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1. INTRODUCTION

Hexagonal manganites RMnO3 (R = Sc, In, Y, and Ho�Lu)
crystallize in space group P63cm and have a layered structure in
which the layers of R3þ ions are separated by layers of corner-
sharedMnO5 trigonal bipyramids.1,2Mn3þ ions form a triangular
lattice producing strong frustration and resulting in interesting
magnetic properties.3�8 RMnO3 shows antiferromagnetic long-
range ordering with Neel temperatures, TN, of 130 K for
ScMnO3 and 70�75 K for YMnO3. RMnO3 also exhibits
ferroelectricity with high ferroelectric Curie temperatures
(TFE) of 900�1200 K.1,9�13 Because of the high TFE, an
investigation of the ferroelectric�paraelectric phase transition
by means of dielectric measurements is difficult because of the
increased conductivity. The coexistence of ferroelectricity and
magnetism makes RMnO3 a multiferroic material.14�16

There are a lot of experimental and theoretical works on
hexagonal RMnO3 with R = Sc, Y, and Ho�Lu.1�22 Several
scenarios have been suggested as the origin of the ferroelectric
properties of YMnO3: (1) a displacement of the O1�Mn�O2
axis of theMnO5 polyhedron,

9 (2) an off-centering displacement
of Y ions governed by electrostatic and size effects,14 and (3) an

off-centering displacement of Y ions governed by strong hybri-
dization of Y 4d�O 2p bonds.17�19 Detailed symmetry analyses
for YMnO3 show three possible paths from the high-temperature
paraelectric P63/mmc (Z = 2) structure to the low-temperature
ferroelectic P63cm structure (Z = 6), where Z is the number of
formula units per unit cell.9,20,21 Two intermediate phases have
been suggested theoretically and experimentally: (1) an inter-
mediate phase with P63/mcm (Z = 6) symmetry10,13 and (2) an
intermediate nonferroelectric phase with P63cm (Z = 6)
symmetry.9,14,21 The latest experimental works suggested the
hybridization scenario17�19,21 and the nonferroelectric inter-
mediate phase with P63cm symmetry, P63cm f P63cm f P63/
mmc symmetry changes upon heating at TFE = 920 K and Tnpt =
1258 K, respectively, where Tnpt is a phase-transition tempera-
ture corresponding to the cell tripling.21

YMnO3 is an improper ferroelectric with a polarization value
of about 5 μC/cm2 along the c axis.14,20,22 It was suggested that
the nonferroelectric P63cm phase can be created after the K3

Received: December 11, 2010

ABSTRACT: Solid solutions InMn1�xGaxO3 (0 e x e 1) have
been investigated using magnetic, dielectric, specific heat, differ-
ential scanning calorimetry (DSC), and high-temperature powder
synchrotron X-ray diffraction (HT-SXRD) measurements. It was
found that samples with 0.5e xe 1 crystallize in space group P63/
mmc with a∼ 3.32 Å and c∼ 11.9 Å, and samples with 0.0e xe
0.4 crystallize in space group P63cm with a∼ 5.8 Å and c∼11.6 Å
at room temperature. HT-SXRD data revealed the existence of a
P63cm-to-P63/mmc phase transition at about 480 K in In-
Mn0.6Ga0.4O3 and at 950 K in InMn0.7Ga0.3O3. However, no
dielectric, phonon, second-harmonic-generation, or DSC anoma-
lies were found to be associated with these phase transitions. The
phase transition should be improper ferroelectric from the sym-
metry point of view, but the above-mentioned experimental facts,
together with the absence of ferroelectric hysteresis loops, revealed no evidence for ferroelectricity in the low-temperature P63cm
structure.We suggest that InMn1�xGaxO3 corresponds to a nonferroelectric phase of hexagonal RMnO3with P63cm symmetry. The
antiferromagnetic phase-transition temperature decreases from 118 K for x = 0 to 105 K for x = 0.1 and 73 K for x = 0.2, and no long-
range magnetic ordering could be found for x g 0.3. Specific heat anomalies associated with short-range magnetic ordering were
observed for 0.0 e x e 0.5. InMn1�xGaxO3 with small Mn contents (0.8 e x e 0.98) has a bright-blue color.
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phonon softening, and subsequently the Γ1 mode softening
induces the ferroelectric P63cm phase.9,14 Fennie and Rabe
showed that an improper ferroelectric phase is directly created
by K3 softening.20 Coupling of the K3 and Γ1 modes just
significantly enhances polarization. Nevertheless, they also sug-
gested the existence of a paraelectric P63cm phase (in an average
sense) in an intermediate-temperature range.20

Substitution effects on hexagonal RMnO3 (R = Sc, In, Y, and
Ho�Lu) have been investigated in a number of papers.23�33

Magnetocapacitance effects were found in YMn1�xTixO3 solid
solutions with a structural phase transition from hexagonal to the
R3c structure that takes place at around x = 0.2.29,30 A perovskite
phase appears in YMn1�xFexO3 solid solutions at around x =
0.3.31 Enhancement of magnetoelectric coupling was observed in
YMn1�xGaxO3.

