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The temperature dependences of the static dielectric properties of BaMnF, were investigated from 4 to 300 K
at 1 kHz to 9.8 GHz with emphasis on the behavior near the structural phase transition at 247 K. Anomalies
in the dielectric constants €’; and losses tand; at the transition were observed along the major crystallographic
directions, the main feature being a A-shaped anomaly in € along the polar a axis. This anomaly persists to
very high frequencies (9.8 GHz). Anomalies were also observed in €', at ~30 K and in €', at ~70 K.
These are believed to be related to the onset of spin ordering at these two temperatures. The effects of
pressure on the dielectric properties and transition temperature T. were also investigated. T. increases
nonlinearly with pressure at low pressures, reaches a maximum and then decreases at higher pressures. This is
discussed briefly in terms of the lattice-dynamical origin of the transition. The crystal is highly anisotropic
and this is reflected in the €';. This anisotropy is due to the lattice contribution to €’; and specifically the
relevant lattice resonance frequencies. The over-all results and their implications are discussed.

I. INTRODUCTION

BaMnF, is an important member of a group of
isomorphous crystals of the BaM**F, type (M
=Mg, Zn, Mn, Fe, Co, and Ni). At ambient con-
ditions these crystals are orthorhombic (space
group C}2-A2,am), the structure consisting of
layered sheets of linked MF; octahedra with the
layer planes normal to the b axis and with the Ba
ions located between the layers.! The crystals are
strongly piezoelectric and pyroelectric—some ex-
hibit reversal of the spontaneous polarization at
electric fields below the breakdown strength and
can thus be classified as ferroelectrics.?*3 In
BaMnF, the polarization cannot apparently be
reversed presumably due to unfavorable Mn-F
and Mn-Mn interionic distances® as well as to the
relatively high electrical conductivity of this
crystal (0,~1Xx10" Q" cm™).® Several of the
crystals also become antiferromagnetically
ordered at low temperatures (Neél temperature
Ty =26 K for BaMnF,).*

The temperature dependences of the static di-
electric constants of these crystals have been re-
ported for 7>300 °K.5 1t is found that the strain-
free (clamped) dielectric constant along the two-
fold pyroelectric a axis obeys a Curie-Weiss law
at temperatures near the melting point. An in-
teresting feature is that in all cases the extra-
polated Curie-Weiss temperature is found to be
higher than the melting point.

One important feature which distinguishes
BaMnF, from its isomorphs is the existence in
this crystal of a second-order structural phase
transition at ~250 °K. The transition was first
observed in ultrasonic-attenuation measurements
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by Spencer et al.® and was later studied by Ryan
and Scott” using Raman scattering and by Fritz
using ultrasonic velocity® and attenuation® tech-
niques. The Raman results indicated that the
transition is associated with the softening of an
optical phonon at the zone boundary of the high-
temperature orthorhombic (C}%) phase and involves
doubling of the primitive unit cell below T,. How-
ever, the symmetry (eigenvector) of the soft mode
above T, and the crystal structure below T, have
not been determined. Furthermore, an inelastic-
neutron-scattering study'® indicates that the tran-
sition is more complicated than suggested by the
Raman results and involves more than a simple
doubling of the unit cell.

In the absence of detailed knowledge of the prop-
erties of the transition as well as of the phonon
spectra above and below T, it is of interest to
study the properties of BaMnF, near T, and to
seek evidence for any coupling of the soft mode
to other excitations in the crystal. Toward this
end we have investigated the temperature de-
pendence of the static dielectric properties of
BaMnF, with emphasis on the behavior near T,.
The static dielectric constants ¢; relate to the
long wavelength (a=0) infrared-active optic
phonons of the crystal. Anomalies in these con-
stants at T, are found along the three crystallo-
graphic axes. We have also investigated the ef-
fects of hydrostatic pressure on the ¢; near T,
and thereby determined the pressure dependence
of T.. A further interesting feature is that two-
and three-dimensional spin ordering occur in
BaMnF, at low temperatures. To seek possible
evidence for the manifestation of this ordering in
the ¢,(T) response, the measurements were ex-
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tended down to 4 K. Anomalies were observed
along the a and b axes. In what follows, we shall
present the results and their interpretation.

