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Linear dichroism (LD) has been investigated on ferroelectric antiferromagnet BaMnF4 in a
temperature range of 15-300 K. The LD is clearly observed to reflect the order parameter of the

structural phase transition (transition temperature:
Tv=26 K) as in the case of linear birefringence.

range order (Néel temperature:

T:=252 K) and antiferromagnetic short-
It is

confirmed, from a jump of LD at 7; and a value of critical exponent 8=0.23, that a slight first-
order character is involved in the structural phase transition. No additional structural phase tran-

sition was observed below T7.

I. INTRODUCTION

BaMnF, , known as one of the ferroelectric ferromag-
nets, possesses both ferroelectric and antiferromagnetic
properties. An excellent review article on the subject has
been given by Scott.! It exhibits a structural phase transi-
tion at about T;=252 K.2 Below 77 the crystal is
changed from a layered orthorhombic structure to an in-
commensurate structure where the incommensurability is
along the crystal a axis. On the other hand, two-
dimensional (2D) antiferromagnetic short-range order ex-
ists below about 80 K, and 3D antiferromagnetic order
appears below Ty =26 K.

A considerable amount of investigation has been under-
taken on the structural and magnetic phase transitions of
this material using various experimental techniques.
Various optical and spectroscopic measurements were also
performed. Of them, the refractive index (RI) and linear
birefringence (LB) measurements have been made by
several investigators.?”> The LB and RI studies provide
useful information about both the order parameter of
structural phase transition and the magnetic short-range
order.

The linear dichroism (LD) measurement was done by
Regis, Candille, and St-Gregoire.® They reported the re-
sult of LD in a narrow temperature region of 210-290 K
around 77 for only the ac plane of crystal, with the light
propagating along the b axis. They obtained values of
AD., [=(k.—ky)/(k.+k,), where k, is the absorption
coefficient measured using a linearly polarized light whose
electric vector is parallel to the a axis] as LD for the ac
plane although the difference of k. and k, is usually’
defined as the LD. To compare LD with LB (=n,—n,
for the ac plane, where n. is refractive index along the ¢
axis), the measurement of k.—k, (=Ak.,) is more
reasonable than that of AD.,. Compared with the LB
study, much less is known about the LD of BaMnF,. In
this paper we investigate the LD spectra and temperature
dependence in a region of 15-300 K. We obtain values of
Ak as a LD measurement here.

It would be interesting to know if the LD measurement
reveals the presence of both of the structural and magnet-
ic phase transitions. Here we concentrate our attention on:
what kind of answer the LD study gives to several prob-
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lems concerning the structural phase transition that are
currently interesting to many investigators:>~7 (1) Does
the transition have first-order or second-order character?
(2) What value is the critical exponent B of the order pa-
rameter associated with the structural phase transition?
(3) Is there a second structural phase transition below T;
which suggests a new incommensurate-to-commensurate
transition?

II. EXPERIMENTAL PROCEDURE

For optical measurements, we used a single crystal of
BaMnF, which was cleaved along {100} planes, oriented
by the Laue x-ray backreflection method and then cut in
the form of a cuboid of dimensions 3.0, 3.7, and 5.3 mm
along the a, b, and ¢ axes, respectively. The crystal faces
were then ground and polished. Additionally we also used
single crystals with thickness of 0.3-0.6 mm. The orienta-
tion of crystal was checked by optical absorption spectros-
copy using linearly polarized light. The absorption spec-
tra were measured using a Shimadzu MPS-50L spectro-
photometer. -

LD was measured using a JASCO J-40A automatic
recording circular dichroism (CD) spectropolarimeter in a
spectral region of 210-700 nm. The sample was cooled
using a cold finger in an Osaka Sanso Cryo-Mini closed-
cycle helium cryostat.

III. LINEAR DICHROISM MEASUREMENT

We had a measurement on BaMnF, previously using
the JASCO CD polarimeter and obtained a CD signal
quite similar to the LD signal.® Thus we suggested that
the CD signal is generated from LD and LB by virtue of
the optical activity of the crystal. Later Shindo et al. pub-
lished several theoretical papers on the CD signal of an-
isotropic materials which is obtained from the convention-
al CD polarimeter.’ ~!! Taking into account the analysis
of Shindo et al. we conclude that the signal obtained by
our JASCO CD polarimeter is not a real CD for BaMnF4
but is rather a signal which is approximately proportional
to LD, i.e., Ak, because the crystal is an anisotropic one
having both LB and LD.
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FIG. 1. CD spectra of the C absorption-band region in the ac
and bc planes of BaMnF, at 20 K.

