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Structural, thermal expansion, thermal conductivity, magnetic, and dielectric measurements on single-crystal
RMn1−xGaxO3 �R=Ho or Y� hexagonal compounds have revealed that the c axis decreases with increasing
temperature with a larger �dc /dT� above TC than below it, which shows that the cooperative MnO5 site
rotations responsible for the ferrielectricity expend energy to induce the ferroic R3+-ion displacements along
the c axis. Ga doping raises the ferrielectric Curie temperature TC and the Mn-spin reorientation temperature
TSR while lowering TN of the Mn spins and the Ho magnetic ordering temperature T2. The data show an
important coupling between the Mn3+-ion and Ho3+-ion spins as well as a TSR that is driven by the cooperative
MnO5 site rotation and R3+-ion displacements that control the c lattice parameter. The data also support an
enhanced spin-lattice interaction in the geometrically frustrated Mn-spin system.
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I. INTRODUCTION

The RMnO3 compounds with smaller rare-earth ions �R
from Ho to Lu and Y� have attracted considerable recent
attention because of the coexistence of ferrielectricity and
antiferromagnetic order with a coupling between them. The
high-temperature hexagonal P63/mmc structure contains
close-packed planes of Mn3+ ions in bipyramidal oxygen co-
ordination separated by planes of R3+ ions. A cooperative
rotation of the bipyramidal axis from the c axis below a
temperature Tt loses the mirror planes perpendicular to the c
axis and changes the symmetry to P63cm. These rotations
also induce a ferrielectric displacement of the R3+ ions along
the c axis below a Curie temperature TC�Tt without a fur-
ther change in crystal symmetry.1 The dominant spin-spin
interactions between Mn3+ ions within the close-packed
basal planes are geometrically frustrated �GF�, which lowers
the antiferromagnetic ordering temperature TN of the Mn3+

ions to a TN�TC. Any magnetic moment on the R3+ ions
becomes long-range ordered only below a T2�TN. A reori-
entation of the Mn3+-ion spins occurs at a TSR; the spin re-
orientation appears to be induced by a coupling between the
ferrielectricity and the antiferromagnetic order since T2
�TSR�TN. These five transitions are found, for example, in
HoMnO3, which has a TC=875 K.2 Below TN�70 K, the
magnetic symmetry changes to P6�3c�m with Mn spins in the
basal planes perpendicular to an a axis oriented at 120° with
respect to their nearest neighbors and out of phase between
planes.3 A 90° rotation of the Mn spins in the basal planes to
along an a axis at TSR�40 K �Ref. 4� or 33 K �Ref. 5�
changes the magnetic symmetry to P6�3cm� .3 At T2�5 K, an-
other 90° rotation of the Mn spins in the basal planes, but in
phase between planes, gives the magnetic symmetry P63cm;
this spin reorientation is accompanied by a magnetic
ordering of the Ho3+-ion spins orientated along the c axis.
YMnO3 has a TC=915 K �Ref. 2� or 935 K �Ref. 6� and a
TN�70 K.

Recent work on these RMnO3 compounds has been fo-
cused on the following subjects: �i� the magnetic symmetry
and magnetic phases at low temperatures;3–5,7–12 �ii� the cou-
pling between the ferrielectric and magnetic orderings;
anomalies of the dielectric constant at the three magnetic

transitions clearly show a significant coupling;13–16 and �iii�
the strong spin-lattice interaction of the GF Mn-spin
system.17 Most of these studies have been performed on
HoMnO3 and YMnO3, which means the several ordering
temperatures associated with a given R3+ ion are fixed.

In this paper, we substitute Ga for Mn in single crystals of
RMn1−xGaxO3 �R=Ho or Y� in order to see how, for a given
R3+ ion, the several transition temperatures vary with respect
to one another and also how the spin-lattice interactions
above TN change with increasing x. We also monitor the
temperature variation of the c axis above and below TC to
investigate how the cooperative rotations of the MnO5 bipy-
ramidal sites responsible for the ferrielectricity are affected
by the forced ferroic displacements of the R3+ ions.

II. EXPERIMENTAL

Single crystals of RMn1−xGaxO3 �R=Ho, Y and x=0,
0.03, 0.1, and 0.2� were grown by the traveling-solvent
floating-zone �TSFZ� technique. The feed and seed rods for
the crystal growth were prepared by solid-state reaction.
Stoichiometric mixtures of Ho2O3/Y2O3, Mn2O3, and Ga2O3
were ground together and calcined in air at 950 °C for 24 h.
The sample was reground and sintered at 1100 °C for
another 24 h in air and cooled to room temperature. It was
then reground again into a powder and pressed into a
6-mm-diameter�60-mm rod under 400 atm hydrostatic
pressure. The rods were finally sintered at 1200 °C for 20 h
in air. The crystal growth was carried out in air in an IR-
heated image furnace �NEC� equipped with two halogen
lamps and double ellipsoidal mirrors. The feed and seed rods
were rotated in opposite directs at 25 rpm during crystal
growth at a rate of 4 mm/h.