II. EXPERIMENTAL DETAILS

Measurements were made on single-crystal
samples cut in the form of thin plates 0.5~1.4 mm
thick and 0.20-0.38 cm? in area and oriented with
the thickness dimension along one of the orthor-
hombic (C2) a, b, or ¢ axes. Electrodes were
vapor deposited on the large sample faces and con-
sisted of a thin layer of chromium followed by a
thin layer of gold. Detailed capacitance and di-
electric-loss measurements were made in the
1-100-kHz frequency range employing transformer
ratio arm bridges (General Radio model 1615A)
or Hewlett-Packard model 4270A) equipped with
three terminal connections. Shielded leads and
sample holders were used. The measurements
along the a axis were extended to higher fre-
quencies. Data to 70 MHz were obtained using a
Wayne Kerr bridge (model B 801), and an experi-
ment was performed at 9.8 GHz using microwave
techniques. In this latter case a cube shaped sam-
ple was placed inside a microwave cavity with the
a axis parallel to the rf electric field and the di-
electric constant was deduced from the shift of the
resonance frequency of the cavity.

The temperature (4-350 K) and pressure (0-8
kbar=0.8 GPa) measurements were made in a
maraging steel pressure cell mounted in a con-
ventional low-temperature Dewar. The pro-
cedures were similar to those described earlier.!!
Helium gas was the pressure fluid, and the pres-
sure was measured to better than 1% by a cali-
brated Manganin gauge. Temperature changes
were measured to +0.10 K using CU-constantan
and Cu-AuFe thermocouples.

In the absence of thermal-expansion and com-
pressibility data on BaMnF,, the real (¢’) and
imaginary (€’’) parts of the dielectric constant
and their changes with temperature and pressure
were calculated directly from the measured sam-
ple capacitance and loss without correcting for
changes in sample dimensions owing to expan-
sion and compression. However, such correc-
tions are usually small and do not affect the main
conclusions of this work.

III. RESULTS AND DISCUSSION
A. Magnitude of the dielectric constants

BaMnF, is a highly anisotropic crystal and this
is reflected in the dielectric constants. At 290 K
and 1 bar the values of the real parts of these
constants are €, =12.4, €,=20.9, and €,=8.6.

The absolute accuracy of these values is limited

to only ~+7% mainly owing to uncertainties in sam-
ple dimensions caused by the relatively small and
irregular crystals available. The magnitude and
anisotropy of the ¢; deserve some comment. For
an ionic crystal €’ is given by

€=¢e +¢}, (1)

where €. is the high-frequency or optical dielectric
constant (=#%, where » is the appropriate re-
fractive index in the limit of long wavelengths) and
€} is the lattice contribution. €., is determined
solely by the electronic polarizabilities of the ions
in the crystal, whereas ¢; is determined by the
lattice polarizabilities associated with the op-
posite displacements of the positive and negative
ions in the course of long-wavelength transverse-
optic vibrations and is of the form'?

,_4n(Ze*)P (el +2\? _ €;+2>2
T < 3 >-A< 3 . (2)

Here Z is the valence, e* is the Szigeti effective
ionic charge, p is the reduced mass of the ions,

v is the volume per molecule, and w, is the ap-
propriate lattice resonance frequency. The elec-
tronic polarizabilities of the ions influence €] in
two different ways: first via the effective ionic
charge e*—a short-range effect—and secondly,
via the electronic enhancement factor [ 3(e.+2)]2
which arises from long-range interactions between
electronic and ionic displacements.

The room-temperature values of #; for BaMnF,
are'® n,=1.499, n,=1.48, and n,=1.505 yielding
€,,,=2.25, €, ,=2.19, and €, .=2.26. The values
of €7 ; at 290 K are then ¢; ,=10.2, ¢; ,=18.7 and
€;,.=6.3. From these values it is clear that the
large anisotropy in the €] is associated with the
lattice polarizabilities, and in particular the term
A in Eq. (2). Some of this anisotropy may be due
to anisotropy in the e}, but it is more likely due
to that in the w, ;. Furthermore, since e* <e,
the electronic charge, it can be concluded that the
relatively large €; , must be largely associated
with a low value of w, ,. Unfortunately, the ir
resonance frequencies of BaMnF, apparently have
not been measured at room temperature in order
to allow us to check these conclusions quantita-
tively. Raman measurements have been made in
the low-temperature phase and show that at T << T,
the lowest phonons with a-, b-, and c-axis (orien-
tations based on the high-temperature structure)
polarizations lie at ~40, 28, and 105 cm™, re-
spectively.” If the symmetry of the low-tempera-
ture phase is indeed P2 ,° or something of com-
parably low symmetry, then these modes will be
ir active also. Since the anisotropy in the €; in the
low-temperature phase is (as will be seen later)
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comparable to that in the high-temperature phase,
it appears that the anisotropy in the phonon fre-
quencies is qualitatively in the manner needed to
account for the anisotropy in €] ;.

