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The multiferroic Ho0.8Dy0.2MnO3 compound crystallizing into hexagonal perovskite was
investigated by using an in situ high pressure Raman scattering method at room temperature. It is
found that with increasing pressure, the compound started to transform from hexagonal-type into an
orthorhombic-type perovskite near 9.8 GPa. The phase transition process is analyzed. © 2008
American Institute of Physics. �DOI: 10.1063/1.2829778�

The manganites RMnO3 �R=Gd to Lu, Y, Sc� belong to
a promising class of materials known as “multiferroics.”1

The multiferroics have attracted lots of attention for their
prospect in applications of actuators, transducers, and infor-
mation storage devices since the magnetic and electric order-
ing can coexist and couple each other. Depending on the rare
earth ionic size, RMnO3 crystallize into either hexagonal
structure or orthorhombic structure at ambient condition.
When R is a small ion, i.e., R=Ho to Lu and Y, RMnO3 will
crystallize into hexagonal perovskite with space group
P63cm �Z=6�, as shown in Fig. 1�a�, whereas the orthorhom-
bic perovskite structure with space group Pbnm �Z=4� is
more stable when R is a large ion, i.e., R=Gd to Dy, as
shown in Fig. 1�b�. The properties of these two classes of
RMnO3 have been studied intensively. The hexagonal man-
ganites are ferroelectric with a high Curie temperature TC

�570–990 K and order magnetically with the Néel tem-
perature TN�70–130 K.2,3 While in the orthorhombic man-
ganites, taking TbMnO3 as an example, antiferromagnetic
ordering takes place at TN�41 K, and then spontaneous po-
larization appeared due to an incommensurate to commensu-
rate transition at T1C–C=28 K with a sharp peak of �.4,5 The
former class of RMnO3 is of “geometric ferroelectrics,” in
which the electric polarization is generated by a buckling of
the layered MnO5 polyhedral and the displacements of the R
ions, and the latter is called the highly frustrated spin system,
in which the ferroelectricity results from a magnetic-induced
lattice distortion. So, the studies about the relationship of
these two kinds of materials are significant both in under-
standing the fundamental physics of ferroelectricities and ap-
plications of multiferroics. It is known that hexagonal
RMnO3 with a small R ion radius can be converted to ortho-
rhombic phase at simultaneously 4 GPa and 1000 °C high
pressure high temperature.6 It is also well known that the
Goldschmidt tolerance factor t is crucial to adjust the phase

stability of a perovskite ABO3 compound. The Goldschmidt
tolerance factor is defined as

t = dA–O/�2dB–O,

where dX–O is the distance between the X and O ions. It has
been reported7 form the RMnO3 system that the hexagonal
phase is stable when t�0.855, i.e., the ion radius rA�rHo.
When t�0.855, corresponding to rA�rDy, the orthorhombic
perovskite phase prevails. On the other hand, high pressure
can reduce the difference between dA–O and dB–O, so as to
increase the t factor to favor a cubic-type perovskite that has
a higher density. Thus, one can expect to initiate the trans-
formation from hexagonal phase to orthorhombic structure
by using a high pressure. In order to facilitate this transition,
we use A-site-doped hexagonal HoMnO3 and single phase
Ho0.8Dy0.2MnO3, which keeps a hexagonal structure and is
experimentally closer to the phase boundary between hex-
agonal and orthorhombic RMnO3. In this letter, we report on
the vibrational properties of Ho0.8Dy0.2MnO3 at high pres-
sure using the Raman scattering method. A pressure-induced
phase transition was observed near 9.8 GPa at room tem-
perature.