This was confirmed from the comparison of spectra ob-
tained by the CD polarimeter with LD spectra which were
obtained from differences among linearly polarized k,, ks,
and k. absorption spectra. For example, a difference be-
tween the k. and k, absorption spectra in the C band,!?
i.e., Ak., spectrum, is quite similar to the CD spectra ob-
tained for the ac plane (see left panel of Fig. 1) by the CD
polarimeter. The same is true for the bc plane (see the
right spectrum of Fig. 1). This is true for not only the C
band but also other absorption bands. Additionally, it was
observed that, when we rotate the ac sample around the b
axis by 90°, the signal measured by the polarimeter rev-
erses its sign. Therefore the signal obtained by the CD
polarimeter is suggested to reflect the LD signal.

1V. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the LD
measured using 334.4-nm light which corresponds to a
wavelength in the E absorption band.'? Similar results
are obtained using light corresponding not only to the oth-
er absorption band region but also to the transparent re-
gion.
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FIG. 2. Temperature dependence of the polarimeter signal,
i.e., LD, in the ab plane measured using 334.4-nm light.

The temperature dependence of LD is similar to that of
LB signal.? When the temperature is decreased from 300
K, the LD varies linearly against temperature, a big dip
appears around 77, and a monotonous decrease of LD ap-
pears again in a temperature region between about 200
and 80 K. Below about 80 K, the LD curve bends down-
ward, suggesting it is caused by the magnetic phase tran-
sition as the case of LB measurement.? On the other
hand, the presence of a big dip in the LD curve shows
clearly that the structural phase transition affects the LD
of crystal.

The magnetic contribution to LD is obtained by the
subtraction of the LD due to structural phase transition
from the observed LD curve since the LD due to lattice vi-
brations is believed to have no change against temperature
below 80 K from the LB study.? If the LD due to structur-
al phase transition is assumed to continue the monotonous
decrease below 100 K as observed in the 200-80 K region
(see a broken line of Fig. 2), the subtracted LD is quite
similar to the temperature dependence of the magnetic
short-range order which was estimated from the LB and
dielectric constant measurements.>!3 The short-range or-
der extends over a temperature of about 3T since
BaMnF, is a 2D antiferromagnet. Thus, the downward
bending of LD observed below 80 K is confirmed to reflect
the magnetic phase transition.

In Fig. 3 are shown the anomalous behaviors of LD ob-
served around 77 in ab, bc, and ac planes. The LD varies
linearly with temperature above about 270 K and it is con-
nected with the lattice vibration of the crystal. The LD
value is rising on approaching 7; when temperature is de-
creased. The rise starts from about 270 K and a sharp rise
occurs at 77 in all the three planes. Of the three planes,
the ac and ab planes exhibit a continuous rising near 7}
but the bc plane exhibits a discontinuous, steplike rising.

To reveal the contribution of the structural phase tran-
sition to the LD variation, we subtract the contribution of
lattice vibration from the observed LD curve. This is done
by assuming that the LD due to lattice vibration varies
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FIG. 3. Temperature dependence of the polarimeter signal,
i.e., LD, measured using 600-nm light, around 77 in the ab, bc
and ac planes.
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linearly against temperature in a region of 320-240 K
(see broken lines of Fig. 3), just as the case of LB
analysis.2 Curve 4 of Fig. 4 shows an example of a
structural-phase-transition-induced LD curve where the
contribution of lattice vibrations is subtracted.

An upward bending is observed to start from about 270
K in curve A4 of Fig. 4. The bending which continues up to
a temperature close to 77 is believed to be due to fluctua-
tions of the order parameter since the same behavior has
been also observed in LB and neutron diffraction measure-
ments.>>7 Assuming that the similar critical fluctuation
is present below T;,?> we have constructed a symmetric
fluctuation background (curve B of Fig. 4). Curve C of
Fig. 4 shows a LD curve which was obtained by subtract-
ing the symmetric fluctuation contribution from curve A.
Thus curve C reflects the amplitude of static structural or-
der parameter.? A value of critical exponent 8 can be es-
timated from curve B since the exponent of the tempera-
ture dependence of LD due to structural phase transition
is of the order of 2 as in the case® of LB. A best fit to
curve C in a temperature range of 0 < 7T; — 7T <20 K was
obtained using a value of $=0.23 and 7, =252 K. This 8
value is not far from previously determined values, i.e.,
[3-’-—-0.28,2’3 ﬁ==0.34,6 and B =0.31,7 although our value is
smaller than these.

