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Single crystals of RbCaF; have been successfully prepared by a Bridgeman method. The crystals are
found to have the cubic perovskite structure at ambient temperature, but the structure is of lower
symmetry at temperatures below 198 K. At lower temperatures the polarizing microscope reveals optical
birefringence and well-defined domain structure. Detailed measurements of the birefringence and the
paramagnetic resonance of impurity Fe>* show a transformation to a tetragonal structure at 198 °K.
This phase transition is at least near second order and appears similar to the antiferroelectric transitions
known in SrTiO; and KMnF; (the latter has a small first-order contribution) except very near T
where it differs from both. The measurements imply a temperature variation of the transition order
parameter that is described by a critical index 8 which is close to 0.25 very near T, roughly 0.33 at
somewhat lower temperature, and 0.50 or Landau-like at still lower temperatures. Preliminary
measurements of the dielectric function and specific-heat anomalies have also been made. Only small
anomalies are found at 198 K. However, these measurements along with the paramagnetic-resonance
measurements suggest that other phase transitions occur at about 43 and 10 K.

1. INTRODUCTION

Oxides having the perovskite structure (for ex-
ample, the titanates) have been of great interest
because their large dielectric constants give rise
to a host of properties having commercial appli-
cations and because these useful properties arise
in phase changes that are of intrinsic interest.

It has been demonstrated that similar phase
changes take place in some halide analogs of the
perovskite oxides. However, only a few of the
many possible compounds of the type M*, M*, X,
where M represents a cation and X a halide, have
been prepared and investigated, and there has yet
been no demonstration that these materials be-
come ferroelectric as do some of the oxides.

This report contains a description of a method
for preparing the compound RbCaF,; as well as
the results of an investigation of a number of its
properties. Optical birefringence, dielectric
function, and heat-capacity measurements are pre-
sented along with a study of the electron paramag-
netic resonance (EPR) of impurity iron in the
crystals. These results are self-consistent, and
show that a structural phase change from cubic to
tetragonal occurs when RbCaF; is cooled below
198 K and further changes occur below 50 K. The
transition at 198 K is at least near second order
and appears to be analogous to the 105-K antiferro-
electric transition in SrTiO,.

II. CRYSTAL PREPARATION

The crystals were prepared by a Bridgeman
technique from high-purity powders of RbF (Re-
search Organic/Inorganic Chemical Company) of
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stated >99.9% purity and CaF, (Alfa Inorganics).
of stated >99. 979 purity. These were accurately
weighed in a dry box and mixed in stoichiometric
proportions to make individual batches of approxi-
mately 20 g for each growth experiment. The
mixtures were inserted in conical-bottomed plat-
inum ampules (2-cm diameter X6 cmXx0.5-mm
wall thickness), which were then welded shut under
roughing pump vacuum. The charged ampules
were heated to approximately 50° above the melt-
ing point of RbCaF; (1110 °C)® and subsequently
lowered to room temperature through a tempera-
ture gradient of 20 °C/cm at rates of 1 to 3 mm/h.
In a variation of the technique, unsealed, high-
density graphite containers were used under 2-atm
pressure of either pure argon or helium containing
5% hydrogen by volume. In some cases, 5-wt%
NHHF, was added to the melt to assist in the re-
moval of extraneous moisture or oxygen from the
starting materials during heat-up; however, this
does not appear to be a necessary step for good
crystal-growth results if oxygen is kept from the
system and starting materials.

For the most part, polycrystalline ingots were
produced by these methods. The synthesis in
sealed platinum vessels produced several crystals
>1cm®. A rather slow-growth rate appeared to
be necessary to produce reasonably large single-
crystal grains. It was possible to cleave and cut
the ingots to obtain single crystals of good optical
quality measuring of the order of 4X4X1 mm.

The crystals contained a number of impurities
which came primarily from the starting materials.
Predominant contaminants of one ingot are listed
in Table I. We believe that purer crystals can be
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TABLE I. Major impurities in RbCaF; crystals as ob-
tained from Spark spectral analyses.

Approximate
concentration (ppm)

Al 100
Fe 10
K 1000
Mg 20
Na 100
Cs 100

grown, if the RbF and CaF, starting materials are
first purified.

III. VISUAL OBSERVATIONS

The polarizing microscope allows the direct
visual observation of phase transformations and
the formation of domain structure in crystals such
as RbCaF3.4 A structural phase change in an iso-
tropic crystal introduces anisotropy and thereby
birefringence which can be readily observed with
polarized light. When the optic axes of twins are
different, the domain structure can be optically
resolved.

In order to observe the RbCaF; crystals at low
temperature, the tail section of an optical. cold-
finger cryostat was mounted on a small optical
bench equipped with a lamp, polarizers, micro-
scope, camera, and other accessories. The mi-
croscope could focus on the crystal through a di-
chroic analyzer and the cryostat window. The
crystal temperature could be measured with either
a GaAs diode or a germanium resistance thermom-
eter, both mounted on the cold finger near the
sample.

When viewed between crossed polarizers, thin
crystals (e.g., typical dimensions: 4x4X1 mm)
of RbCaF; were found to be optically isotropic at
room temperature. Good extinction was obtained
for the crossed polarizers at any angle with re-
spect to the crystal. The extinction was much
better than that for similar crystals of SrTiO;, a
material previously found somewhat anisotropic
at room temperature.5

The RbCaF; crystals remained optically isotro-
pic as the temperature was reduced until an onset
of birefringence occurred at approximately 198 K.
The onset was gradual, but the crystals became
bright over a very small range in temperature.

