
PHYSICAL REVIEW B VOLUME 25, NUMBER 3 1 FEBRUARY 1982

Phase transitions in BaMnF4. Specific heat
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Specific-heat measurements are reported for BaMnF4 in the temperature region around its in-

commensurate phase transition. At T~ =255.3 K a mean-field discontinuity of 0.4 cal/mol K is

observed upon which is superimposed a power-law divergence of 6.4+0.5 cal/rnol. The shape

and magnitude of the divergence are compared with the theoretical predictions of Levanyuk,

Osipov, Sigov, and Sobyanin; good agreement is observed. A second, smaller Cp anomaly is

observed at 247.1 K of integrated magnitude 0.3 0.1 cal/mol. This is compatible with observa-

tions by Levstik, Blinc, Kadaba, and Cizikov that some samples exhibit two phase transitions a

few degrees apart, as evidenced by two peaks in the b- and c-axis dielectric constants. The pres-

ence of two transitions at 247 and 255 K is also confirmed by piezoelectric resonance measure-

ments. Further evidence that the phase-transition characteristics in this material are sample

dependent is provided by x-ray studies, briefly summarized.

I. INTRODUCTION

The history of specific-heat measurements on fer-
roelectrics near their Curie temperatures has involved
controversy almost from the beginning with regard to
the presence or absence of true critical (non-mean-
field) phenomena. The discovery of cusplike diver-
gences in Cp for triglycine sulfate (TGS) was first
made by Strukov in 1964.' More recently efforts by
this group have shown that the Cp divergence near
Tc in this material is entirely due to defects; it can be
removed by proper annealing procedures, leaving
only the steplike discontinuity predicted by mean-
field theories; and it can be recreated by irradiation.
Similarly, it has been known since 1969 that KH2PO4
exhibits a Cp anomaly near Tc which can be fitted
best to power-law divergence below Tc (with ex-
ponent 0.50) and logarithmic divergence above Tc.3

Very recently Courtens has shown that, as in TGS,
the specific-heat anomaly in KDP can be removed
entirely by proper sample preparation and anneal.
These studies point to defects as the physical
mechanism dominating the thermal characteristics
near T~ in these materials. Indeed, interest in defect
contributions in phase transition dynamics has been
growing over the past five years, following the
theoretical study by Varma and Halperin. ' In the
standard text on ferroelectrics, Lines and Glass with-

hold judgment on the matter of critical effects mani-

fest as Cp divergences near T~ ', but recent work by
Levanyuk, Osipov, Sigov, and Sobyanin provides de-

tailed predictions from a model based upon defect-
dominated dynamics, and the generally good agree-
ment of the results on TGS, KDP, and the BaMnF4
data presented in the present paper suggests that fer-
roelectrics may in general have their thermal proper-
ties near T~ controlled by defects at the 10' -cm '
level.

BaMnF4 has been studied extensively since 1974 by
a variety of techniques. A review emphasizing the
phase transition characteristics was published by one
of the present authors, ' and more recent light scatter-
ing studies are detailed in the accompanying paper by
Lyons et al. BaMnF4 has an unusual phase transition
near 255 K inasmuch as it is an improper ferroelectric
phase transition in which the low-temperature phase
is incommensurate, ' and the transition appears to be
continuous.

II. SPECIFIC-HEAT MEASUREMENTS

In our measurements single crystals of BaMnF4
were studied by means of a commercial scanning
calorimeter (Perkin-Elmer DSC II) modified to per-
mit operation below ambient temperatures. Experi-
mental details are outlined in Ref. 11. Typical sam-
ples were of order 50-mg mass, and measurements
were made with both increasing and decreasing tem-
peratures at heating or cooling rates of 1.25, 5.0, and
10.0 K/min. The samples studied included both pure
BaMnF4 and BaMn099Coo OiF4. The data for these
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FIG. 1. ACp(T) in BaMnF4 for increasing temperature.
Absolute background value of Cp is not accurately deter-
mined. The incommensurate phase transition at 255 K is la-
beled TI. The origin of the weaker feature at 247 K is un-

known; its label as T& is only speculative and is discussed in
the text. From integration of these data we find 4g(Tq)
=6.4 %0.6 cal/mol; bS(T~) =25+2 meal/mol K; 4Q(T~)
=0.5+0.2 cal/mol 4S(Tc) =2.0+0,7 meal/mol K.