27 Because the YMnO3 and YGaO3 (YInO3) end
members have the same crystal structure with the P63cm space
group, hexagonal YMn1�xGaxO3 and YMn1�xInxO3 solid solu-
tions are formed in the whole compositional range.2,28,32

InMnO3 belongs to a family of hexagonal manganites, but it
has some peculiarities.34 Its lattice parameters have anomalies
compared with other compounds in the series: the a lattice
parameter (=5.8758 Å) is smaller than expected, and the c lattice
parameter (=11.4715 Å) is larger than expected.34 InMnO3 has
TN = 118 K,

35 and its magnetic structure is different from those of
other RMnO3 compounds.

34 It was reported that TFE (=500 K)
in InMnO3 is very low compared with other RMnO3

members.1,36 However, TFE (=500 K) and the ferroelectric
properties of InMnO3 have not been recently confirmed.35

InGaO3 crystallizes in the P63/mmc space group and has a
structure corresponding to a paraelectric phase of RMnO3

(R = Sc, Y, In, and Ho�Lu).37 Therefore, by studying the solid
solution of InMn1�xGaxO3 as a function of the composition, x,
one can expect to decrease the temperature of a structural (and
possible ferroelectric) phase transition from the P63/mmc to
P63cm space group.
In this work, we report on the preparation of hexagonal solid

solutions of InMn1�xGaxO3 using a high-pressure technique and
their magnetic, dielectric, specific heat, differential scanning calo-
rimetry (DSC), and high-temperature powder synchrotron X-ray
diffraction (HT-SXRD) studies. We indeed found that samples
with 0.0 e x e 0.4 crystallize in the P63cm space group with a ∼
5.8 Å and c∼ 11.6Å and samples with 0.5e xe 1 crystallize in the
P63/mmc space group with a∼ 3.32 Å and c∼ 11.9 Å. HT-SXRD
data revealed the existence of the P63cm-to-P63/mmc phase
transition at about 480 and 950 K in InMn0.6Ga0.4O3 and
InMn0.7Ga0.3O3, respectively. However, no dielectric anomalies
were found in the megahertz and terahertz frequency ranges,
indicating that this transition does not have a ferroelectric origin.

2. EXPERIMENTAL SECTION

Stoichiometric mixtures of In2O3 (99.9%), Ga2O3 (99.99%), and
Mn2O3 were placed in gold capsules and treated at 6 GPa in a belt-type
high-pressure apparatus at 1373 K for 30min (the heating rate was about
110 K/min). After heat treatment, the samples were quenched to room
temperature (RT), and the pressure was slowly released. The resultant
sampleswere dense pellets whose color changed fromblack for 0e xe 0.5
to blue for 0.8e xe 0.98 to white for x = 1. Because commercial Mn2O3

samples often contain impurities of other manganese oxides, we used a
homemade single-phase Mn2O3, which was prepared from commercial
MnO2 (99.99%) by heating in air at 923 K for 24 h. InMn1�xGaxO3 (0e
xe 0.98) contained small amounts of In2O3 and/or InOOH impurities.

Single-phase InCu2/3V1/3O3 (crystallizing in space group P63/mmc)
38

was prepared from In2O3, CuO, and V2O5 at the same conditions as
InMn1�xGaxO3. InCu2/3V1/3O3was used for estimation of themagnetic
part of the specific heat of InMn1�xGaxO3.

Powder X-ray diffraction (XRD) data were collected at RT on a
Rigaku Ultima III diffractometer using Cu KR radiation (2θ range of
5�100�, a step width of 0.02�, and a counting time of 2�10 s/step).
SXRDdata were collected at RTon a largeDebye�Scherrer camera at the