As the crystal became bright, a pattern of stria-
tions oriented in a [110] direction developed. It
was still possible to obtain good extinction with the
crossed polarizers when they were oriented in
crystallographic [100] directions. This indicated
that the optic axis of the newly formed structure
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was in the surface of the crystal and was oriented
in one of the [100] directions.

A photograph of a typical striation pattern is
shown as Fig. 1. The striations can be interpret-
ed as 90° domain boundaries of the crystal tetrag-
onal phase. If the crystal is viewed with the po-
larizers near their [100] extinction positions, the
striations appear to move slightly when the polar-
izer is rocked. A quarter-wave plate interposed
before the crystal similarly causes a motion in the
striations as the wave plate is moved. This prob-
ably is a result of strain at the domain boundaries.*
In regions of the crystal where perpendicular sets
of striations meet, a closure of the open ends,
which gives a spear-point pattern, is often ob-
served. Most domains appear to extend complete-
ly through the crystal, but overlapping patterns
have been observed. The widths of single domains
appear greatly variable, but are typically of the
order to 50 L. A continuous change in the width
of the domains with temperature, such as occurs
in KMnF,,® was not observed. However, gross
rearrangement of the domains was infrequently
noticed. Near the transition, it was possible to
follow with a monochromator the expected blue to
red variation in the color of the light transmitted
by individual domains as the temperature was re-
duced.

1V. OPTICAL-BIREFRINGENCE MEASUREMENTS

Quantitative measurements of optical birefrin-
gence are usually made by utilizing a phase com-
pensator or polarimeter. However, because ex-

FIG. 1. Typical domainpatternof RbCaF; below 198 K.



isting laboratory equipment’ could be conveniently
adapted, a high-frequency light modulation method
was used. The application of this technique does
not require single domain crystals and can give
very high sensitivity. Less than 10~ deg of rela-
tive phase retardation can be detected.

The optical arrangement and a detailed discus-
sion of the method is given elsewhere.® Essen-
tially, the polarization of a beam of monochromat-
ic light is modulated by a photoelastic modulator
which converts linearly polarized light into light
oscillating between left- and right-ellipticity at
50 kHz. Birefringence in the sample crystal
biases this oscillatory polarization, creating an
intensity variation at the modulation frequency in
the beam which emerges from an analyzing po-
larizer. This variation in light intensity is de-
tected by a photomultiplier tube and measured
with a lock-in amplifier. The output signal S
which is proportional to the 50-kHz variation of
the photomultiplier current is given by

S\, An)=Ksiny , (1)

where y is the relative phase retardation of the
sample and K is a combination of experimental
parameters that are adjusted by the equipment con-
trol circuitry to keep K constant.” The birefrin-
gence, which may be defined as the difference in
the crystal refractive index (An) for light polarized
perpendicular and parallel to the optic axis, is re-
lated to vy,

_ 2nAnt _ EAnt ’ 2)
by nic

where ¢ is the crystal thickness and E is photon
energy.

Equation (2) gives an accurate description of the
measurement only if the crystal exhibits a uniform
birefringence. In a multidomain crystal, such as
considered here, the resultant signal is a super-
position derived from the various domains, and
the term siny of Eq. (2) must consequently be
averaged over the crystal. Since the domain
structure is random and twins have birefringence
of opposite sign, the statistical expectation of a
measurement is zero. However, it is not expected
statistically, nor found experimentally, that an in-
dividual measurement gives zero signal. The op-
posing contributions do not usually exactly cancel.
The signal intensity is, of course, diminished,
but for the moment it is adequate to assume that
the significant effect of multiple domains is to re-
duce the signal by a random factor, which may be
incorporated into the constant K.

Since the birefringence is a function of tempera-
ture T the detected signal is a function of both A
and T. Experimental measurements were conve-
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niently made by changing one of these variables,
while keeping the other constant. Figure 2 shows
some results of measurement; the signal inten-
sity is given as a percentage of the signal obtained
from a mica quarter-wave plate. The figure
shows a particularly large signal, however, all
measurements gave a maximum signal intensity of
at least 1%. The signal amplitude for different
samples appeared to be random, but individual
measurements were usually reproducible for any
given crystal, if it was not warmed to more than

a few degrees above the transition temperature.
Warming the crystal to higher temperatures before
recooling gave a different signal intensity. In one
of the four crystals measured, gross domain re-
arrangement occurred as the temperature changed.
This resulted in nonreproducible step discontinui-
ties in the measured signals.

The oscillatory signals are not strictly of con-
stant amplitude and hence are described only ap-
proximately by Eqs. (1) and (2). Ignoring for the
moment the deviation from a pure harmonic behav-
ior, it is possible to interpret the signal zeros as
corresponding to a retardation of m7 rad, where
m is an integer. The temperature and energy de-
pendence of the retardation, such as shown in Fig.
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FIG. 2. Recorded signal vs sample temperature (a)
and light wavelength (b) for a 1.4-mm-thick RbCaF; sam-
ple.
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FIG. 3. Relative retardation of polarized components
of incident light vs sample temperature (a) and spectral
energy (b). These results were derived from the data
shown in Fig. 2.

3, can thus be plotted. Measurement of the sam-
ple thickness yields values of the birefringence as
shown by the right-hand scale of Fig. 3(a). The bi-
refringence varies almost linearly with tempera-
tures over most of the range of measurements.
However, as shown by the inset of Fig. 3(a), it
appears to have an approximate square-root depen-
dence on T .- T in the critical region near the tran-
sition temperature (T,). At lower temperatures
than the measurements shown, Anr(T) saturates as
expected from thermodynamics considerations. It
was found to be well saturated at liquid-helium
temperature. The variation of the retardation
with photon energy is nearly linear at all tempera-
tures and corresponds to Eq. (2). The small de-
viation from linearity is probably due to a small
wavelength dependence of the birefringence (An).
The birefringence, like the index of refraction,
can be expected to increase as the band edge is
approached.