samples were nearly identical. A representative trace
is shown in Fig. l. It can be seen from this trace that
there are four separate features of qualitative interest:
First, there is a large divergence in C~ with a peak at
255.3 K. We show in the following section that this
peak is best characterized as a power-law divergence
and fits the theory of Levanyuk et al. quantitatively.
Second, there is a much smaller peak at 247.1 K.
The origin of this peak is due, we believe to a second
transition. Third, there is a change in the back-
ground value of Cp above T~ in comparison with the
value below; the value belo~ TI is 0.4 cal/mol K
greater. Fourth, there is a small but reproducible
"shoulder" on the Cp divergence below Tl which
peaks at about 253 K. This shoulder is predicted in
the theory of Levanyuk et al. '

The magnitude of the integrated area under the Cp
anomaly at 255 K is 6.4 +0.5 cal/mol. This is com-
parable to the value observed in systems now known
to be defect dominated; in TGS the value of the la-
tent heat is typically' 2 cal/mol. The magnitude of
the step discontinuity in background value of Cp is
smaller in comparison with that measured in other
incommensurate transitions; our value of 0.4 cal/mol
K is to be compared with 2.3 cal/mol K in K~Se04."

The value of the integrated area under the small

peak at 247 K is approximately 0.3 +0.1 cal/mol
(average of several runs). This value is close to that
at Tc (not TI) in K~Se04, where Aiki et al. estimate
0.5 cal/mol. We will return to this point of compar-
ison in the discussion.

In Fig. 2. we present a least-squares fit to a power-
law dependence for Cp below TI =255.3 K. The phi-
losophy of this choice of fit is that suggested by
Levanyuk et af. 7 In their theory the presence of
point defects renders first order a ferroelectric phase
transition which would intrinsically be continuous. In
addition to predicting a power-law dependence, their
theory therefore predicts a specific dependence of the
form given in Eq. (1), with T' & Tc'.
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FIG. 2. ACp(T) in BaMnF4 fitted to Eq. (1). Error bars
indicate reproducibility of several runs. Least-squares fit by
Handschy. Data for T ( T&.

where the exponent a is assumed to be nonintrinsic
and different from the intrinsic thermodynamic o., it
is of order unity (a =2 —v or n =2 —2P, depending
upon microscopic properties of the defect; here v and

P have their usual meanings). For T ) Tc an ex-
pression analogous to Eq. (1) is used with T" replac-
ing T .

The best least-squares fit shown in Fig. 2 has
T'=281 K and yields a X value of 38. Note that the
difference T' —Tq =26 K is reasonable for weakly
first-order phase transistions; for example, " in
Ag~6IlsW40l6 where T~ =199 K, T'=200.5 K but
T"=160 K, despite a small (4.1 K) thermal hys-
teresis. This goodness of fit parameter is better than
that obtained using other functional forms, including
logarithmic dependences, having the same number of
parameters. The agreement could be improved
somewhat were it not for the small shoulder at 253 K
mentioned above. Such a shoulder has been ob-
served on the low-temperature side of many specific-
heat studies, but not explained; even in fluids it ap-
pears to be characteristic and a source of fitting diffi-
culties in the determination of critical exponent e.
See for example the work of Morrison and
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FIG. 3. ACp(T) in BaMnF4 fitted to poer law. Error
bars indicate reproducibility of several runs. Data for
T & TI. Exponent found to be 0.54.

Knobler' ' or Scheibner et al. ' ' We note that
such a shoulder is predicted explicitly in the theory of
Levanyuk et al. ' for cases in which the coupling of
defect to intrinsic lattice order parameter is of inter-
mediate strength. Unfortunately, however, their
theory presents no published formulas to which we
can fit our data which incorporate explicitly this non-
monotonic feature; only the asymptotic power-law
dependences are given.

