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Abstract

The structural and vibrational properties of the multiferroics YMnO; and LuMnOj; have been studied
by means of the x-ray diffraction and Raman spectroscopy at high pressures up to 29.3 and 31.2 GPa,
respectively. The initial hexagonal structure with space group P6;cm of both compounds remains
unchanged in the entire pressure range. The anisotropic baric behaviors of lattice parameters and
vibration modes of studied compounds were observed. The structural mechanisms of those
phenomena are discussed.

1. Introduction

One of the topical problems of a current condensed matter physics is a study of the physical properties of novel
multiferroic materials. The intrinsic property of such materials is a coupling between the magnetic and
ferroelectric order parameters, resulting in the magnetoelectric effect and the possibility to control magnetic
properties by an electric field and vice versa [ 1-3]. The multiferroic compounds have the application
opportunities as the materials for microelectronics components, magnetic and electrical field sensors or data
storage devices [4—6].

The manganites with general formula RMnO3, where R is arare-earth ion, crystallize in the orthorhombic
structure with the Pnma space group, if the R 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 (as Ho, Er, Tm, Yb, Lu, Y, Sc)
have a hexagonal crystal structure with the polar P6;cm space group [8—10]. The particularly interesting feature
of these compounds is a combination of multiferroic phenomena with the low dimensional magnetism of the
geometrically frustrated triangular lattice, realized via giant magnetoelastic coupling [8, 9, 11]. The crystal
structure of the hexagonal manganites consists of two-dimensional triangular lattices of Mn ions in ab planes,
separated by noncoplanar layers of rare earth ions. The magnetic properties of the hexagonal systems
demonstrate a strong dependence on the ionic radius r of the R element. Contrast to the absence of along-range
magnetic order in InMnOj3 with the largest value of r, YMnOj exhibits a long-range antiferromagnetic (AFM)
order of I'; or I'; irreducible representation symmetry, whereas others with smaller rz such as LuMnOj exhibita
different long-range AFM structure of I'; or I, irreducible representation symmetry [8, 9, 12]. Interestingly, for
both YMnOj; and LuMnOj3; compounds around Ty it was observed sharp anomalies in dielectric constant and
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loss tangent although the ferroelectric transition temperature of T¢c =z 900 K is much higher than T [13, 14].
Furthermore, the magnetic transition in both compounds YMnOj3; and LuMnQ3 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 of magnetoelectric properties of manganite 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 the magnetic frustration makes these hexagonal compounds very sensitive
to small perturbations in parameters such as the magnetic field or pressure. It was found that the application of
high pressure strongly suppresses the ordered Mn magnetic moments 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 the AFM structure of LuMnOj3 remains unchanged under
compression up to 6 GPa [8, 9, 12]. However, the structural and vibrational properties of YMnO; and LuMnO;
at high pressure remain not well explored. A partial structural phase transition into the metastable
orthorhombic phase in YMnOj at P ~ 24 GPa, and in LuMnOj at P ~ 22 GPawas recently reported [12, 15]. To
clarify in more detail the high-pressure effects on the structural parameters and vibrational spectra of YMnOj;
and LuMnOj3, we have performed a study of both compounds by means of powder x-ray diffraction (XRD) and
Raman spectroscopy methods in the extended pressure range up to ~30 GPa.

2. Experimental

The powder samples of YMnO3 and LuMnOj3 were prepared by the typical solid phase reaction method as
described in [8, 9, 12]. Oxides Y,03 (Lu,03) (99.999%) and Mn, 03 (99.999%) were thoroughly mixed. The
obtained homogeneous mixture 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 was finally sintered at a temperature of 1350 °C for 24 h
with intermediate grindings performed to prevent the formation of stable phases of minor impurities. An XRD
analysis shows a pure hexagonal phase of YMnO3 and LuMnOs,

The XRD patterns were measured in the pressure range up to 25.7 GPa for YMnOj3, and up to 31.2 GPa for
LuMnOs, at room temperature using a specialized x-ray diffractometer. This diffractometer consists of an FRD
high-flux x-ray emitter (Mo Ko radiation with wavelength A = 0.7115 A), a FluxMax focusing optical system,
and the SMART APEX CCD detector [12]. For conversion of the 2D diffraction data to 1D patterns, we used the
Fit2D program [16]. The diamond anvil cell of the design [17] was used. The diameter of the anvil culets was 300
pm. The sample was placed into a rhenium gasket with the hole diameter of 150 um. As a pressure transmitting
medium, we used a methanol-ethanol-water mixture with proportion of 15:3:1. The pressure in the cell was
measured using the ruby luminescence with an accuracy of 0.05 GPa. For the additional pressure calibration, we
placed a small piece of a gold wire inside the gasket. The XRD data were analyzed by the Rietveld method using
the FullProf program [17].

Raman spectra at ambient temperature and pressures up to 30 GPa were collected using a LabRam
spectrometer (NeHe excitation laser) with wavelength of 632.8 nm, 1800 grating, confocal hole 0of 1100 ym, and
a50x objective.

