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Magnetic and dielectric properties of hexagonal InMnQO;
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High quality ceramics of hexagonal InMnO; were prepared using a high-pressure and high-temperature
technique (at 6 GPa and 1373 K). Magnetic properties of InMnO; were investigated using dc and ac magne-
tizations and specific heat. High-temperature behavior was studied with differential scanning calorimetry,
differential thermal analysis, time-domain terahertz (THz) transmission, and infrared reflectivity spec-
troscopies. Antiferromagnetic long-range magnetic order takes place below Ty=118 K with very weak anoma-
lies on magnetic susceptibilities and a strong anomaly on specific heat. No change in specific heat was found
at a magnetic field of 7 T. Very weak ferromagnetic properties were detected below 7. High-temperature
(above 250 K) low-frequency permittivity is strongly enhanced by the Maxwell-Wagner polarization but
intrinsic permittivity measured in a THz range shows only small linear increase with temperature up to 900 K.
Ferroelectric hysteresis loop measurements (below 250 K) revealed no spontaneous polarization; therefore,
InMnOj; is nonferroelectric. Absence of a structural phase transition is also supported by infrared reflectivity
studies (taken up to 850 K). However, low-frequency permittivity exhibits an anomaly near Ty giving evidence

about a magnetoelectric coupling.
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I. INTRODUCTION

Recently, there has been a revival of interest in multifer-
roic materials.?> In magnetoelectric multiferroic materials,
magnetism and (anti)ferroelectricity coexist.! Among various
multiferroic materials, hexagonal (space-group P6;cm) man-
ganites RMnO; (R=Sc, In, Y, and Ho-Lu) are particularly
interesting because of the specific origin of ferroelectricity,’
coupling between different order parameters,” and frustrated
magnetism.* There are a lot of experimental and theoretical
works on hexagonal RMnO; with R=Sc, Y, and Ho-Lu.>2*
The ferroelectric (FE) phase transition in these compounds
takes place at high temperatures above 1100-1200 K.~
Note that the ferroelectric phase-transition temperatures are
still a matter of debate in the literature (for the same compo-
sition, quite different values are given).’~!® Because Mn3*
ions form a triangular lattice, there is strong magnetic frus-
tration. Mn** ions in RMnO; order antiferromagnetically
(Ty=130 K for ScMnO; and Ty=70-75 K for YMnO3) in
the 120° structure with the same magnetic and chemical unit
cells (propagation vector k=[0,0,0]).511-13

To the best of our knowledge, there are only four papers
about hexagonal InMn0Q;.2>28 The very limited number of
works on InMnOQOj is probably related to difficulties in prepa-
ration of InMnQ,.2° The lattice parameters of InMnO; have
anomalies compared with other compounds in the series: the
a lattice parameter (=5.8758 A) is smaller than expected,
and the c lattice parameter (=11.4715 A) is larger than
expected.?® Very weak anomalies were observed on the mag-
netic susceptibilities near 15, 40, and 120 K.?*27 Broad mag-
netic reflections on neutron powder-diffraction patterns ap-
peared below 120 K with the propagation vector k
=[0,0,1/2].2° The propagation vector in InMnOj is different
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compared with other RMnO; compounds. The magnetic re-
flections were assigned to two-dimensional short-range or-
der, and the absence of long-range order in InMnO; was
postulated.?® In Ref. 27, it is reported that Ty=15 K.