Figure 1. Fragments of powder XRD data. (a) Compositional depen-
dence in InMn1�xGaxO3 (measured with Cu KR radiation at RT). The
arrow shows the 102 reflection corresponding to the (3)1/2 � (3)1/2

superstructure. The asterisk shows the impurity reflection of In2O3

(corundum-type). (b) Temperature dependence in InMn0.7Ga0.3O3

(synchrotron radiation with λ = 0.7741 Å). (c) Temperature depen-
dence in InMn0.6Ga0.4O3 (synchrotron radiation with λ = 0.7741 Å).
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BL02B2 beamline of SPring-8.39 The incident beam from a bending
magnet was monochromatized to λ ≈ 0.423 Å. The samples were
contained in (boro)glass capillary tubes with an inner diameter of 0.2
mm, and the capillary tubes were rotated during measurements. The
SXRDdata were collected in a 2θ range from 2� to 75�with a step interval
of 0.01� (the data from 2.5� to 52.5� were used in the refinements). HT-
SXRD data of InMn0.6Ga0.4O3 and InMn0.7Ga0.3O3 were collected at the
BL02B2 beamline with λ = 0.7741 Å in quartz capillary tubes. The XRD
data were analyzed by the Rietveld method with RIETAN-2000.40

Direct-current magnetic susceptibilities, χ =M/H, were measured on
a SQUIDmagnetometer (QuantumDesign,MPMS) between 2 and 400
K in applied fields of 0.01, 1, and 5 T under both zero-field-cooled and
field-cooled (FC; on cooling) conditions. The specific heat, Cp, was
measured from 300 to 2 K at zero magnetic field by a pulse relaxation
method using a commercial calorimeter (Quantum Design, PPMS).
For the time-domain terahertz (THz) transmission experiments, we used

a Ti:sapphire femtosecond laser oscillator. Linearly polarized THz probing
pulses were generated by an interdigitated photoconducting switch from
GaAs anddetected using the electrooptic samplingwith a 1-mm-thick [110]
ZnTe crystal. The complex dielectric spectra were taken in the range of
8�55 cm�1 (240 GHz to 1.65 THz). Samples were measured in a high-
temperature cell (SPECACP/N 5850) at temperatures from 300 to 900 K.
Measurements in the THz region were performed to eliminate conductivity
effects, which result in giant values of low-frequency permittivity (ε= 15 in a
THz region versus ε = 103 in a kHz region). Low-frequency (100 Hz to 1
MHz) dielectric measurements were performed between 300 and 700 K
using anHP4192A impedance analyzer and between 10 and 300Kusing an
Agilent E4980A LCR meter. For high-temperature Raman studies, a
Renishaw RM 1000 Micro-Raman spectrometer equipped with a CCD
detector and a Linkam THMS 600 temperature cell was used.
DSC curves were recorded on aMettler Toledo DSC1 STARe system

at a heating/cooling rate of 10 K/min under a N2 flow from 293 to 970 K
in open platinum capsules.
Second harmonic generation (SHG) was studied in the reflection

geometry in the temperature range of 300�550 K. A Q-switched
neodymium�yttrium�aluminum garnet laser was used as a light source,
while an SHG signal at 532 nm was detected using a photomultiplier
followed by a boxcar integrator.

3. RESULTS

3.1. Powder XRD of InMn1�xGaxO3, Structure Analysis,
and Color. Figure 1a shows fragments of XRD patterns of
InMn1�xGaxO3 at RT. The intensities of reflections

corresponding to the (3)1/2 � (3)1/2 superstructure with a ∼
5.8 Å (e.g., the 102 reflection) decreased with an increase in the
Ga content, and they completely disappeared for xg 0.5. Figure 2
depicts the compositional dependence of the lattice parameters
(a and c for 0.0 e x e 0.4 and a(3)1/2 and c for 0.5 e x e 1.0).
Parts b and c of Figure 1 show HT-SXRD data for In-

Mn0.7Ga0.3O3 and InMn0.6Ga0.4O3, respectively. These data
show that the intensities of reflections corresponding to a ∼
5.8 Å decrease with an increase in the temperature, and com-
pletely disappear at 480 and 950 K for InMn0.6Ga0.4O3 and
InMn0.7Ga0.3O3, respectively. Figure 3 depicts the temperature
dependence of the lattice parameters (a/(3)1/2 and c for the
P63cm structure and a and c for the P63/mmc structure) and the
unit cell volume (V/3 for the P63cm structure and V for the P63/
mmc structure) for InMn0.7Ga0.3O3 and InMn0.6Ga0.4O3.
The crystal structure of InMn0.6Ga0.4O3 at RT was refined in

space group P63cm using the fractional coordinates of InMnO3 as
the initial ones.34 The crystal structures of InMn0.5Ga0.5O3 at RT
and InMn0.6Ga0.4O3 at 660 K were refined in space group P63/
mmc using the fractional coordinates of InGaO3 as the initial
ones.37 The final lattice parameters, R factors, fractional coordi-
nates, and B parameters are listed in Table 1. Figure 4 displays the
observed, calculated, and difference SXRD patterns of In-
Mn0.5Ga0.5O3 at RT as an example.
The polarization, PS, calculated from the refined structural

parameters (see an equation in ref 21) is 9.4 μC/cm2 in
InMnO3,

34 13.8 μC/cm2 in InMn0.7Ga0.3O3, and 11.6 μC/cm2

in InMn0.6Ga0.4O3. Indium atoms are displaced by about
0.1�0.2 Å from their ideal positions of the centrosymmetric
P63/mcm structure. The similar displacements are found in other

Figure 2. Compositional dependence of the lattice parameters in
InMn1�xGaxO3 (a and c for 0.0 e x e 0.4 and a(3)1/2 and c for
0.5e xe 1.0). Insets show colors of InMn1�xGaxO3 for x = 0.5, 0.6, 0.8.
0.98, and 1.