B. Temperature dependence of the dielectric constants

The temperature dependence of € along the
pyroelectric a axis at 100 KHz is shown in Fig.
1. It is seen that ¢, exhibited a A-shaped anomaly
at the 250-K transition. The low-temperature
asymmetry of the €,(T) anomaly can be under-
stood as follows. Above T, there is of course
no linear coupling of the soft mode (a short-wave-
length mode) to any zone center (q=0) ir-active
mode. Below T, on the other hand, the soft mode
couples to the polarization and the more gradual
decrease in €, with decreasing T reflects the
gradual buildup of the order parameter of the
second-order transition as T moves away from
T..
The €,(T) response in Fig. 1 is frequency in-
dependent at frequencies >~100 kHz, but strong
frequency dependence is observed at lower fre-
quencies and temperature >~220 K. This is shown
in Fig. 2. In the temperature regime of Fig. 2 the
dielectric loss tand is also strongly frequency de-
pendent below 100 KHz and increases very rapidly
with increasing 7. This is shown in Fig. 2 ex-
pressed as €./ (T), where €’ = €,tand. These large
increases in €] and €;’ with increasing T at low
frequencies are associated with the large increase
in the conductivity of the crystal.!* In Fig. 2 we
note that there is a small anomaly in €.(T) at the
transition at 100 kHz. At 10 and 1 kHz the di-
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FIG. 1. Temperature dependences of the real parts of
the a- and c-axis static dielectric constants of BaMnF,
measured at 100 kHz and 1 bar. The inset shows the be-
havior of €} at low temperatures, where the open and
solid circles represent data taken on decreasing and in-
creasing temperature, respectively.

electric losses are so high that the anomaly is
washed out on the logarithmic scale used, and
only a change in the slope of the €.’(T) response
is seen at T,. Finally, we note that in Fig. 2 there
is indicated some frequency dependence in €,(T)
above and below T, at 30 MHz—specifically the
€.(T) curve at 30 MHz falls above that at 100 kHz.
This is probably not a real effect, since accurate
measurements in this MHz range are difficult,
and we point out that ¢, at 30 MHz was arbitrarily
normalized at T, to its value at 100 kHz.

At T T, ¢, decreases slowly with decreasing
T in a manner typical of normal ionic dielectrics.
This decrease continues until ~30 K, at which
temperature another €,(7) anomaly sets in (see
inset in Fig. 1). This anomaly represents an addi-
tional decrease in ¢, with decreasing T over that
due to lattice effects. The cause of this anomaly
is discussed briefly in Sec. IID.

Figure 1 also shows the €(T) response of
BaMnF, at 100 kHz. In this case a small anomaly
is observed at T, below which the response is
normal, €] decreasing slowly with decreasing T
and de,/dT~0 as T—0 K. Above T,, €, and €/
exhibit qualitatively the same frequency and tem-
perature dependences of €, and €', except that

€. is a factor of ~20-30 lower than €’.

a
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FIG. 2. Temperature dependences of the real and
imaginary parts of the a-axis static dielectric constant
of BaMnF, in the vicinity of the phase transition mea-
sured at different frequencies. For clarity actual data
points are shown only for €(T) at 100 kHz.
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The temperature dependence of ¢ is shown in
Fig. 3. This response is quite different than those
along the a and ¢ axes. ¢ increases with de-
creasing T on both sides of the transition with
only a change in slope at or near T,. In the ab-
sence of detailed knowledge about the temperature
dependence of the ir-active phonon frequencies
and the lattice strain accompanying the transition,
it is not possible to explain the shape of the ¢}(T)
response around T,.. An especially noteworthy
feature in Fig. 3 is the relatively large decrease
in €, below ~70 K. The cause of this effect is dis-
cussed briefly in Sec. IIID. Above ~250 K the fre-
quency and temperature effects shown are a re-
sult of the high conductivity of the crystal. The
inset in the figure shows €'’/(T) near T, at 100 kHz.
At 10 and 1 kHz €;’ is much larger and the anomaly
at T, is washed out.