Let us now consider more rigorously the effects
of the domain structure. For a crystal having do-
mains, the retardation [Eq. (2)]is a function of
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position,
y(x,y)= Q1) [ Anly,y,2)dz . (3)

An effective optical-path difference can be defined
for each point (x,y) on the crystal surface, this
being the net excess of thickness of one type of do-
main over the other or

An
l(x,y)—f]—A—n-l'dz (4)
The observed signal is then simply the sum of sig-
nals due to the various path differences for the il-
luminated part of the crystal surface or

:%fsin-y(x,y)dxdy

K E
:Zfsin(ﬁiAnV‘(x,y))dxdy
=KfN(t)sin(%|An\t)dt , (5)

where N({) is a distribution of optical paths over
the sample of area A. Equation (5) shows that in
general, the measured signals will contain a dis-
tribution of frequencies. This explains the shape
of the signals. When |An| is very small—which
it is near the transition temperature, or when E
is very small—there is a phase coherence of the
various components; as a result large signals are
observed. However, at lower temperature or
shorter wavelengths, coherence becomes less and
the signals decrease. Since the signals do not
vanish, the distribution obviously contains well-de-
fined peaks. This is what one would expect from
the visual observations which indicated that most
of the domains penetrated through the thickness of
the plates, i.e., that N(t) peaked at t=+T, the
crystal thickness. An experiment to determine
whether the retardation scaled with crystal thick-
ness confirmed that the predominant domain depth
was T and implied that the use of the actual crys-
tal thickness in determining the (right) ordinate
scale for An(T) of Fig. 3 gives near-correct val-
ues.

It may be of interest to note that Fig. 2 shows a
small birefringence tail above the transition tem-
perature. This tail may be due to inhomogeneities
which slightly perturb the transition temperature
in some regions of the crystals or it may be due
to some orienting mechanism which determines the
domain structure by favoring certain fluctuations.
Such an orienting mechanism would explain the re-
producibility of measurements in crystals warmed
to only a few degress above the transition tempera-
ture and then recooled. The later explanation has
recently been proposed for the birefringence tail
found in SrTiO;, ® where it gives an explanation of



a small cusp found at the transition temperature.
No attempt was made to find a similar cusp in the
RbCaF; birefringence. Neither temperature sta-
bility nor the multidomain samples would have
been conducive to such an attempt.

Considering now the wavelength and temperature
dependence of the signal S let us assume that the
wavelength dependence enters only through the
explicit factor E in Eq. (5) and the temperature
dependence enters only through |An| and is of the
form:

|an(T) | = ang (T, - T)?* . (8)

We can find a relationship between E, |An(T)]I,
and S that is independent of the domain structure.
Applying the identity,

()~ ()./G5), - “

to Eq. (5), in which |Ar(T)| has been given the
functional dependence specified by Eq. (6), yields

1)
<6T)S"ZBE/(TC-T) ’ (8)
which can be integrated, giving
InE = - 28In(T, - T) +InF(S) , (9)

where F(S) is a constant function. The zeros are
the most easily followed constant amplitude signals
and Fig. 4 shows a logarithmic plot of these as a
function of E and 7. From the slope of the lines a
value of 28=0.61+0.06 is computed for the range
5<T,~-T<35K.

V. EPR MEASUREMENTS

The study of substitutional transition-series ions
in perovskite crystals has provided a great deal of
information on lattice phase transitions in these
materials.'®*® In the case of SrTiO;, EPR-line
splitting constituted the initial evidence'® for the
structural phase transition at 105 K and provided
the initial geometrical picture of the cubic-tetrag-
onal transition'' and the identification of the order
parameter as a rotation of the oxygen octahedra.'?

We have studied the EPR spectrum of Fe® im-
purity ions in RbCaF; throughout the temperature
range 1.1-350 K, with particular emphasis on the
range from 77 to 300 K. Measurements were made
on two different x-band EPR spectrometers. In
the temperature range above 80 K, a homodyne
video spectrometer equipped with a Varian gas-
flow temperature-control system was used, while
the region below 80 K was investigated by means
of a superheterodyne spectrometer operating with
the cavity in a double Dewar system. Tempera-
tures below 80 K were measured by means of a
calibrated platinum resistor on the cavity wall. In
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the gas-flow system a copper-constantan thermo-
couple was glued directly onto the crystal (the cav-
ity mode is undisturbed, since the leads enter
along the axis of the gas flow, which is in the re-
gion of minimum E field). The calibrations of
both thermometers were checked against a series
of Freons, dry ice, and liquid nitrogen and helium,
and were consistent to +0.5 K throughout the tem-
perature ranges studied in each case.

Crystals obtained from different sample prepara-
tions varied significantly in incidental iron-impuri-
ty content. In some crystals the major impurity
was, in fact, manganese, which exhibited a far
smaller axial splitting than that observed for the
iron. The crystals used in this work were typical-
ly 1X2X4 mm in size and came predominantly
from a boule which contained a significant amount
of iron. The Fe?* spectrum was quite weak in as-
grown samples, but could be increased dramatical-
ly and saturated by a short irradiation with %°Co
v rays. Crystals stored at room temperature ex-
hibit a fading of the Fe® spectrum with a half-life
of a few days. On the other hand, isochronal an-
neals carried out in a total time of ~ 3 day show
an anneal temperature of ~ 650 °C, so that thermal
excitation of carriers is not responsible for the
annealing of the Fe* spectrum in a crystal stored
at 300 K for several days.