The Ho0.8Dy0.2MnO3 samples were synthesized using
stoichiometric amounts of high purity binary oxides �99.9%
Ho2O3, 99.9% Dy2O3, and 99% Mn2O3� by the standard
solid-state reaction method. All the powders were mixed and
ground thoroughly in order to produce a homogeneous mix-
ture. First, the mixture was heated to 900 °C for 24 h and
then annealed at 1100 °C for 24 h before sintering at
1350 °C for 24 h. The x-ray diffraction �XRD� measured at
room temperature showed that all the samples had a single
hexagonal perovskite phase. High pressure Raman experi-
ments at room temperature were carried out on a small piece
of polycrystalline Ho0.8Dy0.2MnO3 bulk. A Mao-Bell-type
diamond-anvil cell �DAC� was used in the backscattering
geometry with T301 as the gasket. The gasket was prein-
dented from 200 to 30 �m thickness. The sample chamber
drilled in the gasket is a hole with 120 �m diameter. The
culet of diamond is 300 �m. 4:1 methanol-ethanol mixture
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served as the hydrostatic pressure medium and the pressure
was calibrated using the standard ruby fluorescence
method.8,9 The Raman spectra and the ruby fluorescence
were collected using a Raman spectrometer �Jobin Yvon
HR800� equipped with a charge-coupled device detector. Ra-
man spectra were excited with less than 0.4 mW of 532 nm
radiation from a solid laser focused to a spot size of �1 �m
diameter. Entrance and exit slit widths were 100 �m, which
correspond to a spectral resolution better than 0.5 cm−1.

The XRD pattern of the synthesized Ho0.8Dy0.2MnO3

sample taken at room temperature can be refined with lattice
parameters of a=b=6.1495�6� Å and c=11.404�1� Å in the
space group P63cm which is compatible with the single crys-
tal of HoMnO3.10

As aforementioned, there are two possible structures for
RMnO3 depending on the rare earth ionic radius at room
temperature: orthorhombic Pbnm for larger ionic radius and
hexagonal P63cm for smaller ones. The Raman active modes
of the Pbnm structure are11

�orthor = 7Ag + 7B1g + 5B2g + 5B3g,

while those for the hexagonal P63cm structure are12,13

�hex = 9A1 + 14E1 + 15E2.

Figure 2 shows the Raman spectra of hexagonal
Ho0.8Dy0.2MnO3 polycrystalline ceramic at room tempera-
ture for several pressures from atmospheric pressure to
9.8 GPa. The bottom trace in the figure is the Raman spec-
trum of orthorhombic DyMnO3 powder taken at ambient
condition for comparison. The dominant feature in the 1 bar
spectrum of Ho0.8Dy0.2MnO3 powder �the second trace in
Fig. 2� is four peaks. According to the description of Ref. 13,
the first peak centered near 135 cm−1 is the E2 mode that
corresponds to the movement of R1 and R2 against each
other in the a-b plane; the second peak near 221 cm−1 is
assigned as the E2 mode which originates from the counter-
move of Mn, O2 and O1, O3; the third peak near 400 cm−1 is
the A1 �TO� mode that attributes to the MnO5 bipyramid tilt;
the last peak at around 667 cm−1 is identified as the A1 mode
which originates from the apical O �O1 and O2� ion vibra-
tion along the c axis.

After the sample is loaded into DAC, the peaks become
sharper for higher density of the bulk than powders and three
new peaks appear �see the third bottom trace in Fig. 2�. The

small peak centered near 295 cm−1, belonging to the hexago-
nal perovskite structure, is identified as E2 /A1 �TO/LO�
modes which correspond to O1–Mn–O2 bending/the O ion
“breathing” movement �i.e., all the Mn–O bond stretched
simultaneously�, respectively. However, the other two peaks,
at 567 and 798 cm−1, cannot be assigned to neither hexago-
nal nor orthorhombic perovskite RMnO3. In fact, this two
peaks originate from the pressure medium. The observed Ra-
man peaks have been assigned to more than one phonon
mode since the frequencies of a few A1 and E2 modes are
very close and also the different orientations of the crystal-
lites in a polycrystalline sample do not permit polarization
selection between the A1 and E2 modes.

According to the position shift and intensity change of
Raman peaks with increasing pressure at 0–9.8 GPa, as
shown in Fig. 2�a�, there are several obvious changes in the
Raman spectra during the process of loading pressure. First,
the strongest peak near 667 cm−1 is more sensitive to pres-
sure than any other peaks. It indicates that the vibrational
frequency of O1 and O2 is easily increased by pressure. Sec-

FIG. 1. �Color online� Crystal structure of �a� hexagonal RMnO3 �P63cm�
with MnO5 coordination and �b� orthorhombic RMnO3 �Pbnm� with
GdFeO3-type structure.