Another work has reported that long-range antiferromag-
netic order with weak ferromagnetism takes place at Ty
=50 K in InMnQOs;, and a FE transition occurs at Tcg near
500 K.?® Unfortunately, no information about the sample
preparation, sample purity, and quality was reported in Ref.
28; moreover, no discussion of the reported magnetic prop-
erties compared with those of Ref. 26 was given. In the first
works on ScMnOj;, a weak ferromagnetic signal was ob-
served below 40-50 K with hysteresis on the M vs H
curves.!!? Later, it was shown that ferromagneticlike
anomalies near 40-50 K are related to the ferrimagnetic im-
purity of Mn;O,, and pure samples showed anomalies only
near Ty.'* For example, reheating at 1170 K in flowing O,
produced impurity-free ScMnO5 samples.'* In good RMnO;
(R=Sc, Y, and Ho-Lu) powder samples, very weak or no
anomalies were detected at T on magnetic-susceptibility
curves while specific-heat measurements clearly showed the
onset of magnetic ordering.'>!4

Magnetic and dielectric properties of hexagonal InMnOj5
are still not clarified and controversial compared with those
of RMnO; (R=Sc, Y, and Ho-Lu). In this work, we report the
preparation of high quality samples of hexagonal InMnO;
using a high-pressure technique, and its magnetic properties
studied with dc and ac magnetizations and specific heat. The
FE phase transition occurs according to Ref. 28 near 500 K,
and because low-frequency dielectric data can be strongly
influenced by conductivity at such high temperature, we per-
form high-frequency experiments in a terahertz (THz) range
up to 900 K to clarify the nature of the ferroelectric phase
transition without influence of conductivity. We will show
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that, based on dielectric measurements, InMnOj is not ferro-
electric but it shows a dielectric anomaly near Ty=118 K
giving evidence about a magnetoelectric coupling.

II. EXPERIMENTAL

A stoichiometric mixture of In,O3 (99.9%) and Mn,0;
was placed in Au capsules, and treated at 6 GPa in a belt-
type high-pressure apparatus at 1373 K for 30 min (heating
rate of 110 K/min). After heat treatment, the samples were
quenched to room temperature (RT), and the pressure was
slowly released. The resultant samples were black dense pel-
lets. Single-phase Mn,0O5; was prepared from a commercial
MnO, (99.99%) by heating in air at 923 K for 24 h. X-ray
powder-diffraction (XRD) data of InMnOj; collected at RT
on a RIGAKU Ultima III diffractometer using Cu K, radia-
tion (26 range of 5-100°, a step width of 0.02°, and a
counting time of 10 s/step) showed that the samples
contained a very small amount (1 wt. %) of cubic In,O5 as
an impurity. The lattice parameters were refined by the Ri-
etveld method with RIETAN-2000 [¢=5.8818(1) A and ¢
=11.4810(5) Al

InGaO; with space-group P6s;/mmc [the refined lattice
parameters of our sample are a=3.3103(1) A and ¢
=12.0469(5) A] (Ref. 30) has a structure corresponding to a
paraelectric phase of RMnO; (R=Sc, Y, In, and Ho-Lu) and,
therefore, we used InGaOj; for estimation of the lattice con-
tribution to the specific heat of InMnO;. Single-phase
InGaO; was prepared from In,O5 and Ga,05 (99.9%) pow-
ders at 6 GPa and 1373 K for I h.

dc magnetic susceptibilities, y=M/H, of InMnO; were
measured on a superconducting quantum interference device
(SQUID) magnetometer [Quantum Design, Magnetic Prop-
erty Measurement System (MPMS)] between 2 and 350 K in
applied fields of 0.01, 1, and 7 T under both zero-field-cooled
(ZFC) and field-cooled (FC) (on cooling) conditions, and
between 300 and 700 K in an applied field of 5 T on heating.
Isothermal magnetization measurements were performed be-
tween —7 and 7 T at 5 K. Frequency dependent ac suscepti-
bility measurements at zero static magnetic field were per-
formed with a MPMS instrument from 200 to 2 K at
frequencies (f) of 0.5, 2, 7, 25, 110, and 300 Hz, and an
applied oscillating magnetic field (H,.) of 5 Oe. No fre-
quency dependence was found. Specific heat, C,, of InMnO;
at 0 and 7 T was measured between 2 and 300 K on cooling
by a pulse relaxation method using a commercial calorimeter
[Quantum Design, Physical Property Measurement System
(PPMS)].