Figure 3 presents a power-law fit to the Cp data for
BaMnF4 above Tq. The X value is 25, which is ac-
ceptable for the number of data points and degrees of
freedom; and T" was found to be -230 K, in analo-

gy with the fitting results below T~. The value of n
for T & Tg was found to be 0.54. However, this
value is correlated with the value T" in the fitting
procedure and may therefore be inconsequential.
These results may be compared with those of Reese
of KDP3: He found a power-law divergence below

T~ with critical exponent n =0.50 and a logarithmic
divergence above Tc. Of course, intrinsic statistical
mechanical theory yields values of o. as large as 0.5
only at tricritical points. The idea that BaMnF4 has a
slightly first-order transition with hysteresis -0.5 K
has been very recently proposed. " Whether this
first-order character is due to intrinsic fluctuations'
or to defects is unknown.

Levanyuk et al. have made estimates' which show
that 10"-cm ' defect concentrations may lead to Cp
anomalies with integrated latent heat of order 1

cal/mol, as observed here. Since BaMnF4 is known
to be an ionic conductor with absolute conductivities,
anisotropies, and activation energies of magnitudes
comparable with those known for fluorine vacancy
hopping in other systems, it seems reasonable to hy-
pothesize fluorine vacancies as a cause of the latent

heat measured here. In the attempt to confirm or
disprove this hypothesis we have subjected BaMnF4
samples to extended heat treatment (24—72 h at 800
K in a sealed furnace containing dry nitrogen).
These results" showed that T& could be lowered
about 3 K for each 24 h at 800 K, from an initial
value of about 251 K for the virgin sample used, to
Tc (measured via dielectric techniques) as low as 241
K. We believe that at 800 K, a temperature chosen
as well above the onset for isotropic ionic conduction
but well below the melting point, fluorines boil off
the sample surface; if prolonged, this procedure leads
to surface darkening. We note that in samples sealed
in He-filled glass vials no discoloration occurred",
however, in the He-filled system the sample was at a
considerable overpressure ( &2 atm), which may im-
pede the loss of fluorines from the surface.

If the defect-dominated dynamics described by
Levanyuk et al. ' are correct as descriptions of the
phase transition characteristics in BaMnF4, two addi-
tional independent checks can be made: Specific pre-
dictions for the temperature dependences of ultrason-
ic attenuation exponent and of soft mode linewidth
are provided. As shown in Table I, these predictions
agree semiquantitatively with experimental results.
The soft mode linewidth has been known to exhibit a
power-law divergence, ' as does that iri KMnF3 and
SrTi03. o 22 However, anharmonic lattice dynamics
predicts no divergence at all (linewidth approximately
proportional to absolute temperature). Levanyuk
et al. 7 have suggested that these divergences, which
are sometimes extremely large, "' arise from de-
fects. The predicted exponent for the soft mode
linewidth from the defect dominated dynamics
theory' is 3/2 and does not agree with that observed
in BaMriF4 (0.37) or SrTi03(0.20); however, the nu-

merical value of 3/2 quoted from the theory is
perhaps inappropriate for the cell-doubling transitions
in SrTi03 or BaMnF4 and certainly does not consider
the incommensurate characteristics of the latter crys-
tal. In the case of the ultrasonic attenuation, Fritz re-
ported" usually large and unexplained values of criti-
cal exponent. These varied from 2.2 for the longitu-
dinal mode to 3.9 (5.7) for the transverse mode
above (below) TI The prediction . from Ref. 7 for ul-
trasonic attenuation exponent is 2(y —1) —Sv; for
mean-field systems this is 3.3, and for more realistic
statistical mechanical models it is 2.7. Thus, the pre-
dictions of Ref. 7 are in better agreement with exper-
iment than are other published theories. Fritz sug-
gested that these large (2.2 to 5.7) exponents might
arise from the two-dimensional character of intrinsic
fluctuations near Ti. The good agreement discussed
above suggests an extrinsic (defect) origin; this view
has also been expressed by Rehwald. Note that the
simplest scaling theory predicts an ultrasonic attenua-
tion exponent of unity.

In summarizing this section, then, we see that the
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TABLE I. Comparison of the phase transition characteristics observed for BaMnF4 with the predictions of the defect dom-
inated dynamical theory of Levanyuk, Osipov, Sigov, and Sobyanin (Ref. 7).

Quantity

Predicted'
form

Observed
form

Predicted'
exponent

Intrinsic
theories~

Observed
exponent Ref.