Figure 3. Temperature dependence of (a) the lattice parameters
(triangles are a or a/(3)1/2; circles are the c parameter) and (b) unit
cell volume in InMn0.6Ga0.4O3 (open symbols) and InMn0.7Ga0.3O3

(filled symbols).
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members of the family.1,13,14 Displacements of indium atoms do
not compensate for each other as expected for the K3 mode
distortion.14

Refinements of the occupation factor of the Mn/Ga site
[together with all other parameters including B(Mn/Ga)] re-
sulted in g(Mn/Ga) = 1.016(2) at RT and g(Mn/Ga) = 1.002(2)
at 660 K in InMn0.6Ga0.4O3 and g(Mn/Ga) = 1.031(2) in
InMn0.5Ga0.5O3. This fact shows that there are no In3þ ions at
the Mn/Ga site. Occupation factors of the oxygen sites were
checked in InMn0.5Ga0.5O3 at RT [g(O1) = 1.017(5) and g(O2) =
1.017(5)] and in InMn0.6Ga0.4O3 at 660 K [g(O1) = 1.000(5) and
g(O2) = 1.008(5)] because the P63/mmc structure is simple and
has just five refinable (x, y, z, and B) parameters. The g(O) values
obtained indicate no oxygen deficiency within the accuracy of the
method.
Reflection conditions derived from the indexed reflections

afford other possible space groups for InMn1-xGaxO3 with x e
0.4: P63/mcm (No. 193), P6c2 (No. 188), P3c1 (No. 165), and

P3c1 (No. 158).41 We tried these models for analysis of
InMn1�xGaxO3 (x e 0.4) in a way similar to the structural
analysis of R2CuTiO6 (at RT)

42 and YMnO3 (at 1243 K).
21 The

(3)1/2 � (3)1/2 superstructure reflections of InMn1�xGaxO3

(x e 0.4) could not be fit well with the P63/mcm and P6c2
models, and R values were larger. As theMn content increases, so
does the difference in the R values of the P63cm and P63/mcm
(P6c2) structural models (see the Supporting Information (SI)
for a detailed comparison of R values and fittings for InMn0.7-
Ga0.3O3 and InMnO3). It is interesting to note that the polar
P63cm and centrosymmetric P3c1models gave almost the same R
values (based on powder XRD data) and reasonable structural
parameters in the case of InMnO3, InMn1�xGaxO3, and RMnO3

(R = Y and Ho�Lu). However, the ferroelectric properties and
P63cm symmetry of RMnO3 are well established. Therefore, the
P3c1 model can be disregarded.
InMn1�xGaxO3 with small Mn contents (0.8e xe 0.98) has

a bright-blue color (Figure 2). This observation is in agreement
with the general conclusion of refs 2 and 43 that compounds with
Mn3þ ions in trigonal-bipyramidal coordination are efficient blue
pigments.
3.2. Magnetic Properties of InMn1�xGaxO3. Figure 5 shows

the total specific heat (Cp) of InMn1�xGaxO3 (x= 0, 0.1, and 0.2)
and InCu2/3V1/3O3 plotted as Cp/T vs T and the magnetic part
of the specific heat (Cm) for InMn1-xGaxO3 (x = 0, 0.1, 0.2, 0.3,
and 0.4) and InCu2/3V1/3O3 plotted as Cm/T vs T. The lattice
contribution (CL) used in ref 35 for InMnO3 and estimated
based on the specific heat of InGaO3 was adopted for all cases to
calculate Cm (Cm = Cp � CL). The specific heat data of InCu2/
3V1/3O3 were used to justify the validity of ourCL. In ref 35,CL of
InMnO3 was estimated using two Debye functions and one
Einstein function. In ref 38, CL of InCu2/3V1/3O3 was estimated
using one Debye function and three Einstein functions and also
by the quantum Monte Carlo method. The magnetic entropy of
InCu2/3V1/3O3 was almost the same: 3.4 J/(mol K) in ref 38
versus 3.43 J/(mol K) in our present work. Therefore, the
estimated CL can work well for hexagonal InMO3-type com-
pounds. Estimation of the magnetic entropy for InMn1�xGaxO3

is given in the SI.
The Cm/T vs T curves demonstrate sharp peaks at 118 K for

InMnO3 and at 105 K for InMn0.9Ga0.1O3 due to long-range
antiferromagnetic ordering plus broad anomalies at around 50 K.