Small pieces of the single crystals were ground into fine
powder for x-ray diffraction �XRD�. The room-temperature
measurements were recorded with an X-pert Philips diffrac-
tometer equipped with Cu K� radiation. Data were collected
in steps of 0.02° over the range 10° �2��90° with a count
time of 5 s per step. High temperature measurements were
recorded with a Scintag theta-theta diffractometer with a
solid-state detector and Cu K� radiation. The sample was
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heated on a Pt-Rh strip under flowing N2 gas. Peak profiles
were fitted with the program JADE. X-ray Laue diffraction
was used to orient the crystal.

Bars cut from the single crystals for magnetic and
thermal conductivity measurements had a typical size of
0.5�0.5�3 mm3 with the longest dimension parallel to
either the a-b plane or the c axis. The magnetic-susceptibility
measurements were made with a Quantum Design dc super-
conducting quantum interference device �SQUID� magneto-
meter with an applied field of 100 Oe; the measurements
were made on heating after cooling in zero field �ZFC�. The
thermal conductivity 	�T� was measured in the temperature
region 7–300 K with a steady-state heat-flow technique hav-
ing a systematic error less than 20%.

Thermal expansion measurements were performed on a
Perkin-Elmer Series 7 Thermomechanical Analyzer �TMA�.
The samples had a typical size of 1�1�3 mm3 with the
longest dimension parallel to the c axis.

The dielectric constant 
 along the c direction was ob-
tained from the capacitance of the sample by an impedance
analyzer �HP 4192A� with frequency 500 kHz.

III. RESULTS

All samples were single-phase to XRD with the hexago-
nal P63cm structure at room temperature. Both for
HoMn1−xGaxO3 and YMn1−xGaxO3, the lattice parameter a
decreases and c increases with increasing x as shown in
Fig. 1.

Figure 2 shows the high-temperature �500 K to 1100 K�
dependences of the lattice constants for four samples:
HoMnO3, HoMn0.8Ga0.2O3, YMnO3, and YMn0.8Ga0.2O3.
The in-plane lattice constant shows a linear increase with
increasing temperature. On the other hand, the c lattice con-
stant decreases with increasing temperature for all samples,
and there are slope changes around 875 K, 900 K, 900 K,
and 925 K for HoMnO3, HoMn0.8Ga0.2O3, YMnO3, and
YMn0.8Ga0.2O3, respectively.

Figure 3 shows the TMA thermal expansion measure-
ments along the c direction. The results are similar to those
obtained from the XRD measurements. All samples show a
negative c-axis thermal expansion and have slope changes
around 900 K as were also obtained from XRD. Both for
HoMn1−xGaxO3 and YMn1−xGaxO3, the temperature of the
slope change increases with increasing x �inset of Fig. 3�.
Due to the limitation of our TMA, the calculated value
L�T� /L�500 K� is smaller than the value c�T� /c�500 K� ob-
tained from XRD. In the discussion below, the thermal ex-
pansion coefficients were calculated from the XRD results.

Figure 4�a� shows the temperature dependences of
d�1/��� /dT for HoMn1−xGaxO3 over the temperature range
25 K�T�60 K; �� is the susceptibility measured along the
c axis. For all samples, the derivatives show a peak around
TSR�40 K that is due to Mn spin-reorientation. With in-
creasing x, TSR increases �inset of Fig. 4�a��. At the same
time, the dielectric constants measured along the c axis of
HoMn1−xGaxO3 show sharp peaks around TSR, but the peak’s
intensity decreases with increasing x, as shown in Fig. 4�b�.
A difference of less than 1 K between the temperatures of
the magnetic anomaly and the dielectric peak may be due to
the following experimental differences: �i� although the

FIG. 1. Variation with x of �a� lattice parameters and �b� c /a
ratio for RMn1−xGaxO3 �R=Ho or Y and 0�x�0.2� at room
temperature.

FIG. 2. Temperature dependences of lattice parameters �a� a and
�b� c, both of which are normalized to the values at 500 K, for
RMn1−xGaxO3 �R=Ho or Y, x=0 and 0.2�. Solid lines of �b� are
linear fittings.
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samples for susceptibility and dielectric constant measure-
ments were cut from the same single crystal, the orientations
were separately performed; �ii� the susceptibility was mea-
sured on a SQUID cooled by liquid He, but the dielectric
constants were measured on a homemade setup cooled by a
He refrigerating cryostat.