For the time-domain THz transmission experiments, we
used a Ti:sapphire femtosecond laser oscillator. Linearly po-
larized THz probing pulses were generated by an interdigi-
tated photoconducting switch from GaAs and detected using
the electro-optic sampling with a 1-mm-thick [110] ZnTe
crystal. The complex dielectric spectra were taken in the
range of 8—55 cm™' (240 GHz-1.65 THz) at temperatures
from 300 to 900 K. Low-frequency (100 Hz—1 MHz) dielec-
tric measurements were performed between 10 and 300 K
using an impedance analyzer HP 4192A. In the same tem-
perature range, ferroelectric hysteresis loops at frequencies
of 1-50 Hz were investigated.
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Near-normal infrared (IR) reflectivity spectra were ob-
tained using a Fourier transform IR spectrometer Bruker IFS
113 in the frequency range of 50-650 c¢cm™' (1.5-19.5 THz),
i.e., in the range of polar-phonon frequencies. The IR mea-
surements were performed up to 850 K using a commercial
high-temperature sample cell SPECAC P/N 5850. The same
cell was used also for high-temperature THz experiment.

Differential scanning calorimetry (DSC) curves of
InMnO; were recorded on a SII Exstar 6000 (DSC 6220)
system at a heating/cooling rate of 10 K/min from 290 to 873
K (two runs) in semiclosed aluminum capsules. The first
heating DSC curve of InMnO; showed a very broad anomaly
between 625 and 750 K. However, no anomalies were found
on the cooling curves and the second heating curve. There-
fore, the origin of the anomalies in InMnOj; on the first heat-
ing curve is likely to be annealing effects observed in many
samples prepared at high pressure.?' The XRD data collected
after the DSC experiment showed no change in the phase
composition. The thermal stability of InMnOj in air was also
examined on a SII Exstar 6000 (TG-DTA 6200; TG is ther-
mogravimetry) system between 290 and 1340 K at a heating/
cooling rate of 10 K/min using Pt holders. No anomalies
were found on the differential thermal analysis (DTA)
curves. The XRD data collected after the TG/DTA experi-
ment showed the presence of cubic In,O5 (~8.5 wt %) and
Mn;0, (~5.0 wt %) phases in addition to hexagonal
InMnO;.

III. RESULTS AND DISCUSSION

Figure 1 shows dc magnetic susceptibilities of InMnOj;
between 2 and 700 K. Small increase in the y values with
difference between the ZFC and FC curves was observed
below Ty=118 K. Very weak and broad anomalies were de-
tected near 55 K at 0.01 T. However at 1 and 7 T, there were
no anomalies near 55 K. A broad maximum was observed
below 118 K on the ZFC curves at 0.01 and 1 T; however, no
such feature was detected at the 7 T ZFC curve. At 7 T, there
was only a kink at 118 K.

We note that some of our lower quality InMnO5; samples
[containing (In,Mn)OOH and rhombohedral In,O5 as detect-
able (by XRD) impurities] showed anomalies on magnetic
susceptibilities near 15 and 40 K, that is, at the same tem-
peratures as anomalies found in Refs. 26-28. Therefore,
anomalies near 15 and 40 K are most probably extrinsic, and
our high-pressure sintering technique can produce high qual-
ity InMnOj; samples.