Table 1. Structure Parameters of InMn0.6Ga0.4O3 and
InMn0.5Ga0.5O3

a

site Wyckoff position g x y z Biso (Å
2)

InMn0.6Ga0.4O3 at 293 K

In1 2a 1 0 0 0.2539(5) 2.15(9)

In2 4b 1 1/3
2/3 0.2387(4) 0.12(2)

Mn 6c 0.6 0.3329(12) 0 0 0.21(2)

Ga 6c 0.4 0.3329(12) 0 0 0.21(2)

O1 6c 1 0.326(5) 0 0.1697(9) 0.20(8)

O2 6c 1 0.655(5) 0 0.3446(9) 0.20(8)

O3 2a 1 0 0 0.482(2) 0.20(8)

O4 4b 1 1/3
2/3 0.000(2) 0.20(8)

InMn0.6Ga0.4O3 at 660 K

In 2a 1 0 0 0 1.268(10)

Mn 2c 0.6 1/3
2/3

1/4 1.010(16)

Ga 2c 0.4 1/3
2/3

1/4 1.010(16)

O1 2b 1 0 0 1/4 2.14(7)

O2 4f 1 1/3
2/3 0.0858(2) 1.58(6)

InMn0.5Ga0.5O3 at 293 K

In 2a 1 0 0 0 0.670(15)

Mn 2c 0.5 1/3
2/3

1/4 0.18(2)

Ga 2c 0.5 1/3
2/3

1/4 0.18(2)

O1 2b 1 0 0 1/4 1.03(9)

O2 4f 1 1/3
2/3 0.0876(3) 0.51(7)

a InMn0.6Ga0.4O3 at 293 K (λ = 0.4231 Å): space group P63cm (No.
185), Z = 6, a = 5.81744(5) Å, c = 11.75963(10) Å, and V = 344.658(5)
Å3; Rwp = 1.00%, Rp = 0.69%, RI = 2.63%, and RF = 2.06%. A common
atomic displacement parameter was refined for the oxygen atoms. g is the
occupation factor. PS = 11.6 μC/cm2. d(In1�O1) = 2.14(3) Å � 3,
d(In1�O2) = 2.27(3) Å � 3, d(In1�O3) = 2.68(3) Å, d(In2�O1) =
2.12(2) Å � 3, d(In2�O2) = 2.28(2) Å � 3, d(In2�O4) = 2.80(2) Å.
d(Mn�O2) = 1.829(11) Å, d(Mn�O4) = 1.940(4) Å� 2, d(Mn�O3)
= 1.948(8) Å, and d(Mn�O1) = 1.996(10) Å. InMn0.6Ga0.4O3 at 660 K
(λ = 0.7741 Å): space group P63/mmc (No. 194), Z = 2, a = 3.37040(2)
Å, c = 11.78914(7) Å, and V = 115.978(1) Å3; Rwp = 5.15%, Rp = 3.75%,
RI = 1.76%, and RF = 1.55%. InMn0.5Ga0.5O3 (λ = 0.4233 Å): space
group P63/mmc (No. 194), Z = 2, a = 3.34887(4) Å, c = 11.82740(15) Å,
and V = 114.873(2) Å3; Rwp = 1.12%, Rp = 0.69%, RI = 2.84%, and RF =
2.57%. Small Rwp and Rp values are artifacts due to the large background
at λ ≈ 0.423 Å.

Figure 4. Portions of the observed (crosses), calculated (solid line), and
difference powder SXRD patterns of InMn0.5Ga0.5O3 at 293 K. Bragg
reflections are indicated by tick marks. The first row is for In-
Mn0.5Ga0.5O3, the second row is for rhombohedral In2O3 (2.9 wt %),
and the third row is for InOOH (0.3 wt %).
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The two-peak features can still be seen for InMn0.8Ga0.2O3 with
the first peak at around 70 K. InMn1�xGaxO3 with xg 0.3 shows
only a broad anomaly below 50 K.
The inverse magnetic susceptibilities of InMn1�xGaxO3 ex-

hibit small drops at TN for x = 0, 0.1, and 0.2 due to a very weak
ferromagnetic component (Figure 6). The magnetic suscept-
ibility data in the temperature range of 250�400 Kwere fit by the
simple Curie�Weiss equation