Figure 5 shows the temperature dependences of
d�1/��� /dT for HoMn1−xGaxO3 over the temperature range
1.8 K�T�7 K. For all samples, the derivatives show a
peak near T2�5 K, which is due to Ho3+ magnetic order.

Figure 6�a� shows the temperature dependence of the ther-

mal conductivity of YMn1−xGaxO3. Several features are note-
worthy: �i� at temperatures T�TN, 	�T� shows a relatively
weak temperature dependence; moreover, for 	�T� measured
along the c axis, its magnitude increases with increasing x;
�ii� 	�T� undergoes an increase at the onset of antiferromag-
netic order below TN; TN has been obtained independently
from the susceptibility �Fig. 6�b��. With increasing x, TN de-
creases linearly; �iii� below TN, the intensity of the 	�T� peak
is suppressed and the temperature of its maximum increases
with increasing x. Figure 7 shows a similar behavior for the
thermal conductivity of HoMn1−xGaxO3; its TN also de-
creases linearly with increasing x.

IV. DISCUSSION

A. X-ray and thermal expansion

From high-temperature susceptibility or dielectric permi-
tivity and loss measurements,2,6,18 the ferrielectric Curie tem-
perature TC for HoMnO3 has been reported as 875 K, and for

FIG. 3. Thermal expansion along the c axis for RMn1−xGaxO3 �
R=Ho or Y, x=0, 0.1, and 0.2�. Solid lines are guides to the eye.
Inset: Variation with x of TC for RMn1−xGaxO3.

FIG. 4. Temperature dependences of �a� d�1/��� /dT with
25 K�T�60 K and �b� dielectric constant 
 for HoMn1−xGaxO3.
Inset of �a�: Variation with x of TSR for HoMn1−xGaxO3. Here, ��

and 
 were measured along the c axis.

FIG. 5. Temperature dependences of d�1/��� /dT with
1.8 K�T�7 K for HoMn1−xGaxO3. Inset: Variation with x of T2

for HoMn1−xGaxO3.

FIG. 6. �a� Temperature dependences of thermal conductivity
and �b� molar magnetic susceptibility �� for YMn1−xGaxO3. Inset of
�b�: Variation with x of TN for YMn1−xGaxO3. Here 	ab and 	c were
measured along a-b plane and c axis, respectively.
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YMnO3 as 915 K or 935 K. From high-temperature XRD
studies, Lukaszewicz and Karut-Kalicinska19 reported small
anomalies of lattice constants in the region 620 to 680 °C
for YMnO3. Recently, Katsufuji et al.20 reported a linear
negative thermal expansion along the c direction of YMnO3,
but actually the data show a slope change around 900 K;
their data are replotted as “�” in Fig. 2�b�. Our XRD and
TMA measurements clearly show slope changes for the ther-
mal expansion along the c direction at 875 K and 900 K for
HoMnO3 and YMnO3, respectively; these temperatures are
consistent with the reported TC values. Geller et al.21 have
reported that RGaO3 is isostructural with RMnO3, but with a
larger c and smaller a. This observation is consistent with an
increasing c /a ratio with increasing x in our RMn1−xGaxO3
samples. A larger c axis should accommodate a larger dis-
placement of the R3+ ions below TC than that in RMnO3
�Ref. 22�. Accordingly, the temperature of the slope change
in Figs. 2 and 3 increases with x, which shows an increase in
TC as the c axis increases.

The thermal expansion coefficients �
c /
T� /c shown in
Fig. 8 for x=0 and 0.2 were obtained by fitting the lattice
constant vs temperature data to a linear function. The abso-
lute value of the coefficients above TC are larger than those
below TC. A larger thermal expansion coefficient in the in-
terval TC�T�Tt than below TC implies that the c-parameter
contraction introduced by the cooperative MnO5 rotations is
reduced by the R3+-ion displacements along the c axis.