C. Nature of the transition and pressure dependence of 7.

As indicated in Sec. I, the Raman studies of
Ryan and Scott” indicated that the phase transi-
tion at ~250 K is associated with a zone-boundary
soft optical phonon. This conclusion was based on
measurements below T, which showed a soft optic
mode whose frequency vanished at T, with no evi-
dence for the mode above T.. Since all optic
modes of the high-temperature phase’s C,, point
group are Raman active, it was concluded that the
soft mode below T, corresponds to a zone-boundary
phonon of the high-temperature phase, and thus
the transition involves doubling of the primitive
unit cell below T,. On this basis it has been sug-
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FIG. 3. Temperature dependence of the real part of
the b-axis static dielectric constant of BaMnF; measured
at different frequencies. Actual data points are shown
only for the 10-kHz response. The inset shows the tem-
perature dependence of the imaginary part of the dielec-
tric constant at 100kHz in the vicinity of the phase tran-
sition.

gested® s that the low-temperature structure
should be monoclinic (space group P2,), but this
remains unconfirmed. Single-crystal x-ray-dif-
fraction studies'® show no definite evidence for the
transition, thus emphasizing its subtle nature. A
mechanism for the transition, based on the known
Raman, ultrasonic, and other data, has been
proposed.® It involves rotations of the MnF,
octahedra about the orthorhombic & axis, with a
pair of phonons at the Brillouin-zone S points

7 (0,1/b, +1/c) being the soft modes. Though
consistent with the then available data, this
mechanism is not strictly correct. Inelastic-
neutron-scattering work at Brookhaven'® indicates
that the soft mode is more complicated than
was suggested by the Raman work. Specifically,
the neutron results suggest that the wavelength of
the soft mode is incommensurate with the lattice.
At any rate, however, it is certain that the transi-
tion involves a short-wavelength soft optic phonon
which most likely involves the rotations of adjacent
MnF, octahedra. In this latter regard the BaMnF,
transition is qualitatively similar to the well-
known soft-mode transitions in SrTiO, and
Gd,(Mo0O,),. However, from the standpoint of the
dielectric response the BaMnF, transition is dif-
ferent in important respects. In SrTiO, the struc-
tural phase transition is strictly antiferrodistor-
tive, the soft mode being nonpolar and there are
no dielectric constant anomalies. In Gd,(MoO,),
there is a dielectric-constant anomaly along the

¢ axis at T, (qualitatively similar to the ¢; anoma-
ly in Fig. 1), but this anomaly is strain induced,
being simply a manifestation of piezoelectric
coupling.'™!® It disappears when the crystal is
clamped, i.e., for measurements at frequencies
above the mechanical resonance frequency of the
crystal. In BaMnF, the ¢, anomaly persists in the
clamped case. As shown in Fig. 4, the anomaly
is still present at 9.8 GHz, i.e., well above any
mechanical resonances. Thus, on the basis of this
evidence and the asymmetry in the €(T) response
in Fig. 1, it is evident that in the low-temperature
phase of BaMnF, the soft mode couples linearly

to the polarization with the coupling constant going
to zero at T, whereas in the high-temperature
phase there is no linear coupling.

Previous work on BaMnF, has indicated that 7',
varies among samples from different batches.
Values from 249 to 255 K have been reported.®™®
It has been suggested'® that this variation in T,
may be due to the presence of small amounts of
Mn®** in BaMnF, crystals, the large size mis-
match between Mn®* and Mn?* ions playing an
important role. At present this remains a specu-
lation which has not been confirmed. If in Fig.

1 we take the peak in the €,(T) response as repre-
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FIG. 4. Temperature dependence of the real part of
the a-axis dielectric constant of BaMnF, at 9.8 GHz nor-
malized to its peak value.

senting T, we get T,=247.2+0.5 K. This peak
is a very well-defined feature and is easily repro-
ducible. Along the b axis it is more difficult to
determine T, accurately. There is, however, in
the €;(T) response a distinct and reproducible
change in slope in the region of T, (see Fig. 3).

It is felt that the peak in €] is likely the most
representative feature in the dielectric response
of the true T, of the crystal, and we take it as
such. We should note, however, that €, was ob-
served to peak at a lower temperature at 9.8 GHz
than at the lower frequencies. This behavior may
be due in part to the fact that a different sample
was used for the 9.8-GHz experiment.

The pressure dependence of T, was measured
by examining the effects of pressure on the €.(T)
and €;(T) responses near T,. Figure 5(a) shows
typical €,(T, P) results. In this as well as in the
€;(T, P) response the main effect of pressure is a
simple displacement of the curves along the tem-
perature axis towards higher temperatures.
Another more subtle effect in Fig. 5(a) is a nar-
rowing of the €, anomaly (at T,)—the narrowing
is mostly on the low-temperature side and cor-
responds to a faster buildup of the order param-
eter at higher pressures.