χðTÞ ¼ μeff
2N½3kBðT � θÞ��1 ð1Þ

where μeff is the effective magnetic moment, N is Avogadro’s
number, kB is Boltzmann’s constant, and θ is the Curie�Weiss
constant. The experimental effective magnetic moments are very
close to the expected value of 4.90 μB for Mn3þ for all of the
samples. The Curie�Weiss constant, which reflects the strength
of magnetic interactions, gradually decreases with increasing x.
The large |θ| values indicate that a strong antiferromagnetic
interaction between Mn3þ ions persists.
3.3. Thermal, Dielectric, and Phonon Properties of In-

Mn1�xGaxO3. No anomalies were found on the DSC curves of
InMn1�xGaxO3 between 300 and 970 K, and the phase composi-
tion of the samples did not change (except for the disappearance
of the InOOH impurity, if present). No anomalies were also
found in the temperature dependence of the dielectric permit-
tivity measured at 640 GHz (19.2 cm�1) up to 900 K (Figure 7)
and at 1 MHz up to 700 K (Figure 8) in InMn0.6Ga0.4O3. The
permittivity monotonically increases on heating, whereas a peak
in ε0(T) should be seen at TFE in the THz or MHz frequency

range at a displacive or order�disorder phase transition, respec-
tively. Unfortunately, low-frequency intrinsic complex dielectric
permittivity above 300 K is screened by extrinsic permittivity
coming from the Maxwell�Wagner polarization due to conduc-
tivity of the samples. Therefore, the permittivity noticeably
increases on heating and reaches values of 101�104 in In-
Mn1�xGaxO3 (Figures 8 and S2 in the SI). The least influence
of conductivity on ε0(T) occurs at the highest frequency; there-
fore, the 1 MHz permittivity remains smaller than ∼100 in the
whole temperature range below 700 K (see Figures 8 and S2 in
the SI). In such a case, the order�disorder phase transition
should be revealed in ε0(T) by a strong anomaly, which is not
seen in Figure 8. This means that the order�disorder ferro-
electric phase transition can be excluded for InMn0.6Ga0.4O3.
From SXRD data, we know that the tripling of the unit cell

occurs on cooling and the structure changes fromhigh-temperature
P63/mmc symmetry to low-temperature P63cm symmetry. In
such a case, the phase transition should be an improper ferro-
electric (i.e., the order parameter of the phase transition is not a
polarization or a polar phonon from the Brillouin zone center but
a phonon from the Brillouin zone edge),9,20,44 and only a small
jump in THz of ε0(T) can be expected at TFE.

44 However, no
such jumps were observed. Ferroelectric hysteresis loops should

Figure 5. (a) Cp/T vs T curves for InMn1�xGaxO3 (x = 0, 0.1, and 0.2)
(lines with symbols) and InCu2/3V1/3O3 (line). (b) Cm/T vs T curves
for InMn1�xGaxO3 (x = 0, 0.1, 0.2, 0.3, and 0.4) (lines with symbols)
and InCu2/3V1/3O3 (line). The arrows also show TN.

Figure 6. Temperature dependence of the inverse magnetic suscept-
ibilities of InMn1�xGaxO3 (x = 0, 0.1, 0.2, 0.3, and 0.4) measured at 5 T
in the FC mode on cooling. The fitting results with the simple
Curie�Weiss equation between 250 and 400 K are given. The arrows
show TN.

Figure 7. Temperature dependence of permittivity for InMn0.6Ga0.4O3

measured at 640 GHz on heating.
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exist in an improper ferroelectric phase. Our measurements
performed below RT in InMn0.6Ga0.4O3 (the sample was slightly
leaky above RT) did not reveal any ferroelectric hysteresis loops
(see Figure S3 in the SI). Only loss dielectric curves were
observed. The P63cm structure is noncentrosymmetric; there-
fore, some SHG signals should be generated under illumination
of a laser beam. Unfortunately, no SHG signal was observed in
InMn0.6Ga0.4O3 up to 550 K. The black color of the samples
could significantly reduce the reflected signal. All of the
above-mentioned experimental facts give evidence that the
P63cm phase is either only very slightly ferroelectrically distorted
or nonferroelectric.
A structural change should be revealed also in the Raman

scattering spectra. Temperature-dependent Raman spectra of
InMn0.6Ga0.4O3 are shown in Figure 9. All phonons exhibit a
decrease of the intensities on heating presumably because of an

increase of phonon damping with temperature. No phonons
disappear above 480 K, although the unit cell is 3 times smaller
above 480 K and, therefore, the theoretical number of Raman-
active modes should reduce from 38 (in P63cm) to only 5 modes
(in P63/mmc).