The inverse magnetic susceptibilities of InMnO; in the
temperature range of 300-700 K were fit by the Curie-Weiss
equation,

X(T) = xo + pegN[3kp(T - )T, (1)

where .l =4.88(7)ug] is effective magnetic moment, N
is Avogadro’s number, kz is Boltzmann’s constant,
0=-768(19) K] is the Weiss constant, and xo[=1.5(4)
X107 cm®/mol] is the temperature-independent term. The
effective magnetic moment is very close to the expected
value of 4.90u, for Mn®*. The ratio |6/ T|=6.5 indicates the
presence of frustration. Note that, because of the large |6
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FIG. 1. (Color online) (a) ZFC and FC dc magnetic-

susceptibility (y=M/H) curves of InMnO; measured at 107> T
(the left-hand scale) and the inverse ZFC magnetic-susceptibility
curve measured at 1 T (the right-hand scale). (b) ZFC (white sym-
bols) and FC (full symbols) dc magnetic-susceptibility curves of
InMnO; measured at 1 T (circles) and 7 T (triangles). The inset
gives the x~! vs T curve (symbols) measured at 5 T from 300 to 700
K. The line shows the fit to Eq. (1) with parameters given on the
figure.

values in hexagonal manganites, the reliable parameters can
be obtained by fitting in a high-temperature region,'4?® and
inverse magnetic susceptibilities below about 300 K show
noticeable deviation from the linear Curie-Weiss behavior
[Fig. 1(a)].

Close examination of the ZFC curves at 0.01 and I T
showed that there were two anomalies: at 118 and 110 K,
respectively. This feature is more clearly seen on the ac sus-
ceptibility curves of InMnO; (Fig. 2). The x' vs T curve
showed broad maxima centered at 110 and 118 K. The x” vs
T curve demonstrated a maximum only below 110 K indicat-
ing the appearance of a weak ferromagnetic moment.
Anomalies were also observed near 55 K on both x’ vs T'and
X" vs T curves in agreement with the dc magnetization mea-
surements at 0.01 T. The anomalies near 55 K are probably
originated from a very small amount of magnetic
impurities'! undetectable by XRD.

Figure 3 depicts the isothermal magnetization curves at 5
K. The M vs H curves are basically linear. A very small
hysteresis is observed with the coercive field (H,) of about
0.015 T and the remnant magnetization (M,) of about 1.3
X 10~*u per formula unit (during the ZFC M vs H measure-
ments from 0 to 1 T, from 1 to =1 T, and from -1 to 1 T).
The magnetic moment reaches only 0.06uz per formula unit
at 7 T.

Figure 4 shows the specific heat of InMnOj; at O T plotted
as C,/T vs T. There was no detectable difference at 7 T
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FIG. 2. Real x’ and imaginary x” parts of the ac susceptibility
as a function of temperature (2-200 K) for InMnOs. Measurements
were performed on cooling at zero static field using the ac field with
the amplitude H,,=5X107* T and frequency f=110 Hz.

similar to the specific heat of YMnO;, LuMnOj;, and
ScMnOs.'* This fact shows that magnetic field (at least up to
7 T) has a very small effect on antiferromagnetic ordering.'”
The characteristic peak (\-type anomaly on the C,, vs T) was
observed at 118 K indicating the onset of long-range order-
ing. The lattice contribution (C;) in InMnO; was estimated
in two ways. First, we used the raw specific-heat data of
InGaO; containing no magnetic ions [C;(1)]. The magnetic
specific heat [C,,(1)] of InMnO; is obtained by subtracting
the total specific heat of InGaO; from that of InMnOs [C,,
=C,—C;]. The magnetic entropy was obtained using the
equation

S, = f (C,/T)dT. (2)

S,,(1) estimated in the first way is 14.2 J K~! mol™! (referred
to the value at 300 K) that is slightly larger than the spin-
only value of RIn(2S+1)=RIn5=13.38 J K~! mol™! ex-
pected for the S=2 systems (S is spin). As seen from Fig. 4,
this discrepancy is obviously from the poor lattice estimation
above 200 K.
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FIG. 3. Isothermal magnetization curves of InMnOjs at 5 K. The
inset shows the curves near the origin.
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FIG. 4. (Color online) C,/T vs T, C,,/T vs T, and S, vs T
curves of InMnO3 at 0 T between 2 and 300 K (C,, is magnetic
specific heat and S, is magnetic entropy). The C,/T vs T curve of
InGaOs (triangle symbols) gives the first lattice estimation [C/(1),
see the text]; the line shows the fit with Eq. (3). C;(2) presents the
second lattice estimation (see the text). C,,(1)/T and S,(1) were
obtained using C;(1), and C,,(2)/T and S,,(2) using C;(2). See the
text for detailed explanation.