A. Axial splitting of Fe3*

The EPR spectrum of Fe® in this material is
conveniently described in the irreducible tensor
notation,14 with an added superhyperfine term for
describing the strong interactions with the nearest-
neighbor fluorine nuclei (I =1/2). In the cubic
phase, the appropriate fine-structure spin Hamil-
tonian is

PHOTON ENERGY (eV)
o

FIG. 4. Logarithmic plot of spectral energy vs sample
temperature for zero signal intensity.
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TABLE II. Fine-structure splittings relative to the
central (1/2——1/2) line for Fe3* in cubic and tetragonal
symmetry.

UNRUH,

Transition Cubic Tetragonal
6=0° 6=0°

(£5/2~— £3/2) F4 b§ F4bjo4b) F4bJ:203-% Ab)
(£3/2+—11/2) +5 b 5 biF2 bY £5 63+ Y+ Ab)

0

- > b
4 (0 4
H=ppgzH. S+55 (04+50y), (10)

where S=5/2 and the tensors O] are linear com-
binations of spin operators. Evaluation of the first
two terms in this Hamiltonian gives the transition
energies, to first order:

AE(+5/2—+3/2)=G £4b) ,
AE(£3/2—+1/2)=G ¥5b) , (11)
AE(+1/2—~-1/2)=G

where G = pgg, H,. Because of the large super-
hyperfine splittings in the spectrum, these fine-
structure transitions energies can be measured
with much less precision in this case than has been
possible in comparable situations in the oxide pe-
rovskites. Second-order effects on G which develop
with the observed splittings are quite small com-
pared to these splittings. Therefore, it is suffi-
cient to deal only with such first-order results,
and we can specify splittings in the fine-structure
lines relative to G, the nominal Mg=1/2~ -1/2
transition energy.

Examination of the EPR spectrum in the cubic
phase allows one to determine unambiguously the
substitutional site for the Fe® ion by means of the
large superhyperfine interactions with the neigh-
boring 9% nuclei. This superhygerfine §tructure
is described by an added termy I;. &; - S, with
the sum over the nearest-neighbor 19F nuclei which
provides the dominant interactions observed. The
superhyperfine linewidths for the several fine-
structure components of the spectrum are quite
different at temperatures below ~250 K and in
particular, the Mg=1/2+ —1/2 set of superhyper-
fine lines sharpens rapidly with reduced tempera-
ture. For this set of lines, one observes a com-
pletely resolved splitting, for H applied along
[100], corresponding to groups of four and two
equivalent nuclei, with the interaction strengths
nearly the dipolar values for the divalent lattice
site (Ca) surrounded by a regular octahedron of
six fluorines. We conclude that the Fe®* ion re-
sides substitutionally in the Ca®* site (a result con-
sistent with the comparable ionic radii of the two
ions), and that the observed splittings below 198 K
are a result of the distortion of this octahedron
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accompanying the lattice phase transition. These
distortions are visible, of course, as small split-
tings and second-order shifts in the sharp central
Mg=1/2+— -1/2 set of superhyperfine lines, but
they can best be followed by looking at the fine-
structure transitions themselves.

The EPR spectrum below 198 K exhibits large
and temperature-dependent tetragonal splittings
of Fe® fine-structure lines. A detailed examina-
tion of the various splittings shows these compo-
nents exhibit domain structure, i.e., a superposi-
tion of three tetragonal single-crystal spectra,
corresponding to the development of preferred
axes along the three previously cubic axes. The
intensity ratios encountered range from nominal
equality for domains with ¢ (unique) axes in the
previously cubic axes, to ratios of more than
10:1. The high ratios appear normally in samples
cleaved in the shape of thin plates; the low inten-
sity corresponds to domains whose ¢ axis is per-
pendicular to the surfaces of these plates. A par-
ticular domain ratio measured at T <198 K will
generally be preserved if the crystal is cycled only
a few degrees above 198 K and then recooled,
while crystals cycled up to ~ 300 K generally ex-
hibited different domain structure upon recooling
to T <198 K.

The fine-structure lines in the EPR for a given
domain in the tetragonal phase can be described
conveniently by irreducible tensor expressions
written explicitly for the two principal directions.
For 6=0°,

H=GS;+3b303+3 (6303 +0503) (12)
and for 6=90°,
H=GS;-L(303+3b30%) +z7 (362 +b%) 08
+135 (560 — b%) 0%+ 55 (35b2+b%) OF . (13)

The requirement that these tetragonal expressions
reduce to the cubic case in the limit as the axes
become equivalent leads to the limiting relations
bi—~5b%, b3~0. As will be demonstrated, the EPR
splittings appear gradually (at least nearly a 2nd-
order transition), so one needs a way of relating
the cubic and tetragonal splittings. If we let
b:(cubic) Ebi(O) =563, and then in the tetragonal
phase define b}=b3(0)+Ab%, the disappearance of
the tetragonal distortion is described by bg*O,
Abj—~0.

For the three cases above, the splittings rela-
tive to the central (1/2— -1/2) line are given in
Table 1.