Now we can answer the questions concerning the
structural phase transition which were pointed out in the
Introduction. We can determine whether the transition
has first-order or second-order character from the result
shown in Fig. 3. The transition has nearly-second-order
character since continuous variation is observed around
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FIG. 4. Temperature dependence of the polarimeter signal,

ie., LD, due to the structural phase transition (see text on

curves 4, B, and C). The signal was obtained using 672.6-nm
light in the ab plane.

Ty, but its first-order character cannot be neglected since
a slightly discontinuous jump is observed in the bc plane.
The discontinuity at 7 was also observed in the tempera-
ture dependence of LB (Refs. 2-4) and RI (Ref. 3) al-
though no discontinuity was observed in neutron diffrac-
tion.” The observation of slight first-order character is
consistent with a theoretical expectation which was ob-
tained by Cowley and Bruce.'* Furthermore, we obtained
B=0.23 as the critical exponent (Fig. 4), which is close to
B=0.25 expected from the Landau theory of the first-
order transition.” This also supports the presence of first-
order character in the structural phase transition.

Our measured LD signal does not support the possibili-
ty of a second structural phase transition. The second
phase transition has been observed to appear within 8 K
below T, from dielectric measurement by Levstik, Blinc,
Kodaba, and Cizikov'> and the specific-heat measurement
by Scott, Habbal, and Hidaka'® although the separation
between temperatures occurring the first and second tran-
sitions is not the same between the two measurements.
No additional anomaly such as dip or jump, indicating the
presence of second phase transition, however, is observed
below T; or even above T, in our LD measurement, in
agreement with the results of LB and RI (Refs. 2, 3, and
5), and x-ray and neutron diffraction measurements. 17
This fact gives support to the suggestion of St-Gregoire et
al.’ that such an additional anomaly can be attributed to
defects or impurities. ‘

The commensurate-to-incommensurate phase transition
occurs at 77 in BaMnF, . The absence of the second
structural phase transition indicates that, unlike other
incommensurate materials, the incommensurate-to-
commensurate phase transition does not occur below T
with decreasing temperature. By the way, BaMnF, is a
crystal which has both the ferroelectric and antiferromag-
netic properties. Therefore, the coexistence of electric po-
larization and magnetic moment affects not only the
dielectric and magnetic properties of this material but also
the crystal structure. The unusual feature that the
incommensurate-to-commensurate transition does not ap-
pear could be caused by such a magnetoelectric effect, but
the detailed mechanism is not clear at this moment.

Recently Scott’s group measured the rotation of an op-
tical indicatrix and the optical activity of BaMnF, using a
polarimetric technique. They determined that the optical
ellipsoid rotates by an angle of about 4’ and the optical ac-
tivity tensor component is G33=5x%10"° below T;.>'8
Therefore, the fact that the CD polarimeter gives a LD
signal and that the temperature dependence of the LD sig-
nal reflects the phase transition, as observed in the present
study, can be explained by the rotation of the optical indi-
catrix, i.e., the rotation of the main axis of the elliptically
polarized light in the crystal, and also by the optical gyra-
tion.

V. CONCLUSIONS

We have measured, using CD polarimeter, a LD signal
for the anisotropic crystal BaMnF4 with LB and LD, in
agreement with the analysis of Shindo ez al. for the con-
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ventional CD polarimeter. From the temperature depen-
dence of the LD obtained, it is confirmed that the LD of
BaMnF, is induced by magnetic and structural phase
transitions and lattice vibrations, and that the LD due to a
structural phase transition consists of two parts of the
structural order parameter and its fluctuations. The
present LD study gives the following answers to the prob-
lems which are of current interest: (1) the incommensu-
rate structural phase transition has a slight first-order

character, and (2) an additional structural phase transi-
tion does not occur below T;(=252 K).
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