Specfic heat

Ultrasonic
attenuation

Soft-mode
linewidthf

Power law'

Power law

Power law

Power law

Power law

Power law

1/3 to 1

2.7 to 3.3

3/2

-0 1d

1.0

054 (T) T)

2.2 LA(T & Tl)
3.9 TA (T ) TI)
5.7 T~(T &TI)

0.37

This work'

23

17

' Reference 7.
Reference 25.' Analogous results are predicted by B, M. McCoy and Tai Tsun Wu, Phys. Rev. 176, 631 (1968).
Note, however, that effective exponents as large as 0.65 are found at tricritical points' . H. T. Sheng and M. B. Salamon, Phys.

Rev. B 22, 4401 (1980).
'We note that in addition to the value n =0.50 measured in KDP by Reese (Ref. 3), Lopez Echarri et al. report n =0.4 both
above and below Tl in K2Se04 [A. Lopez Echarri, M. J. Tello, and P. Gili, Solid State Commun. 36, 1021 (1980)]. We suggest

that their results may also be due to defects.
For alternative theories of soft-mode linewidth divergence, see E. Pytte, Phys. Rev. B 1, 924 (1970); B, D. Silverman, Solid

State Commun. 10, 311 (1972); D. Heiman, S. Ushioda, and J. P. Remeika, Phys. Rev. Lett. 34, 886 (1975).

specific-heat data on BaMnF4 are analogous to those
in K2Se04, and that they appear to satisfy the defect
dominated dynamical theory of Ref. 7, like TGS and
KDP. In particular, the phase transition is found to
be very slightly first order. This result has recently
been obtained independently from birefringence stud-
ies" and is compatible with theoretical predictions, '9

However, the primary result, a =0.5 is also expected
near or at tricritical points even in defect-free materi-
als.

III. ANOMALY AT 247 K

164 0

(kHz)

1600—

I I

I

I I

I

I

I

I

I

I

I

I

The presence of a small but reproducible anomaly
in the specific heat of some BaMnF4 samples (as
shown in Fig. 1) suggest the possibility of a second
phase transition about 8 K below T~. Reports of
BaMnF4 specimens with two transitions have been
made before. ' In Ref. 30 Levstik et al. found, via
dielectric measurements on the b and c axes, two
divergences indicative of phase transitions approxi-
mately 4 K apart. However, measurements in the
temperature region between the two anomalies were
not entirely reproducible; this "middle phase" ap-
peared to be ferroelastic and exhibited field-
dependent effects and a hysteresis loop which did not
close. A subsequent report ' by the same group
deleted data for this anomalous sample; and the
peculiar effects mentioned above, including the ex-
istence of a middle phase, were not pursued else-
where.
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FIG. 4. Piezoelectric resonance frequencies near 1.6 MHz
in a sample of BaMnF4 as functions of temperature from
200 to 300 K, showing frequency anomalies near 247 and
255 K; from Ref. 34.
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FIG. 5. Piezoelectric resonance frequencies near 8 MHz
in a sample of BaMnF4, showing two anomalies near 245
and 257 K; from Ref. 34.

We have independently confirmed the presence
of a middle phase via piezoelectric resonance tech-
niques, however, with results shown in Figs. 4 and 5.
Two samples were employed. That in Fig. 4 yielded
indications of phase transitions at 247 and 255 K, in
agreement with the specific-heat data of Fig. 1,
whereas the second sample (Fig. S) indicates a slight-

ly wider middle phase, from -245 to -257 K.

IV. X-RAY STUDIES

Extensive x-ray, neutron, and electron scattering
data to be reported elsewhere34 have confirmed the
sample dependence of the phase transitions in
BaMnF4. Many samples are found to exhibit a par-
ticular kind of stacking fault in which the MnF6
chains are stacked antiparallel along the b axis, yield-

ing a disordered D2 space group symmetry rather
than the usual ordered C2„structure. These disor-

dered samples exhibit no phase transition between 77
and 570 K. This dramatic effect of fluorine oc-
tahedron disorder upon the phase transition(s) in
BaMnF4 is not surprising, since fluorine octahedron

rotation is considered to be the primary order param-
eter.