Each of these fine-structure lines (as viewed
along pseudocubic axes) has the superimposed 15-
line superhyperfine pattern of the 6nn °F nuclei,
which has a central unshifted component. Measure-
ments of the positions of these central components
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FIG. 5. Temperature dependence of the position of the
central component of Fe®* fine-structure lines in RbCaFj.

versus temperature are shown in Fig. 5. The
spectrum observed with H applied along [100] con-
sists of a widely split cubic spectrum for T>T_,
which then progressively develops both §=0° and
90° splittings as T is lowered. The plotted points
are the field positions, relative to G, of the cen-
tral superhyperfine components of each fine-struc-
ture line. Only the outside splittings of the 6=90°
Mg=4+3/2—1+1/2 transitions and the 6=0°,
Mg=+5/2—+3/2 are visible. The other splittings
are toward the central Mg=1/2 — - 1/2 transitions
and become completely lost in the unresolved tan-
gle of superhyperfine lines at the center of the
spectrum (becoming marginally visible again for

T <90 K).

The linear splitting evident for much of the tem-
perature range of Fig. 5 can be accounted for very
successfully on the assumption that the parameter
b2 does not change from the value it has in the cu-
bic crystal (bg/g;_LB: 22.1G) when the sample be-
comes tetragonal, and that the tetragonal param-
eters, Abj and b3 vary linearly with (T,~T). The
resulting two-parameter fit shown as a solid line
in Fig. 5 is for Ab;/gug=—0.391+0.021 (T -T,)
and by/gup=11.60+0.619(T, - T). The signs are
chosen by observing the spectrum at 1.2 K, where
bg is determined to be positive on the basis of the
thermal populations of the fine-structure compo-
nents. This fit shows that b3(T) is by far the dom-
inant term in the linear temperature-dependence
range. (In fact, the small Ab3(T) deduced from the
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fit may not be real, and an acceptable fit could
probably be achieved with Ab$=0.) The tempera-
ture dependence of p3(T)is shown in Fig. 6.

B. Temperature dependence near cubic-tetragonal transition
temperature

As seen in Figs. 5 and 6 the validity of the
linear fit does not extend to the transition temper-
ature. It is of some interest to detail the behavior
of the splittings in the region of the transition tem-
perature, and to determine whether any discontinu-
ity in the splittings is visible at the transition. In-
spection of the expected splittings given in Table
IT shows that the 6=90° (+3/2~ +1/2) transition,
which is the high-field line, shifts upward in field
as a nonzero bg develops. Because the superhy-
perfine structure on this line is rather broad, di-
rect measurements of small shifts versus T are
difficult to make. We have instead done a slow
temperature scan at fixed magnetic field, and used
the superhyperfine structure itself as an “inter-
ference pattern” to scan the line shift due to the
developing bg. This method is described briefly
as follows.

A high-resolution EPR trace of the last few su-
perhyperfine lines at the high-field edge of the
resonance is made at T3 T,. Then the magnetic
field is adjusted to the zero-derivative crossing of
the highest-field superhyperfine line and a slow
temperature scan down through the transition tem -
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FIG. 6. Temperature dependence of the parameter bg
for the fine-structure splitting of Fe®* impurity in
RbCaFj;. The region near the transition temperature is
expanded in the inset. The open and full circles in the
main figure indicate data obtained in several experi-
ments; in the inset they indicate decreasing and increas-
ing temperature, respectively. The lines are drawn
according to the indicated functions.
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perature is initiated. In our case, this was done
by slowly driving the temperature-control dial on
the standard Varian gas-control system so as to
produce a temperature change of ~1 K/min. An
X-Y recorder plotted the resulting EPR derivative
signal versus temperature, which consisted of the
superhyperfine pattern scanned upward through
the constant magnetic field value by the progres-
sive increase of bg. Unfolding this derivative sig-
nal by means of the previously recorded cubic
spectrum gave the progressive values of bg versus
temperature.

The result of one such scan is shown in the in-
set of Fig. 6 for both decreasing and increasing
temperature through the transition. For the re-
sults shown in the inset of Fig. 6, it has been as-
sumed that Abj is unchanged over the 4°-tempera-
ture range. The thermocouple used to measure T
was glued onto the sample and calibrated as pre-
viously discussed. The temperature fluctuations
of the sample, as seen by the thermocouple, were
~0.2 K rms, and an over-all stability of ~0.3 K
over 50 min was possible. Since the onset of the
transition can be seen with great sensitivity under
nearly static conditions, these observations pro-
vide our best measurement of the transition tem-
perature, which is T,=198.0+0.5 K. They also
show that there is no appreciable discontinuity or
hysteresis in the transition and that b3(T) follows
a nominal (T, - T)'/? dependence for about 10 K,
until the apparently linear splitting takes over be-
low about 190 K.

C. Low-temperature behavior

Measurements between liquid-nitrogen and liq-
uid-helium temperatures indicate that the crystal-
field parameters do not continue in the linear be-
havior depicted in Fig. 5 but undergo rather abrupt
changes at 43 K and near 10 K. These changes
are accompanied by much hysteresis. They ap-
pear to be reflections of additional phase changes,
as is substantiated by corresponding changes in
the dielectric and specific-heat behavior as dis-
cussed below. However, they are not apparent in
the birefringence.

The EPR spectrum of Fe®, when viewed during
the cooling part of a cycle from 77 to ~6 K, ap-
pears to remain tetragonal with the domain struc-
ture it had at 77 K. This symmetry and domain
structure are inferred largely from the Mg=1/2~
- 1/2 set of superhyperfine lines, on which one
sees the corresponding second-order splittings
very well-resolved because of the narrow line-
widths. The other fine-structure components ap-
pear to lose intensity drastically, especially in
the 50-K - 20-K range, although this effect was
difficult to observe because of problems associated
with producing a slow and steady cooling in our
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Dewar system. However, at ~6 K, the EPRis
definitely tetragonal, with a somewhat larger split-
ting than it had at 77 K, and the fine-structure lines
are visible.