B. Susceptibility and dielectric constant

The dielectric constant 
 along the c axis shows a sharp
peak at TSR in Fig. 4�b� and correlates with a peak in
d�1/��� /dT at TSR in Fig. 4�a�, which provides clear evi-
dence of a coupling between the R3+-ion ferroic displace-
ments and the ordering of the Mn3+-ion spins; a 90° rotation
of the Mn3+-ion spins occurs at this temperature.3 A
TSR=40 K in our HoMnO3 crystal is the same as that re-
cently reported from neutron measurements.4 Instead of de-
creasing to lower temperature with Ga doping as does TN,
TSR moves to a higher temperature in HoMn1−xGaxO3. The

increase of TC with Ga doping has confirmed the enhance-
ment with x of the R3+-ion ferroic displacements, which in-
crease with decreasing temperature at any given T below TC.
Therefore, the increase of TSR with x clearly supports the
conjecture that TSR occurs at a critical R3+-ion displacement.
The expansion of the c axis with decreasing temperature can
relieve the interplane spin-spin dipole interactions in
HoMnO3 �Ref. 10� to act as the driving force behind the
spin-reorientatiaon of the Mn3+ array. On the other hand, the
decrease with x in the magnitude of the peak in 
�T� at TSR

shows that the reduced magnetic order parameter at TSR low-
ers the coupling of the spin reorientation to the ferroic
Ho3+-ion displacements.

Long-range magnetic ordering of the Ho3+-ion spins is
accompanied by a 90° rotation of the Mn spins at T2 within
0.3 K of the Ho-spin ordering temperature.12 The decreases
with x of T2 like TN and the magnitude of the peak in
d�1/��� /dT at T2 suggest that the ordering of the Ho3+-ion
spins is coupled to the Mn3+-ion order and depends on the
90° spin rotation and in-phase c axis order to be realized.

C. Thermal conductivity

Ga doping dilutes the dominant Mn-Mn interactions in the
a-b plane, so TN decreases with increasing x for
RMn1−xGaxO3.

Above TN, the thermal conductivity 	�T� is dominated by
the phonon contribution described by the Debye model,23

	ph = �kB/2�2v��kB/�3T3 � �
0

�D/T

dx���,T�x4ex/�ex − 1�2

�1�

where ��� ,T� is the mean lifetime of a phonon, �D is the
Debye temperature, and v is the average sound velocity. This
formula approaches a 1/T law at high temperatures, usually
for T��D /4, as is seen in 	�T� for the diamagnetic insulator
LaGaO3.24 The nearly temperature-independent and sup-
pressed 	�T� for YMnO3 obviously deviates from the 1/T
law. Sharma et al.17 have suggested that regions of short-

FIG. 7. Temperature dependences of thermal conductivity for
HoMn1−xGaxO3. Inset: Variation with x of TN for HoMn1−xGaxO3.

FIG. 8. Thermal expansion coefficients along c axis for
RMn1−xGaxO3 �x=0 and 0.2�.
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range magnetic order above TN can lead to a nanoscale in-
homogeneous strain that scatters acoustic phonons. The ex-
change striction associated with magnetic order introduces a
strong spin-lattice interaction that is amplified where there is
spin-interaction frustration.24 The data for YMnO3 and
HoMnO3 of Figs. 6 and 7 support this model. Of particular
interest is the observation in these figures of an increase in
	�T� above TN with Ga doping. Normally, the effect of dop-
ing is to introduce an impurity scattering that lowers 	ph�T�
as is illustrated, for example, by the perovskite
LaMn1−xGaxO3 �Ref. 25�. In YMnO3 and HoMnO3, dilution
of the Mn-Mn interaction by Ga doping reduces the tempera-
ture range of short-range magnetic order above TN, thereby
reducing the spin-lattice interaction in the paramagnetic
phase. This effect is stronger than the effect of impurity scat-
tering, so 	�T� increases with Ga doping above TN.

The strong low-temperature peak of 	c�T� below TN of
YMnO3 shows that long-range magnetic order restores
	ph�T� and may introduce a contribution by magnons. The
magnitude of the peak in 	c�T� of YMnO3 reflects the quality
of our crystal, and a greater suppression of 	ab�T� is consis-
tent with stronger spin-lattice interactions in the Mn basal
planes.

V. CONCLUSIONS

Ga doping in the hexagonal RMn1−xGaxO3 compounds in-
creases the ferrielectric transition temperature TC and the

Mn-spin reorientation temperature TSR while lowering TN of
the Mn array and the temperature T2 of long-range order of
the Ho3+-ion moments, which is associated with a second
90° reorientation of the Mn3+-ion spins. These observations
reveal the existence of an important coupling of the Ho3+-ion
spins and the Mn3+-ion magnetic order and support the con-
jecture that the spin reorientation at TSR is driven by a critical
R3+-ion displacement that is controlled by the magnitude of
the cooperative bipyramidal rotation found below Tt. A larger
c axis thermal contraction in the interval TC�Tt than below
TC suggests that the energy required to induce the ferroic
R3+-ion displacements reduces, below TC, the magnitude of
the cooperative bipyramidal rotations. A reduced suppression
with x of the thermal conductivity 	�T� above TN confirms
the importance of short-range spin-lattice interactions in a
geometrically frustrated spin system.
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