The specific-heat data plotted as C,/ T° vs T showed
broad maxima at 24 K in InGaO; and 20 K in InMnO; (Fig.
5). The similar broad peak was observed in the specific heat
of LuMnO5."> Bumps were also found near 50 K on the
C,,/ T vs T curves of YMnOs, LuMnO;, and ScMnO5.'* The
appearance of broad peaks and bumps was first assigned to
the magnetic contribution from Mn>* at low temperature due
to strong frustration. However, it was shown later that broad
maxima on the C,/T% vs T curves are not related to Mn**
ions (or anomalous magnetic contribution) but come from
the specific lattice contribution that is usually neglected.'® In
most cases, the Debye approximation is used to estimate C;.
This approximation works well for systems dominated by
acoustic phonons. However, very often additional contribu-
tions are present from optical modes (Einstein contribution
to the excitation spectrum). InGaO; has no magnetic ions
and it exhibits a broad maximum on the C,,/T3 vs T curve.
This fact clearly shows the presence of the Einstein contri-

bution in C; of InMnOs.
2.5
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FIG. 5. (Color online) C,/ T3 vs T curves of InMnOj (circle
symbols) and InGaOj; (triangle symbols) at O T between 2 and 300
K. The line shows the fit with Eq. (3) for InGaOs.
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Therefore, we fitted the C, vs T data of InGaO; between
2 and 300 K using the equation

Cp=D(6py.np1) + D(Op.npy) + E(Op,ng), (3)

where D is the Debye function with the Debye temperature
of 6y and the oscillator strength of np, and E is the Einstein
function with the Einstein temperature of ; and the oscilla-
tor strength of ny. It was shown that two Debye functions are
necessary to give good fitting in the whole temperature
range. A good fit (Figs. 4 and 5) was obtained with reason-
able parameters (6;=123 K and ng=0.8/fu.,'® @),
=882 K and np=9.7/f.u., and 6p,=355 K and np,
=4.5/f.u.)."* Then we fit the C, vs T data of InMnOj; be-
tween 200 and 300 K with Eq. (3) with fixed 0, ng, np;, and
np, or fixed 6y, ng, Op;, np;, and 6p,. Both fittings gave
similar estimation of C;(2) (the second way of estimation).
S,,(2) estimated in the second way is 7.3 J K~! mol™! that is
noticeably smaller than the spin-only value. This is probably
related to the magnetic frustration. The way of estimation of
C; had no principal effect on the form of the C,,/T vs T
curves of InMnOQj, that is, no bumps were found on the C,,/T
vs T curves of InMnO; below Ty, compared with the data for
ScMnO;.'* However, we believe that C;(2) was estimated in
a more reasonable way, giving the more reliable S,,(2) value.

To the best of our knowledge, the only paper with the
synthesis and properties of InGaO; reported that its resistiv-
ity (0.015 Q cm at RT) is temperature independent between
4 and 300 K.3° This result is quite surprising. Therefore, we
think it is necessary to comment on it. The specific-heat mea-
surements of InGaO5 showed a negligible linear contribution
to the specific heat. Our resistivity measurements on ceramic
InGaO; samples showed a semiconductor-type behavior.
Therefore, the reported peculiar electrical behavior of
InGaO; in Ref. 30 is probably of extrinsic origin.