As the sample is warmed up slowly from 6 K,
several remarkable changes take place in the EPR
spectrum. Between 10 and 20 K the outer fine-
structure lines completely disappear, leaving just
the Mg=1/2+ - 1/2 central transition. Coinciden-
tally, that part of the central-transition spectrum
corresponding to resonance in domains oriented
with their tetragonal axes parallel to the applied
magnetic field also disappears, leaving behind a
spectrum that appears cubic in all respects. This
residual spectrum is independent of temperature
between =~ 20 K and 43 K. At T=43.0+0.2 K, as
the sample is warmed, the previously missing
part of the central Mg =1/2~— - 1/2 resonance
spectrum abruptly reappears over a narrow tem-
perature range (~0.2 K), as do the remaining fine-
structure lines for both @ and ¢ domains. This
unusual behavior is suggestive of at least one more
low temperature lattice transformation, an infer-
ence which is reinforced by the observation that
the domain structure (i.e., the ratio of ¢ to a do-
main volume) is different after the sample has been
cycled from 77 to 6 K and back up through 43 K
than it was initially at 77 K. Except for this dif-
ferent domain structure, the EPR splitting behaves
reversibly as the sample is warmed from 43 to
198 K. The detailed understanding of this unusual
behavior will require better temperature control
than was available at present.

It is interesting to note that similar loss of
resonance intensity was seen in the EPR of Gd*
in BaTiO;, and the suggestion made in that case!®
that the optical-mode condensation at zero fre-
quency was responsible for a lifetime broadening
of the E PR resonance beyond detectability as the
phonon frequency decreased through the micro-
wave region of the spectrum.

VI. MEASUREMENTS OF DIELECTRIC PROPERTIES

Cooperative lattice transitions are expected to
give rise to discontinuities or other changes in
dielectric properties as, for example, the change
in slope of dielectric constant with temperature
that occurs for the case of SrTiO;."?

Audiofrequency measurements were made at 10
kHz with a General Radio model 2990-9248 auto-
matic impedance bridge which permitted simulta-
neous recording of capacitance and loss. The im-
pedance bridge provided digital readout and auto-
matic ranging of both capacitance and loss, as
well as the capability of biasing the capacitor with
voltages of up to 40 V during measurement. Nor-
mally a measuring amplitude of ~5 V rms was
applied to the capacitor. The bridge readings
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FIG. 7. Audiofrequency dielectric constant and loss of

polycrystalline RbCaF; vs temperature. The solid lines
and points indicate measurements made during cooling;
the dashed lines and open circles indicate measurements
made while the sample was warming.

were applied to the Y, ,Y, axes of a dual X-Y re-
corder, and the resistance of the calibrated Pt
thermometer was used to drive the X axis. A rel-
atively large slice of RbCaF; (area: 0.51+0.06
em?, thickness: 0.061+0.005 cm) was cut from a
polycrystalline boule. Electrodes were applied
with a silver-elastomer material, Eccocoat Flex-
ible Elastomer (Emerson and Cummings Inc.) type
CC4, and the platinum resistance thermometer was
bonded to the outside of one of these electrodes
with Dow-Corning type 340 heat-sink compound.
This assembly was mounted inside a cylindrical
thermal shield which had a heater wound on its out-
side surface and was suspended in a Dewar system.
Connection to the bridge was made with 50-ohm
thin-walled stainless-steel coaxial lines from the
thermal enclosure to the Dewar header; all other
leads were in contact with a suitable heat sink be-
fore entering the enclosure. The temperature of
this capacitor could be slowly cycled between 300
and 77 K and between 77 and 6 K by the appropriate
combinations of heater power, exchange gas, and
liquid nitrogen or helium transferred into the Dew-
ar system.

Measurements at 9. 5 GHz were made by the con-
ventional resonant-cavity perturbation methods,16
but no attempt was made to cut samples into the
ideal, ellipsoidal shapes required for an absolute
determination of dielectric constant and loss. Sev-
eral small samples (all single crystals) were in-
vestigated by gluing each to the broad wall of the
rectangular TE 102 mode cavity at the ) position
of maximum E_, . Cavity frequency shift (mea-
sured by means of an electronic counter) and rela-
tive loss (as determined from the cavity coupling)
were measured as a function of temperature, and
then compared to the frequency shift and loss of
the empty cavity throughout the same temperature
range. This procedure yielded the relative dielec-
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tric constant and loss throughout the temperature
range from 300 to 80 K. Some differences were
observed between samples oriented differently
with respect to the cavity E field, but these were
slight and could not be positively correlated with
the actual domain structure present in the tetrag-
onal phase.

Results of the audiofrequency measurements are
shown in Fig. 7. Transitions in the vicinity of
200 and 40 K are clearly visible, as is the small
change and accompanying loss peak at 10 K. These
small changes in € can be easily observed, since
there is no large paraelectric behavior ine. The
low value, € =~12, is accompanied by essentially
no temperature dependence in € except for that
associated with the lattice anomalies; this is quite
different from the case of the oxide perovskites,ls'17
for example. The losses accompanying the low-
temperature changes ine are normal in appearance,
but the weak peak in € at ~198 K appears to be as-
sociated with a loss in the high-temperature (cubic)
phase which abruptly decreases to zero as the do-
main structure appears for the tetragonal phase.
The mechanism responsible for this ac loss has
not been found. It appears to depend upon the rms
field applied to the sample during the measurement.
At temperatures just above 198 K the loss de-
creases to nearly zero if the ac field is decreased
in amplitude during the measurement, and it in-
creases if the ac field is increased. There appears
to be an electric field “annealing” effect as well,
in the sense that momentarily increasing the ac
measuring field at fixed temperature and then re-
ducing it to its initial amplitude results in substan-
tially less than the initial loss (sometimes reduc-
ing an initial loss to zero even for T>T,).