Figure 5(b) shows the increase in the transition
temperature with pressure deduced from the
€/(T, P) response. The initial slope is drT./dP
=3.3 K/kbar. The increase of T, with hydrostatic

pressure appears to be characteristic of displacive

phase transitions associated with soft zone-bound-
ary (or short-wavelength) optic phonons.?® This is

to be contrasted with the behavior of crystals which

exhibit displacive transitions associated with soft
zone-center polar optic phonons where T, de-
creases with pressure. This difference in be-
havior has been interpreted in terms of a reversal
in the roles of the short-range and long-range
forces in the lattice dynamics of the two cases.?®
Specifically, for the zone-center soft modes the
balance of forces leading to an imaginary harmonic
mode frequency and soft-mode behavior is due to
the overcancellation of the short-range forces by
the negative Coulomb forces, whereas for the
zone-boundary soft modes the overcancellation
is by the short-range forces which are negative,
i.e., attractive. Pressure affects this balance
of forces differently in the two cases (the short-
range forces being more strongly pressure de-
pendent), and this provides a qualitative explana-
tion for the observed pressure effects.?°

An interesting feature of the results in Fig. 5(b)
is the highly nonlinear T (P) response over the
relatively small pressure range covered. The
nonlinearity appears to be more than could be
accounted for on the basis of a reasonable de-

a
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FIG. 5. (a) Effects of hydrostatic pressure on the €4(T)

response of BaMnF,. (b) Shift of the structural-phase-
transition temperature T, with hydrostatic pressure.
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crease in compressibility with pressure. Similar
nonlinear T,(P) responses at relatively low pres-
sures have been observed in other materials ex-
hibiting soft short-wavelength optic phonons.*

By comparison, T,.(P) responses associated with
soft zone-center optic modes tend to be relatively
more linear over wider pressure ranges.?? It is
tempting to suggest that the highly nonlinear in-
creases in the case of the short-wavelength soft
phonons is to be expected, and, furthermore, that
a reversal of the sign of ch/ dP might be expected
at sufficiently high pressure. This is because as
we compress the ions closer and closer together
the short-range interactions could not be expected
to continue to be attractive. Ultimately, they must
become repulsive.

In order to test this hypothesis the measure-
ments of €,(T, P) were extended to 18 kbar. To
reach this pressure it was necessary to employ
a different pressure apparatus than was used for
the results presented thus far. A piston-cylinder
apparatus using silver chloride as the pressure-
transmitting medium was used. The BaMnF, sam-
ple was a small thin plate with leads attached to
the large faces and was embedded in the silver
chloride. The pressure generated in this appara-
tus is quasihydrostatic. The finite yield strength
of the silver chloride causes some nonhydrostatic
stresses. It is believed that these stresses are
responsible for the broadening of €,(T) anomaly at
T, that was observed in this experiment. Never-
theless, a well-defined e{,(T) peak was observed
at all pressures. The shift of this peak (taken as
representing 7,) with pressure is shown in Fig. 6.
These results clearly show the postulated re-
versal in the sign of d7T,/dP.

It should be emphasized that the pressure ef-
fects in Fig. 6 were completely reversible with
no evidence for any permanent effects of the non-
hydrostatic stresses on the €,(7, P) response.
These nonhydrostatic stresses are, however, ap-
parently responsible for the significantly lower
initial (i.e., low pressure) value of dT,/dP in Fig.
6 as compared with the hydrostatic pressure data
in Fig. 5(b) (2.0 vs 3.3 K/bar).

D. Low-temperature anomalies and relationship to
magnetic ordering

As we have pointed out earlier (see Figs. 1 and
3), dielectric-constant anomalies are observed in
BaMnF, starting (on cooling) at ~30 K for ¢, and
at ~70 K for ¢,. These anomalies represent de-
creases in €; over and above the lattice contribu-
tion. No anomaly is seen in €, in the comparable
temperature range. The factors that make these
anomalies of considerable interest are (i) the e,

260
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FIG. 6. Shift of the structural-phase-transition tem-
perature T, of BaMnF, with quasihydrostatic pressure.

anomaly occurs at the Neél temperature, (ii) the
€, anomaly occurs at or near the temperature
where in-plane (i.e., two-dimensional) ordering
of the Mn-ion spins along the b axis begins, and
(iii) there are low-lying polar optic phonons with
polarization along the @ axis (at ~40 cm™) and the
b axis (at ~28 cm™). Furthermore, the magnetic
susceptibility is isotropic in the ac plane, but the
lowest-lying polar phonon with c-axis polariza-
tion is at ~105 cm™, and there is no ¢/, anomaly at
Ty. These observations have led to the conclu-
sion® that the €, and €, anomalies must be related
to the magnetic properties and inparticular may re-
sult from coupling between long-wavelength polar
optic phonons and ordered spins. While the pos-
sibility of such coupling has been raised,?* we
know of no prior experimental evidence for it.

A more detailed description and explanation of
the observed ¢; anomalies will be presented else-
where.?
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