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Abstract
The structural and vibrational properties of themultiferroics YMnO3 and LuMnO3 have been studied
bymeans of the x-ray diffraction andRaman spectroscopy at high pressures up to 29.3 and 31.2GPa,
respectively. The initial hexagonal structure with space group P63cm of both compounds remains
unchanged in the entire pressure range. The anisotropic baric behaviors of lattice parameters and
vibrationmodes of studied compounds were observed. The structuralmechanisms of those
phenomena are discussed.

1. Introduction

One of the topical problems of a current condensedmatter physics is a study of the physical properties of novel
multiferroicmaterials. The intrinsic property of suchmaterials is a coupling between themagnetic and
ferroelectric order parameters, resulting in themagnetoelectric effect and the possibility to controlmagnetic
properties by an electric field and vice versa [1–3]. Themultiferroic compounds have the application
opportunities as thematerials formicroelectronics components,magnetic and electricalfield sensors or data
storage devices [4–6].

Themanganites with general formulaRMnO3, whereR is a rare-earth ion, crystallize in the orthorhombic
structure with the Pnma space group, if theR element has a large ionic radius, like as La, Pr, Nd, Sm, Eu, Gd, and
Tb [7]. In contrast, compounds with the smaller ionic radius of rare-earth elements (asHo, Er, Tm, Yb, Lu, Y, Sc)
have a hexagonal crystal structurewith the polarP63cm space group [8–10]. The particularly interesting feature
of these compounds is a combination ofmultiferroic phenomenawith the low dimensionalmagnetism of the
geometrically frustrated triangular lattice, realized via giantmagnetoelastic coupling [8, 9, 11]. The crystal
structure of the hexagonalmanganites consists of two-dimensional triangular lattices ofMn ions in ab planes,
separated by noncoplanar layers of rare earth ions. Themagnetic properties of the hexagonal systems
demonstrate a strong dependence on the ionic radius rR of the R element. Contrast to the absence of a long-range
magnetic order in InMnO3with the largest value of rR, YMnO3 exhibits a long-range antiferromagnetic (AFM)
order ofΓ1 orΓ3 irreducible representation symmetry, whereas otherswith smaller rR such as LuMnO3 exhibit a
different long-range AFM structure ofΓ2 orΓ4 irreducible representation symmetry [8, 9, 12]. Interestingly, for
both YMnO3 and LuMnO3 compounds aroundTN it was observed sharp anomalies in dielectric constant and
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loss tangent although the ferroelectric transition temperature ofTC≈900K ismuch higher thanTN [13, 14].
Furthermore, themagnetic transition in both compounds YMnO3 and LuMnO3 is accompanied by an
isostructural transition characterized by a contrast change of lattice parameters and an unusual large atomic
displacement [11]. These arguments imply a strong coupling between electric,magnetic, and lattice degrees of
freedom in the compounds.

An important insight into the relationship between the various competing factors and their particular role in
formation ofmagnetoelectric properties ofmanganite compounds can be given by high pressure studies,
exploring a response of physical properties on reduction of interatomic distances and corresponding valence
angles.Moreover, it is expected that themagnetic frustrationmakes these hexagonal compounds very sensitive
to small perturbations in parameters such as themagnetic field or pressure. It was found that the application of
high pressure strongly suppresses the orderedMnmagneticmoments of YMnO3 and LuMnO3, implying
enhanced spin fluctuations.Moreover, pressure-induced spin reorientation and a change in the symmetry of the
AFM structure were observed in YMnO3, while theAFM structure of LuMnO3 remains unchanged under
compression up to 6GPa [8, 9, 12]. However, the structural and vibrational properties of YMnO3 and LuMnO3

at high pressure remain notwell explored. A partial structural phase transition into themetastable
orthorhombic phase in YMnO3 atP∼24GPa, and in LuMnO3 at P∼22GPawas recently reported [12, 15]. To
clarify inmore detail the high-pressure effects on the structural parameters and vibrational spectra of YMnO3

and LuMnO3, we have performed a study of both compounds bymeans of powder x-ray diffraction (XRD) and
Raman spectroscopymethods in the extended pressure range up to∼30GPa.

2. Experimental

The powder samples of YMnO3 and LuMnO3were prepared by the typical solid phase reactionmethod as
described in [8, 9, 12]. Oxides Y2O3 (Lu2O3) (99.999%) andMn2O3 (99.999%)were thoroughlymixed. The
obtained homogeneousmixture was heated up to 900 °C for 12 h, then it was successively annealed at
temperatures of 1100 and 1200 °C for 24 h. After that, it wasfinally sintered at a temperature of 1350 °C for 24 h
with intermediate grindings performed to prevent the formation of stable phases ofminor impurities. AnXRD
analysis shows a pure hexagonal phase of YMnO3 and LuMnO3.