The 43-K transition previously mentioned in the
EPR measurements exhibits the dominant change
ine€. There is an additional decrease of ¢ when
the temperature goes below 10 K.

Attempts to see a dependence of € on polarizing
field or measuring field amplitude below 198 K
were unsuccessful. Voltages up to +40 V (656
V/cm) produced no detectible change ine. We
also cooled the capacitor through the several tran-
sitions with its plates shorted and detected no
change in ¢ determined by the first measuring cy-
cle of the bridge.

The microwave dielectric constant and loss re-
sults are shown in Fig.8. € exhibits a reversal in
slope at 198 K, and the size of this effect depends
upon the relative orientation of the crystal and the
microwave E field. However, no anomaly in the
relative loss R is visible for this particular crys-
tal, and indeed none of the crystals investigated
showed any anomalous microwave loss at or above
198 K. Below 90 K the loss drops rapidly to zero
and seems to remain essentially zero down to 4.2
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FIG. 8. Microwave dielectric constant (full circles)
and loss (open circles) of RbCaFj vs temperature.

K. In particular, no anomalous cavity shifts or
coupling changes were observed during high-sensi-
tivity EPR runs as the temperature cycled through
any of the transition regions indicated in Fig. 7.

VIL. HEAT-CAPACITY MEASUREMENTS

Heat-capacity anomalies are well-known indi-
cators of phase changes. Since local effects which
might produce changes in the EPR would not pro-
duce any pronounced changes in the specific-heat,
qualitative heat-capacity measurements, particu-
larly in the temperature range of the unusual be-
havior of the Fe® resonance were deemed useful
to confirm that bulk phase transitions were taking
place. The measurements reported here were of
a preliminary nature, done on a polycrystalline
boule of RbCaF;, by means of a rate of tempera-
ture drift method.

The sample was mounted on a small polyfoam
support inside a thermal enclosure. This enclo-
sure was located in the liquid-He compartment of
a double Dewar system. A gold-iron versus
chromel thermocouple, glued in a hole drilled into
the RbCaF; boule, was used to measure the tem-
perature difference between the sample and the
thermal enclosure. The temperature of the ther-
mal enclosure itself was measured by a calibrated
platinum resistor. Specific-heat anomalies were
then detected by recording the temperature dif-
ferential during a slow drift in temperature of the
entire apparatus.

At low temperatures the temperature drift was
established by pumping away all the liquid helium
after a transfer of a few cm? for cooling, and then
allowing the thermal enclosure and the sample
within it to rise toward liquid-nitrogen tempera-
ture by radiation heating from the outer Dewar of
the cryostat system. For the high-temperature
transition establishing a stable slow drift was
more difficult and required the radiative cooling
due to the liquid nitrogen in the outer Dewar to be
balanced by resistance heating of the thermal en-
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closure around the sample.

The results of this procedure are shown in Fig.
9, where the differential temperature is plotted
against the actual sample temperature. The traces,
shown separately for two temperature ranges, re-
quired ~1 h each to complete. Both the 198- and
43-K transitions are evident even with this crude
procedure, and show the transitions to be coopera-
tive lattice effects involving a substantial heat-ca-
pacity change. As with the dielectric data, the
43-K transition is more prominent than that at
198 K. The nearly vertical slope of AT vs T at
43 K suggests a first-order transition, and is con-
sistent with the abrupt changes seen in the EPR
spectrum at this same temperature.

VIII. SUMMARY AND DISCUSSION
A. Transition at 198 K

The EPR results clearly indicate that the envi-
ronment of a substitutional Fe*** changes from
cubic to tetragonal, and the birefringence and vi-
sual observations show that this transition is a
bulk-phase transition that creates domains with
{110} (pseudocubic) walls and (100) (pseudocubic)
tetragonal axes. The temperature dependence of
the splitting of the EPR lines and of the birefrin-
gence is very similar to that observed in other
perovskite compounds, for example, SrTiO;'® or
KMnF,.%1°

Our birefringence and EPR measurements can
be compared to previous results in oxide perov-
skites and in KMnF;, if one makes the assumption
that the 198-K phase transition arises from a sim-
ilar structural transformation. In those cases
the transition is the result of a condensation of
one of the triply degenerate I'j; (Ref. 20) phonon
modes at the Brillouin-zone R point.?=%* The cor-
responding order parameter is a rotation angle ¥
of the anion octahedral complex'?'*®; in RbCaF,
this would be rotation of the CaFg octahedra around
(100) pseudocubic axes. Although we have not
been able to measure directly this small angle ¢
in the EPR spectra, the twinning and axial splitting
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of b) and An of RbCaF; with that of the square of the order
parameter of other perovskites. The points are experi-
mental data for RbCaF;. The dashed lines correspond to
values in the literature (Refs. 12 and 19) normalized so
that the slope of the dashed lines in the Landau region be-
low @ =0.8 is the same as that of the RbCaF; data.

data are consistent with such an octahedral rota-
tion, and we assume this model to apply in RbCaF;.