45 At least 7 and 8 modes were resolved in our
Raman spectra above and below 480 K, respectively. A signifi-
cantly lower number of modes (than predicted) observed below
480 K is probably due to mode overlapping and high phonon
damping.

4. DISCUSSION

On the basis of XRD data, we observed a composition-driven
structural transformation from the P63cm structure (Z = 6) to the
P63/mmc structure (Z = 2) in the solid solutions of In-
Mn1�xGaxO3. The x = 0.3 and 0.4 samples with the P63cm
structure near the transformation boundary show similar tem-
perature-driven structural transitions. A linear extrapolation of
the phase-transition temperature for x = 0 gives about 2000 K for
the P63cm-to-P63/mmc transition in InMnO3. This estimation is
consistent with the experimental high-temperature structural
data for YMnO3 and YbMnO3, where the P63cm-to-P63/mmc
transition was detected above 1200 K in YMnO3

11,21 and no
transition was found in YbMnO3 up to 1350 K.

11 Other estima-
tions of this phase-transition temperature for RMnO3 (R = Y and
Ho�Lu) gave the value of 1430 K.9

The compositional dependence of the lattice parameters of
InMn1�xGaxO3 is similar to that of YMn1�xGaxO3;

28 that is, the
a parameter decreases and the c parameter increases with
increasing x. A different behavior was observed in YMn1�xInxO3

and YMn1�x(Cu0.5Ti0.5)xO3,
32,46 where both a and c parameters

increase with increasing x. The lattice parameters change mono-
tonically in InMn1�xGaxO3 without any steplike anomalies near
x = 0.4�0.5. Therefore, the transition from the P63cm structure
to the P63/mmc structure seems to be smooth (i.e., second
order).

As was already mentioned, the P63cm-to-P63/mmc transition
in InMn1�xGaxO3 is not accompanied by any dielectric anomaly
in the THz or radio frequency region (see Figure 7) at critical
temperatures, where the phase transitions were revealed in HT-
SXRD. Also, no ferroelectric hysteresis loops were observed at
low temperatures. Thismeans that these transitions do not have a
ferroelectric�paraelectric nature. Both phases seem to be para-
electric. This is consistent with our previous paper claiming that
InMnO3 is not ferroelectric.

35

Crystallization of a compound in a polar crystal class is the
necessary but not sufficient condition for the appearance of
ferroelectric properties. R2CuTiO6 (R = Y, Dy, Ho, Er, and Yb)
crystallizes in the hexagonal P63cm structure similar to
RMnO3;

42 however, as in the case of InMn1�xGaxO3, no ferro-
electric properties and transitions have also been found.47,48 The
large size difference between Cu2þ and Ti4þ ions has been
suggested as a possible origin of the absence of ferroelectric
properties. The similar mechanism may be responsible for the
absence of ferroelectric properties in InMn1�xGaxO3 because the
electronic properties of Mn3þ (d4) and Ga3þ (d10) are different.
The different electronic properties of Mn3þ and Ga3þmay result
in a short-range local ordering of these ions. The short-range
ordering of Cu2þ and V5þ ions has been observed in InCu2/3V1/

3O3.
38 The average structure (determined by XRD) of In-

Mn1�xGaxO3 above Tntp is P63/mmc but the structure in the
local regions may deviate from P63/mmc, resulting in the

Figure 9. Raman spectra of InMn0.6Ga0.4O3 at different temperatures.

Figure 8. Temperature dependence of (a) permittivity and (b) di-
electric loss tan δ for InMn0.6Ga0.4O3 measured at various frequencies
between 100 Hz and 1 MHz. Data were taken on cooling.
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observation of a larger number of Raman modes (Figure 9)
because Raman spectroscopy is sensitive to local distortions. For
example, Raman modes are often observed in pseudocubic
perovskites, where all modes should be forbidden.

The paraelectric properties of InMn1�xGaxO3 can also be
understood in the framework of the hybridization picture
proposed as an origin of ferroelectric properties of YMnO3.

17�19,21

It is suggested that the Y1�O3 bond along the polar c axis plays a
crucial role.19 In YMnO3, the Y1�O3 bond length (=2.298 Å) is
comparable with other Y1�O bond lengths [d(Y1�O1) = 2.267
Å � 3 and d(Y1�O2) = 2.308 Å � 3].21 The symmetry of
YMnO3 remains the same (P63cm) above TFE (≈920 K), but the
Y1�O3 bond length suddenly increases.21 In InMnO3, the
In1�O3 bond length (=2.41 Å) is noticeably larger than other
In1�O bond lengths [d(In1�O1) = 2.15 Å and d(In1�O2) =
2.16 Å].34 In InMn1�xGaxO3, the In1�O3 bond length further
increases: d(In1�O1) = 2.18 Å, d(In1�O2) = 2.23 Å, and
d(In1�O3) = 2.61 Å in InMn0.7Ga0.3O3 (see the SI) and
d(In1�O1) = 2.14 Å, d(In1�O2) = 2.27 Å, and d(In1�O3) =
2.68 Å in InMn0.6Ga0.4O3 (Table 1). Therefore, there should be
no In1�O3 hybridization in InMn1�xGaxO3.