Samples having the C2„' space group symmetry at
room temperature were studied below T = 250 K in
order to determine the space group symmetry of the
low-temperature phase. Superlattice reflections were
observed at (0.4,0, 2 ) in these specimens, corre-

sponding to a C2„space group symmetry and a unit
cell Sa && b & 2c with respect to the a & b x c ambient
primitive cell. Since these results disagreed with the
(0.392, 2, 2 ) reflections reported from neutron1 1

scattering in Refs, 32 and 33, neutron scattering mea-
surements were made on our samples at both Greno-
ble Institute Laue-Langevin and the Kyoto Reactor
facility. The results agreed with earlier studies at
Brookhaven, ' showing that different reflections
were observable in the sample with x rays and with
neutrons, and thus ruling out the possibility of axis
mislabeling. Finally, to double check the results,
electron scattering was also performed. The results
were in agreement with the x-ray data and suggest to
us that the neutron scattering arises from mangetic
reflections due to short-range spin ordering at 250 K.
Such spin ordering at near ambient temperatures has
been independently confirmed by birefringence stud-

ies ' and by magnetoelectric effects.
Although these studi. es are summarized in detail

elsewhere, we believe that it is important to point
out their connection here to the specific-heat results:
We have found in the Cp measurements that the
structural transition in BaMnF4 is first order, with
a =0.5. As discussed above, this result could obtain
from intrinsic causes; in particular, if the system at
zero pressure and applied electric field is at or very
near a tricritical point, as suggested by calculations
for high order-parameter dimensionality, n =0.5 is
expected in the mean-field approximation. On the
other hand, defect theories also predict n =0.5.
Consequently, it is the independent evidence,
through x-ray and electron or neutron scattering, of
strong differences among samples, together with the
dependence of Tc upon samples' thermal history, "
leads us to favor the defect interpretation.

The further suggestion of the existence of two
phase transitions, at 247 and 255 K, in Figs. 1, 4, and
5 permits a possible explanation of the light scattering
results. First we note that distinct anomalies occur in
the birefringence data" at 241 and 247 K, in addition
to the one emphasized" at about 251 K. As dis-
cussed in the accompanying paper, 9 there are three
distinct temperatures in the BaMnF4 light scattering
data at which something qualitative occurs: At 241 K
there is an onset of dynamical "central mode"
scattering interpreted as due to phasons, "as well as
peaks in pyroelectric constant and elastic scattering
intensity; note that there is a sharp inflection point in
the linear dichroism at 241 K as well. " At 247 K the
intensity of the "central mode" scattering peaks;
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there is a small anomaly in Cp at this temperature,
and a second inflection in linear dichroism. ' At 255
K the central mode scattering intensity vanishes,
there is a large Cp anomaly, and there is a third in-
flection in the linear dichroism. " All of these effects
are therefore consistent, and it is a primary aim of
the present manuscript to emphasize that consistency.

We believe that there are still two viable interpreta-
tions of the central mode scattering in BaMnF4
between 247 and 255 K. As initially proposed, the
explanations of relaxation modes of characteristic
time 1 ns include phasons or mobile relaxing defects
(presumably fluorine vacancies). Similar times have
been inferred from infrared, Raman, and dielectric
measurements in the incommensurate phases of
K2Se04 and RbH3(Se03) 2. In the latter case the
measurement of dielectric constant as a function of
frequency allowed its dispersion to be characterized
as satisfying a Debyc relaxation with characteristic
time 2.0 ns at 0.5 K above the lock-in transition tem-
perature Tc. These times are all comparable with the
reciprocal central mode linewidth reported for
BaMnF4 by Bechtle et al. and Lyons et al.
There has been some controversy concerning the Ra-
man activity of phasons in crystals; in this regard it
should be noted that BaMnF4 is ferroelectric both
above and below TI, in contrast to systems such as
NaNO2 or K2Se04.

No comprehensive analysis of the light scattering

data on BaMnF4 near Ty has yet emerged, despite the
elegant experiments of Lyons et al. In contrast to the
early model of acoustic phonon-phason coupling as-
sumed in Ref. 27, it appears now that the dominant
coupling responsible for the light scattering "central
mode" spectra is optic phonon-phason interaction.