Magnetic susceptibilities and specific heat of InMnO; are
similar with those of other hexagonal manganites; that is,
there is a small anomaly near 7 on magnetic susceptibilities
and a strong anomaly on specific heat. The specific-heat data
confirmed the onset of long-range magnetic order. Therefore,
the appearance of magnetic reflections on neutron powder-
diffraction patterns below 120 K should be considered as
confirmation of three-dimensional magnetic order rather than
two-dimensional short-range order.?® The broadening of
magnetic reflections observed in Ref. 26 can probably be
explained by difficulties in preparation of samples with good
crystallinity at ambient pressure [according to our results,
InMnOj starts to decompose around 1300 K in air (see be-
low); but synthesis of RMnOj; requires annealing at 1270-
1670 K]. The magnetic structure of InMnQO; with the propa-
gation vector k=[0,0, 1/2] should be different from those of
other hexagonal manganites with the propagation vector k
=[0,0,0] and requires special investigations.

The magnetic transition temperatures 7, decrease in
RMnOj; with increasing radius of R** ions [Ty=130 K with
rvi(Sct)=0.745 A2 Ty=90 K with ry(Lu’*)=0.861 A,
and Ty=71 K with ry;(Y>*)=0.900 A]."* InMnO; with T}
=118 K and ry;(In*)=0.800 A is in agreement with this
tendency.
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FIG. 6. (Color online) Frequency dependence of (a) real and (b)
imaginary parts of complex permittivity in a THz range at different
temperatures. The inset (c) shows temperature dependence of &’
and &” measured at 1 THz on heating.

No anomalies were found on the DSC curves between
300 and 870 K (except for the first heating curve); moreover,
the phase composition did not change. No anomalies were
also found on the complex dielectric permittivity measured
at 1 THz between 300 and 900 K (inset of Fig. 6). The
permittivity increases gradually from about 16.6 at 300 K to
18.6 at 900 K while a peak in THz &'(T) should be seen in
the case of a displacive ferroelectric phase transition. Such
permittivity values of InMnOjs are in agreement with those of
other hexagonal manganites RMnO; (R=Sc, Y, and Lu) (e
=15-22 at 150 K).'*!5 The small increase in permittivity
with temperature is caused by slight shift of several phonon
frequencies to lower values (i.e., phonon softening) observed
in IR reflectivity spectra (see Fig. 7). Mainly the phonon near
155 cm™! exhibits 10 cm™' shift down. It follows from sum
rule for oscillator strengths f; of polar phonons,

fzz,szz, Aaj(T)w?(T) = const. 4)

Here Ag; and w; denote dielectric strength (or contribu-
tion to static permittivity) and eigenfrequency of the jth po-
lar phonon, respectively. In the case when the phonons are
not coupled, which is a frequent case, each f; is temperature
independent [i.e., Asj(T)wJZ-(T)=const]. It means that each

PHYSICAL REVIEW B 79, 054411 (2009)

0.8_-0.50 |
0.7 Ho.a5 3
0.6 i
> 40.40 ]
:‘5 0.5 40 150/ 160 170 18| i
© 1 \ 1
2 041 T=300K
X 0.3 ---T=400K
] T =500 K
0.2+ —-—T=600K
] T=700K
011 -=---T=850K ]
0.0 . . : : :

T T T T T T
100 200 300 400 500 600
Wavenumber (cm)

FIG. 7. (Color online) Infrared reflectivity spectra of InMnO;
taken at various temperatures. Shift of lowest frequency phonon
with temperature seen in inset is responsible for the small increase
in THz permittivity with rising temperature (see inset of Fig. 6).

reduction in phonon frequency w; results in increase in di-
electric strength Aeg;.

THz spectra in Fig. 6 clearly show not only phonon con-
tribution (see the increase in &’ with rising frequency above
25 c¢cm™!) but also another excitation below 20 cm™! which
can be caused by microwave dielectric relaxation or conduc-
tivity. The latter possibility is more probable because con-
ductivity and the related Maxwell-Wagner polarization
strongly influence low-frequency dielectric data in Ref. 28
(see discussion below).