We note that a recent theoretical study of InMnO3 suggested
the existence of the In1�O3 hybridization.49 However, theore-
tical calculations were performed using theoretically optimized
structural parameters for the ideal InMnO3 at 0 K. The In1�O3
bond length (=2.286 Å) is much shorter in the theoretically
optimized structure. The experimental crystal structure of In-
MnO3 may deviate from the theoretically optimized structure
because of some peculiarities of the synthesis. The oxygen loss
was detected during the ambient pressure synthesis of
InMnO3.

34 This fact may indicate the existence of a small amount
of oxygen vacancies, InMnO3�δ. The introduction of oxygen
vacancies into hexagonal YMnO3 results in a sudden increase of
the Y1�O3 distance up to 2.455 Å in YMnO2.95 and 2.589 Å in
YMnO2.85, and the structure becomes centrosymmetric with
P63/mmc symmetry at RT in YMnO2.80.

50 The c lattice para-
meter of YMnO3�δ increases sharply in comparison with that of
YMnO3.

50 The anomalously large c parameter was observed in
InMnO3 compared with other RMnO3 members.34 Indium-
containing impurities were found in InMnO3 and In-
Mn1�xGaxO3 during the high-pressure synthesis.35 This fact
may indicate the existence of a small amount of cation and
oxygen vacancies, In1�xMnO3�δ. Indeed, a single-phase sample
corresponding to the total composition of In0.9MnO2.85 was
prepared at high pressure.51,52 Significant cation and oxygen
deficiency can be accommodated in thin films of hexagonal
manganites; however, survival of the ferroelectric properties
has not been investigated.53 In the framework of the hybridiza-
tion picture, InMn1�xGaxO3 should correspond to the nonferro-
electric phase of YMnO3 with P63cm symmetry.

Long-range magnetic ordering survives up to x = 0.2 in
InMn1�xGaxO3, and TN decreases with x as expected. Similar
trends have been observed in YMn1�xInxO3 solid solutions.32

The broad anomaly observed in the Cm/T vs T curves of
InMn1�xGaxO3 for x g 0.3 probably originated from the
short-range magnetic interactions betweenMn3þ ions. The large
|θ| values even for the x = 0.3 and 0.4 samples show that
antiferromagnetic interactions between Mn3þ ions are strong.

THz permittivity values of InMn0.6Ga0.4O3 are in agreement
with those of other hexagonal manganites RMnO3 (R = Sc, In, Y,
and Lu) measured in the radio frequency range (ε = 15�22 at
150�300 K).5,35 Very recently, there was a report about THz of

ε0(T) in hexagonal YMnO3. It exhibits an increase of ε0 from 12 at
300 K to 17 at 900 K (measured at 19 cm�1).54 The small
increase of ε0 at THz with temperature is caused by a slight
decrease of several phonon frequencies on heating due to
thermal expansion of the crystal lattice.54

The permittivity of InMnO3 shows a bump at TN (ref 35 and
Figure S1 in the SI) that is very similar to the anomalies observed
in LuMnO3 and YMnO3 at TN.

5 The decrease of ε0 below TN

provides evidence of the spin�phonon coupling in InMnO3. A
change of the slope in ε0(T) near TN was seen also in
InMn1�xGaxO3 (x = 0.1 and 0.2; see Figure S1 in the SI), but
the change is much smaller than that of InMnO3.. This gives
evidence that the spin�phonon coupling reduces with gallium
doping similar to YMn1�xInxO3

32 or Y1�xEuxMnO3.
54

In conclusion, composition- and temperature-driven structur-
al P63cm-to-P63/mmc transitions were found in InMn1�xGaxO3.
Remarkably, no dielectric, phonon, or DSC anomalies were
found to be associated with this phase transition. Both phases
seem to be paraelectric. We suggest that InMn1�xGaxO3 corre-
sponds to a nonferroelectric phase of hexagonal RMnO3 with
P63cm symmetry. The antiferromagnetic phase transition tem-
perature decreases from 118 K for x = 0 to 105 K for x = 0.1 and
73 K for x = 0.2, and no long-range magnetic ordering could be
found for xg 0.3. Specific heat anomalies associated with short-
range magnetic ordering were observed for 0.0 e x e 0.5.
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