Initially the Brillouin spectra of Bechtle and Scott
were explained by a model in which phasons, as-
sumed diffusive, ' played an important role. Thc
transverse acoustic phonons which soften near
T = 247 K were assumed to decay into phasons, and
the strong dispersion of the transverse acoustic pho-
nons with characteristic relaxation time of order 1 ns
was thereby explained. There was no necessary con-
nection between the dynamic central mode reported
in these studies and the 1-ns relaxation time, but it
was assumed that both arose from phasons. Subse-
quently, Lyons et al. showed ' that the dynamical
central mode in BaMnF4 had a width of about 3 GHz
and o.„polarization. These facts in themselves re-
quire that the approximations used by Bechtle et al.
be altered in order to describe the spectra: All of
these observations may still be described in the usual
formalism, with the spectral distribution function
given by

S (o&, T) = Img, ~ '(co)P;Pjn (co, T) (2)

and the Green's function for the response of the sys-
tem given by

Gs(«)) =
coo —co +i I co

o)p —o) +i yes

D [I —i &or ( T) j

Here the optic mode has frequency coo and damping

I; the acoustic mode, so~ and y', and the phason is

assumed diffusive with characteristic Debye time
7 ( T). However, in the earlier analysis of Bechtle
et al. it was assumed that 8 && o. was a good approx-
imation. This would give off-diagonal scattering po-
larizability for the central mode and at TI a width of
0.73 6Hz, in contrast with experiment. The actual
experimental data require o. ~8 in the above formal-
ism; this enables the explanation of the fact that
a„)&nbb, o,„as well, since that is already known '
to be true for the soft optic mode [of frequency cu« in

Eq. (3)].
The observation of a q dependence of central

mode linewidth by Lyons et al. is required by any
analysis which assumes that the phasons are dif-
fusive.

Recently Lavrencic and Scott have presented" a
theory of phasons in BaMnF4 based upon a Landau-
Khalatnikov approach. Their analysis is more specifi-

cally suited to BaMnF4 than was the earlier phason-
diffusion theory of Bhatt and McMillan. ' However,
they not only preserve the q2 dependence of the
phason linewidth in their theory (measured experi-
mentally by Lyons et al. 4O "'), they generate a rela-

tionship between the temperature dependence of dif-

fusion parameters and the temperature width of sta-
bility for the incommensurate phase. Their result for
BaMnF4, using experimental relaxation parameters,
is that the width of the incommensurate phase should
be of order 3 K. This also bears upon the possibility
of two transitions a few degrees apart in various

specimens.
To summarize this section: Dielectric and

specific-heat data for some BaMnF4 samples indicate
the presence of two transitions 4 to 8 K apart. If the
lower transition is a lock-in transition to a commens-
urate phase, the central mode light scattering data of
Lyons et al. would have a simple explanation. The
presence of two transitions in the sample studied at
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Brookhaven is, however, completely ruled out.
X-ray and neutron data show two different sets of in-

stabilities, at (0.4,0,—,) and (0.392, —,, —,), respective-
1 1

ly, which may relate to the possibility of two transi-
tions. No x-ray studies have yet shown the presence
of a middle phase, however.

V. CONCLUSIONS

The specific heat of single crystals of BaMnF4 has
been measured and shown to exhibit a mean-field
discontinuity at TI =255 K (Ref. 45) plus additional
structure, including a power-law divergence with la-
tent heat 6.4 cal/mol, a small shoulder about 2 K
below Ti, and a distinct but small anomaly (0.3
cal/mol) at 247 K. The specific-heat data satisfy the
predictions of a defect-dominated dynamical theory
of Levanyuk. et al. , which is further confirmed by

comparison of ultrasonic attenuation and soft-mode
linewidth divergences with its predictions. For some
specimens dielectric data, specific-heat measure-
ments, light scattering, and x-ray studies suggest that
two separate lattice instabilities (arid two phase transi-
tions) may be present. 46 The light scattering data
may be explained by a model in which phasons in the
incommensurate phase are diffusive and receive their
light scattering cross sections via coupling with the
soft optic phonons. The lack of temperature depen-
dence of the incommensurate wave vector' "is still
poorly understood, despite a recent theoretical
analysis, and may involve fluorine vacancies.
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