FIG. 2. �Color online� �a� Raman spectra of Ho0.8Dy0.2MnO3 in the pressure
range from 0 to 9.8 GPa and the two ambient pressure Raman spectra for
comparison; the inset displays the multipeak fit on the strongest peak near
720 cm−1 with the Lorentz peak function. �b� Some representative Raman
spectra that show the structural transition of Ho0.8Dy0.2MnO3 in the pressure
range from 9.8 to 39.8 GPa. The inset shows the ratio of intensity that re-
sults from multipeak fitting between the strongest peak of orthorhombic and
hexagonal phases.
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ond, when the pressure is increased to 9.8 GPa, a new peak
appears at about 670 cm−1 that is shown in Fig. 2�a� �inset�.
The new peak stands beside the strongest A1 mode that is
near 723 cm−1. When pressure increases, two new peaks ap-
pear at around 566 and 235 cm−1. The three new peaks are
identified as vibrational modes belonging to orthorhombic
manganites,11 which indicates that a pressure-induced phase
transition occurs at this pressure. It is reported that the meta-
stable orthorhombic HoMnO3 has higher density than the
hexagonal phase7 and it can be obtained after annealing the
hexagonal HoMnO3 at high temperature �1020 °C� and high
pressure �3.5 GPa� for 5 h.14 Therefore, it is reasonable to do
this assignment. According to Ref. 11, the three new peaks
are assigned as B2g �near 670 cm−1�, Ag �near 566 cm−1�, and
Ag �near 235 cm−1� modes, which originate from the in-phase
stretching among O2 and O3 ions, the out-of-phase bending
of Mn–O6 octahedron, and the R3+ ion vibration along the c
axis, respectively.

Figure 2�b� shows the Raman spectra observed at pres-
sures higher than those shown in Fig. 2�a�. It is clear that the
strongest Raman spectra of the hexagonal phase �near
667 cm−1� persist all the way up to 39.8 GPa. It suggests that
the kinetics of the pressure-induced transformation may take
a relatively long time. Comparing with the results in Refs. 6
and 14, simultaneously heating will dramatically reduce
pressure and enhance the kinetic rate of this phase transition.
As the pressure increases, the new peak near 700 cm−1 grows
stronger �Fig. 2�b�, inset�, implying that the orthorhombic
phase increases steadily as the pressure increases. We believe
that the splitting and appearance of Raman peaks are indica-
tive that some atom structural reordering takes place near
9.8 GPa.

In the P63cm configuration, the atoms’ shift will be un-
der the restriction of site symmetry. The site symmetry of
R1, R2, Mn, O1, O2, O3, and O4 are 2a, 4b, 6c, 6c, 6c, 2a,
and 4b, respectively. The variables of atomic locations with
2a, 4b, and 6c site symmetries are z, z, and xz. The fre-
quency positions of all the observed Raman peaks are plotted
as a function of pressure in Fig. 3. The three most pressure-
sensitive modes of the phonon are A1 �near 667 cm−1�, E2

�near 295 cm−1�, and E2 �near 221 cm−1�, which suggest that
the O1 and O2 atoms move along the z axis and the Mn, O2
and O1, O3 move against each other along the �110� axis, as
shown in Fig. 4. While the E2 mode �near 135 cm−1� is pres-
sure inert, it suggests that the R ions are steady at their loca-
tion all the way. Thus, we may suppose that the increase of
the coordination number of Mn owes to an O3 joining in the
MnO5 bipyramid, and then results in the phase transition to
the orthorhombic perovskite phase.

In conclusion, the vibrational properties of
Ho0.8Dy0.2MnO3 are measured by in situ high pressure Ra-
man scattering from ambient pressure to 39.8 GPa at room
temperature. The results suggest that a pressure-induced
phase transition occurred near 9.8 GPa. It is assumed that the
transition started from the approach of the O3 and Mn ions.
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FIG. 3. �Color online� Pressure dependence of the Raman active modes for
Ho0.8Dy0.2MnO3.

FIG. 4. �Color online� The pressure-induced atom movement; the blue ar-
rows represents the A1 mode and the red arrows represents the E2 modes.
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