TheXRDpatterns weremeasured in the pressure range up to 25.7GPa for YMnO3, and up to 31.2GPa for
LuMnO3, at room temperature using a specialized x-ray diffractometer. This diffractometer consists of an FRD
high-flux x-ray emitter (MoKα radiationwithwavelengthλ=0.7115Å), a FluxMax focusing optical system,
and the SMARTAPEXCCDdetector [12]. For conversion of the 2Ddiffraction data to 1Dpatterns, we used the
Fit2Dprogram [16]. The diamond anvil cell of the design [17]was used. The diameter of the anvil culets was 300
μm.The samplewas placed into a rhenium gasket with the hole diameter of 150μm.As a pressure transmitting
medium,we used amethanol-ethanol-watermixture with proportion of 15:3:1. The pressure in the cell was
measured using the ruby luminescence with an accuracy of 0.05GPa. For the additional pressure calibration, we
placed a small piece of a goldwire inside the gasket. TheXRDdatawere analyzed by the Rietveldmethod using
the FullProf program [17].

Raman spectra at ambient temperature and pressures up to 30GPawere collected using a LabRam
spectrometer (NeHe excitation laser)withwavelength of 632.8 nm, 1800 grating, confocal hole of 1100μm, and
a 50× objective.

3. Results and discussion

3.1. X-ray diffraction
XRDpatterns of YMnO3 and LuMnO3measured at selected pressures and ambient temperature are shown in
figure 1. At ambient and high pressures, they correspond to the hexagonal crystal structure with space group
P63cm. The values of lattice parameters determined at ambient conditions are a=6.0616(5)Å, c=11.3939(7)
Å for LuMnO3 and a=6.1334(6)Å, c=11.3723(7)Å for YMnO3, which are consistent with previous studies
[8, 9, 12]. An absence of the extra peaks and qualitatively similar character of XRDdata over whole studied
pressure range imply structural stability of YMnO3 and LuMnO3.We assumed that, inwhole pressure range in
experiments, the hexagonal phasewith space group P63cm of both investigated compounds remains unchanged.

The pressure dependencies of lattice parameters of YMnO3 and LuMnO3 are shown infigures 2(a), (b). The
lattice compression of both compounds is strongly anisotropic with themost compressible a andweakly
compressible c lattice parameters. The relevant average compressibilities ki=−(1/ai0)(dai/dP)T are
ka=0.0015, kc=0.0007GPa−1 for YMnO3 and ka=0.0012, kc=0.0006GPa−1 for LuMnO3, respectively.

The pressure dependent unit cell volumes of YMnO3 and LuMnO3 are shown infigures 2(c), (d). The
volume compressibility data were fitted by the third-order Birch–Murnaghan equation of state [18]:
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where x=V/V0 is the relative volume change,V0 is the unit cell volume atP=0GPa,B0 andB′ are the bulk
modulusB0=V(dP/dV )T and its pressure derivativeB′=(dB0/dP)T . The obtained values areB0=157(5)
GPa andB′=12(2) for YMnO3, andB0=180(6)GPa andB′=12(2) for LuMnO3. For YMnO3, the bulk
modulus somewhat exceeds those ofB0=112GPa, previously estimated for themore restricted pressure range
up to about 17GPa [15], whileB′ values are about the same. For LuMnO3, in the study [15] unreasonably large
value ofB′=26was obtained, providing relatively small bulkmodulusB0=109GPa. Fromour data,
comparable values ofB′=12 are evaluated for both YMnO3 and LuMnO3.

The comparative presentation of the anisotropy in lattice compressibility of YMnO3 and LuMnO3 can be
shown as pressure dependence of relative ratio of hexagonal axes: a*=a/a0 and c

*=c/c0. The parameter c*/a*

as a function of pressure demonstrates a faster growth for YMnO3 in comparisonwith LuMnO3 (figure 3). This
fact can indicatemore pronounced anisotropy of the lattice compression of YMnO3, which can lead to drastic
changes in themagnetic structure observed previously [8, 12].