We have to stress that changes in a crystal structure,
which are necessary at a ferroelectric phase transition, are
always accompanied by changes in selection rules for activ-
ity of polar phonons in IR spectra.>> However, no phonons
disappear from the IR spectra at high temperatures (see Fig.
7), giving the evidence that the structure does not change at
least up to 850 K.

The reported observation of huge increase in low-
frequency permittivity (&’ up to 10°~10%) (Ref. 28) and its
very strong frequency dependence (reported below 50 kHz)
in InMnOj; are typical for extrinsic contributions, e.g., defect
induced conductivity inducing the so-called Maxwell-
Wagner polarization,>* which is responsible for relaxorlike
behavior observed in Ref. 28. Therefore, our results do not
confirm the ferroelectric phase transition at 500 K seen in
Ref. 28.

For suppression of the Maxwell-Wagner polarization in-
fluence on &', we performed low-frequency dielectric mea-
surements below 300 K (see Fig. 8). One can see that the
intrinsic permittivity can be measured below 250 K even at
10 kHz and that the permittivity (like in a THz range) is
much lower than that of Ref. 28 at RT (~70). Nevertheless,
low value of ¢’ does not exclude ferroelectricity. Therefore
we performed polarization hysteresis loop measurements at
various temperatures (see Fig. 9). No ferroelectric but just
loss dielectric behavior was observed. Note two shapes of
hysteresis loops taken at 250 K. An ellipsoid with two sharp
heads (similar to the reported curves in Ref. 28) was ob-
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FIG. 8. (Color online) Temperature dependence of (a) real and
(b) imaginary parts of complex permittivity below room
temperature.

tained in the case of the triangular-shaped increase and de-
crease in the applied voltage. However, in the case of the
sinusoidal change in the voltage, only a smooth ellipsoid,
corresponding to loss dielectric, was observed. The ellipsoid
narrows on cooling but it cannot be compensated down to 50
K. Nevertheless, the hysteresis loops are not ferroelectric,
and, therefore, InMnOj; behaves only as paraelectric in the
studied temperature and electric-field ranges despite the fact
that InMnOj; belongs to the family of ferroelectric materials
from the structural point of view.

The permittivity of InMnQOj; shows a curvature at Ty [Fig.
8(a)]; this curvature is very similar to the anomalies observed
in LuMnO; and YMnO; at Ty.'%!5 The anomaly near T)
gives evidence about the magnetoelectric coupling in
InMnO;. Two dielectric relaxations are clearly seen in di-
electric loss &” spectra below Ty and below 50 K [Fig. 8(b)].
The second relaxation probably comes from the magnetic
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FIG. 9. (Color online) Polarization hysteresis loops taken at
various temperatures. Different shape of two loops taken at 250 K is
caused by different kinds of applied electric voltage.

impurity detected by magnetic-susceptibility measurements
in our ceramic InMnOj; samples.

No DTA anomalies were found in InMnO; up to 1340 K;
however after the DTA experiment, the sample contained
hexagonal InMnO;, and impurities of In,O; and Mn;0,.
This fact shows that InMnO; gradually decomposes at high
temperatures, confirming the difficulties in the ambient-
pressure synthesis of InMnOj3. The formation of Mn;O, can
explain the magnetic anomalies observed near 40-50 K in
samples prepared at ambient pressure.?0-28

In conclusion, magnetic properties of hexagonal InMnOj;
were studied by dc and ac magnetizations and specific-heat
measurements. We found that long-range antiferromagnetic
order takes place below Ty=118 K. Dielectric and differen-
tial scanning calorimetry studies disprove the ferroelectric/
structural phase transition earlier reported near 500 K, and
moreover they give evidence that the sample is not multifer-
roic. InMnOs is just a paraelectric antiferromagnet but the
dielectric anomaly observed near T gives evidence about
magnetoelectric coupling so the sample is magnetoelectric.
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