ratio
of the maximum values of the x and y components of the
field. After passing through the crystal, the modified
wave is described by

E

o =Eolt,X+1, de/4+3 Mg, (A2)

where ., and ¢, are the amplitude transmission
coefficients for the x and y directions and 8(T) is the
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tX
Eow=Eo |, 4pil6+5(T)] (A3)
y
The rotating analyzer is represented by the matrix
cosX(wt+a) sin(wt+a)cos(wt +a) .
sin(wt +a)cos(wt +a) sin*(wt+a) |’ (A4)

where o is the rotational frequency of the rotating
analyzer and a is the phase difference between the
rotating-analyzer and crystal axes. This will be abbrevi-
ated

Cc?* scC

SC S? (AS)

We can then write the electric field leaving the rotating
analyzer as

t

X
i[6+8(T))
L, Ae'

c? sc

E/=Eo |5c s2

. (A6)

This expression for the electric field leaving the rotating
analyzer reduces to

A C
E;=E[Ct, +St, 4" ] |

temperature-dependent phase shift introduced by the (A7)
change in the sample birefringence.
A convenient technique to analyze the passage of the  The intensity leaving the rotating analyzer is then
beam through the rotating analyzer is the Jones matrix /.=E..E* (A3
formulation.!> We represent the beam leaving the sample SRR )
by the column matrix or
i
I, =Iy[tlcos’(wt +a)+1} A%sin* (ot +a)+1,1, 4 sin(ot +a)cos(wt +a)(e/ 8T8 —il8+3(D)] (A9)
This reduces to
I =Io{1(t2+1} A7)+ L(t7—1} 4*)[cos( 2wt Jcos(2a) —sin( 20t )sin(2a) ]
+1,1, A cos[¢+8(T)][sin(20t Jcos(2a) +cos(2wt )sin(2a) ]} (A10)
or
I =I( Lt} +1] A7)+ (1,1, A cos[¢+8( T)]cos(2a) — L(t2—1} A*)sin(2a)}sin(2wt)
+ {-;-(tf—tyzA H)cos(2a)+1,t, 4 cos[¢p+8(T)]sin(2a)}cos(20t)) . (A11)

There are three terms to this expression. The first term is a dc term and is independent of the rotating analyzer. The
next two terms are proportional to sin(2wt) and cos(2wt) and are thus in phase quadrature with each other. We will
call these terms the in-phase and the quadrature components, respectively. We may finally write the intensity leaving
the rotating analyzer as

If:Idc+Iin—-phase+Iquad > (A12)
where

I =1I(t}+124%),

Iin_phase=10{txtyA cos[¢+5(T)]cos(2a)—%(tf—ty2A2)sin(2a)}sin(2wt) , (A13)

I quaa =To{ (22—t} A%)cos(2a) + 1,1, A cos[¢+8(T)Isin(2a)}cos(20t ) .
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