The birefringence An will be an even function of
¥, and to lowest order we may take Ano 2.1
Similarly, the inversion symmetry at the divalent
site requires that the crystal-field expansion de-
termining bg for the substitutional Fe* ion contain
only even powers of ¥, and for small rotations we
expect b3 2.2 If p is described by a critical ex-
ponent, o e® wheree =1~-(T/T,), then a plot of
by or An vs © =T /T, will reveal values of 8. The
result is shown as Fig. 10. Az is very closely
proportional to bg implying that both have essen-
tially the same dependence on ¥? over a rather
large temperature range. Recent measurements
of the birefringence in SrTiO; imply that An de-
viates from %2 due to fluctuations.® Any such de-
viation in the case of RbCaF; appears small.

Figure 10 also shows (as is typical of the other
cases)!#!® a critical region near T, merging
smoothly with a mean-field region in which ¥? var-
ies linearly with ©. Landau theory predicts 8
=0.5,% so that both b3 and An should vary as (T,

- T) if critical fluctuations are not important. Fig-
ure 10 shows this to be the case for (T /T,)< 0.85
in RbCaFj.

The critical region between 1> (7/T,)50. 85 can
be interpreted by procedures identical to those
used for SrTiO;,'? LaAlQ;,'2 and KMnF;.'® 1t is ex-
pected that g 0. 33 for this region, so a plot of
(69)3/2 and (An)*/? vs (T,—T) should yield a
straight line. Figure 11 shows our data plotted in
this way. To the accuracy available, Bzé clearly
produces an acceptable description in the region

from 10<(T;,—T)<45 K, in agreement with the bi-
refringence/é data shown in Fig. 4. This result com--

pares favorably with the value 8=0.313+0.004
computed using the three-dimensional Ising mod-
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el.® However, this straight-line fit does not ex-
tend all the way to ¥3=0 as in the case of SrTiO,
and LaAlQ; nor does it exhibit a discontinuity as
for KMnF;. In fact, the region from 02(T,-T)
210 K is described quite well by 8 =0.25, as is
shown clearly in the inserts of Figs. 3(a) and 6.

[A plot of (an)? and (b3)? vs (T, ~T) gives a
straight-line fit which extrapolates directly to T,. |
Extrapolation of (aAr)*/ % and (9)%/% vs (T,~T)
yields a temperature intercept, T,=201 K, 3° high-
er than the observed T,. In KMnF; a similar ex-
trapolation'® gave T, - T,=1.5 K, for the discon-
tinuity associated with the small first-order tran-
sition which precedes the critical region, while in
SrTiO,; and LaAlO; (both second-order transitions)
the extrapolationlz gives T, exactly.

We have included in Fig. 10 curves which repre-
sent plots of Ve vs T /T, deduced from the published
data for the cases described above, normalized to
the same slope in the Landau region. One sees
that the linear region for RbCaF; extrapolates to
a value T/T.=1. 11 which is intermediate to the
other cases. There is clearly no way to scale
these three cases so as to obtain agreement in
I? vs T/T,as was possible for SrTiO; and LaAlO; 2
This suggests the possibility that RbCaF; may have
a weak first-order contribution to the transition
at 198 K.

Although neither the relatively large region de-
scribed by B~ 0. 25 (~10 K) nor the apparent lack
of hysteresis are compatible with a first-order
phase change, this may nevertheless be the case.
Similar assignments of =~ 0.25 very near the
186-K transition in KMnF; were made, based upon
both x-ray scattering®® and birefringence mea-
surements,“however, subsequent measurements
implicated a small first-order contribution to the

19,27

transition. In any case, it definitely appears that
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FIG. 11. Temperature dependence of ®3)3/? and
(An)*/2 near the transition témperature.
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a description of the RbCaF; 198-K phase change

as a simple second-order transition is not possible.
1t is clearly desirable to follow the temperature
dependence of this transition by means of other ex-
periments in order to establish its exact nature.
Careful specific-heat experiments might show
more clearly whether or not the transition is ac-
companied by a small latent heat.?®

B. Low-temperature behavior

The dielectric-constant results show most clear-
ly that additional transitions occur at low tempera-
ture. The loss measurements, in particular, sug-
gest transitions at 43 and ~10 K with associated
hysteresis. That these effects are related to lat-
tice transition is confirmed by the specific-heat
measurements and the anomalous behavior ob-
served in the EPR.

The general forms of the dielectric behavior and
hysteresis at 43 K, depicted in Fig. 7, are similar
in appearance to the corresponding properties in
PbZrO; near the antiferroelectric transition at
233 K.?® However, RbCaF, does not exhibit the
large dielectric constant observed for PbZrO; and
typical (e ~103-10%) for other oxide perovskites.
Nor does RbCaF; exhibit the typical (for oxide
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perovskites)' 2" Curie-Weiss shape above the
transition, but decreases only about 109%.

It is possible that the dielectric behavior of
RbCaF; is similar to that observed in rare-earth
molybdates, which develop reversible macroscopic
electric polarization but no appreciable dielectric
enhancement.*® Such “ferroelectric” behavior is
the result of soft-mode condensation of a zone
boundary phonon leading to atomic displacements
which are reversed in direction in adjacent unit
cells.®

Finally, it is remarkable that a distinct dielec-
tric loss and change of € is observed at ~10 K,
which correlates well with the occurrence of large
changes in the EPR spectrum of Fe® If these ef-
fects are indeed due to a lattice transition, it in-
volves a small free energy and may exhibit quite
large hysteresis and other interesting properties.
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FIG. 1. Typical domainpatternof RbCaF, below 198 K,