3.2. Raman spectroscopy
TheRaman spectra of YMnO3 and LuMnO3measured at selected pressures and ambient temperature, are
shown infigure 4. The group theoretical analysis for the phononmodes of studied hexagonalmanganites gives
38Raman-activemodes at theΓ-point:ΓRam=9A1+14E1+15E2 [11]. In our Raman spectroscopy
experiments, the five Raman lines are detected. The positions and tentative assignments of Raman lines are listed
in table 1. The strongRaman line at∼692 cm−1 is assigned to apical oxygen stretching vibrations along the c axis
ofA1 symmetry inMn-Opolyhedra. The neighboringweak line at∼644 cm−1, observed in LuMnO3 only,
corresponds with (x, y) vibrations of in-plane oxygen atoms ofE2 symmetry. Themode at∼472 cm−1 can be
assigned to (x, y) in-plane vibrations of the apical oxygen andMn atoms of theA1 symmetry [19, 20]. The
presence of thisA1mode, which is expected to be silent for the centrosymmetric P63/mmc structure, implies that
the crystal structure symmetry of YMnO3 and LuMnO3 remains polar in the studied pressure range. The
vibrationmode at∼310 cm−1 is associated to the relative displacements of the apical oxygen atoms along the c
direction and the (x, y)displacements of one of the in-plane oxygen atoms of theE2 symmetry [11, 20]. It reflects
theMn–O–O–Mnbond vibrations, whichmoderated the super-exchangeMn-Mn interaction between the
adjacentMnplanes. The vibrationmodeA1 at 264 cm

−1 is associated to the displacements of Y/Lu andMn
atoms along the z axis [11, 19, 20].

One should note that in themetastable orthorhombic perovskite-likemodification of YMnO3, the Raman
spectra exhibit strong Ramanmodes at 500 and 615 cm−1 [21], associatedwith the Jahn-Teller distortions of

Figure 1.XRDpatterns of YMnO3 (a) and LuMnO3 (b)measured at selected pressures and ambient temperature, and refined by the
Rietveldmethod. Experimental points and calculated profiles are shown. The bars at the bottom represent the calculated positions of
diffraction peaks of hexagonal phase.
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Figure 2. Lattice parameters (a), (b) and unit cell volume (c), (d) of the studiedmanganites as functions of pressure and their
interpolation based on the Birch-Murnaghan equation of state. Error bars are within symbol sizes.

Figure 3.The pressure dependence of relative lattice parameters ratio c*/a* of YMnO3 and LuMnO3manganites. The solid lines are
polynomial approximation of experimental data. Error bars arewithin symbol sizes.
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MnO6 octahedral units. The absence of the extramodes in the relevant frequency regions supports the stability
of the hexagonal structuralmodifications of YMnO3 and LuMnO3 over the studied pressure range.

The pressure application results in an increase of all the vibrational frequencies as can be seen in figure 5. The
pressure coefficients kνi=(1/νi0)dνi/dP are the smallest for theA1 apical oxygen stretching vibrations, being
about 0.0038 and 0.0047GPa−1 for YMnO3 and LuMnO3, respectively (table 1). This is consistent with the
smallest compressibility of the c-axis, alongwhich the apicalMn-Obonds are located. For the lower frequency
A1 andE2modes, the pressure coefficients increase up to 0.0080GPa−1 (table 1), reflecting contribution from
themore pronounced compressibility of the a-axis.

4. Conclusions

TheXRD andRaman scattering analyses demonstrate a pronounced anisotropy of the lattice compression of the
hexagonalmanganites YMnO3 and LuMnO3, causing anisotropic response of the vibrationmodes involving
atomic displacements either along the c-axis or in the (ab)plane. No signs of the structural phase transition to the
orthorhombicmodificationwere found. The presence of theA1 vibrationalmodes associatedwith the
displacements ofMn ions in the (ab) planes, which are Raman active for the polarP63cm symmetry and expected
to be silent for the non-polar P63/mmc one, implies also that the crystal structure remains polar in the studied
pressure range.

Figure 4.Raman spectra of YMnO3 (a) and LuMnO3 (b) at selected pressures.

Table 1.Raman frequencies of YMnO3 and LuMnO3 at 1.9GPa. The pressure
coefficients for the observedmodes are also given.

YMnO3 LuMnO3

Assignment

Mode

(cm−1) kvi

Mode

(cm−1) kvi

A1 263.6 0.0080 — —

E2 310.3 0.0081 309.5 0.0067

A1 471.4 0.0050 474.9 0.0050

E2 — — 644.5 0.0057

A1 691.6 0.0038 693.0 0.0047
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