3. Results and discussion

3.1. X-ray diffraction
XRD patterns of YMnO3; and LuMnO3; measured 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
P65cm. The values of lattice parameters determined at ambient conditions are a = 6.0616(5) A, ¢ = 11.3939(7)
A for LuMnOsanda = 6.1334(6) A, ¢ = 11.3723(7) A for YMnOs, which are consistent with previous studies
[8,9, 12]. An absence of the extra peaks and qualitatively similar character of XRD data over whole studied
pressure range imply structural stability of YMnO3; and LuMnO;. We assumed that, in whole pressure range in
experiments, the hexagonal phase with space group P6;¢m of both investigated compounds remains unchanged.
The pressure dependencies of lattice parameters of YMnO3; and LuMnOj3 are shown in figures 2(a), (b). The
lattice compression of both compounds is strongly anisotropic with the most compressible a and weakly
compressible clattice parameters. The relevant average compressibilities k; = —(1/a;0)(da;/dP)t are
k, = 0.0015, k. = 0.0007 GPa~' for YMnOjand k, = 0.0012, k. = 0.0006 GPa~' for LuMnOs, respectively.
The pressure dependent unit cell volumes of YMnO3; and LuMnOj; are shown in figures 2(c), (d). The
volume compressibility data were fitted by the third-order Birch—-Murnaghan equation of state [18]:
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Figure 1. XRD patterns of YMnOj3 (a) and LuMnOj3 (b) measured at selected pressures and ambient temperature, and refined by the
Rietveld method. Experimental points and calculated profiles are shown. The bars at the bottom represent the calculated positions of
diffraction peaks of hexagonal phase.

P= %Bo(aﬂ/3 - x*5/3)[1 + %(B’ — (23— 1)],

where x = V/V}is the relative volume change, V,, is the unit cell volume at P = 0 GPa, By and B’ are the bulk
modulus By = V(dP/dV )rand its pressure derivative B' = (dB,/dP)r . The obtained values are B, = 157(5)
GPaand B’ = 12(2) for YMnOs, and B, = 180(6) GPaand B’ = 12(2) for LuMnQOs. For YMnOs3, the bulk
modulus somewhat exceeds those of By = 112 GPa, previously estimated for the more restricted pressure range
up to about 17 GPa [15], while B’ values are about the same. For LuMnOs, in the study [15] unreasonably large
value of B’ = 26 was obtained, providing relatively small bulk modulus By = 109 GPa. From our data,
comparable values of B/ = 12 are evaluated for both YMnO3 and LuMnO:s.

The comparative presentation of the anisotropy in lattice compressibility of YMnO3 and LuMnOj; can be
shown as pressure dependence of relative ratio of hexagonal axes: a* = a/agand ¢ = ¢/co. The parameter ¢*/a”
as a function of pressure demonstrates a faster growth for YMnOj3 in comparison with LuMnOj (figure 3). This
fact can indicate more pronounced anisotropy of the lattice compression of YMnQj3, which can lead to drastic
changes in the magnetic structure observed previously [8, 12].

3.2. Raman spectroscopy
The Raman spectra of YMnQOj; and LuMnOj3; measured at selected pressures and ambient temperature, are
shown in figure 4. The group theoretical analysis for the phonon modes of studied hexagonal manganites gives
38 Raman-active modes at the I'-point: I'r,,, = 9A; + 14E; + 15E,[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 strong Raman line at ~692 cm ™" is assigned to apical oxygen stretching vibrations along the c axis
of A, symmetry in Mn-O polyhedra. The neighboring weak line at ~644 cm ', observed in LuMnOj only,
corresponds with (x, y) vibrations of in-plane oxygen atoms of E, symmetry. The mode at ~472 cm ™' can be
assigned to (x, y) in-plane vibrations of the apical oxygen and Mn atoms of the A; symmetry [19, 20]. The
presence of this A; mode, which is expected to be silent for the centrosymmetric P6;/mmc structure, implies that
the crystal structure symmetry of YMnOj; and LuMnOj3 remains polar in the studied pressure range. The
vibration mode at ~310 cm ™ is associated to the relative displacements of the apical oxygen atoms along the ¢
direction and the (x, ) displacements of one of the in-plane oxygen atoms of the E, symmetry [11, 20]. It reflects
the Mn—O—O-Mn bond vibrations, which moderated the super-exchange Mn-Mn interaction between the
adjacent Mn planes. The vibration mode A; at 264 cm ™' is associated to the displacements of Y/Lu and Mn
atoms along the zaxis[11, 19, 20].

One should note that in the metastable orthorhombic perovskite-like modification of YMnQO3, the Raman
spectra exhibit strong Raman modes at 500 and 615 cm™ ' [21], associated with the Jahn-Teller distortions of

3



I0OP Publishing Mater. Res. Express 6 (2019) 086110 SHJabarov et al

11.4F ' ' ' ' ] 1114
Yl\/[l’l()3 (a)

113} ] 1113
—_ C ~
< 112} 1 1112 <
wn 17}
i St
‘é = % = 3:11.1 %
g
s 61f 1t {61 =
[+ [
2 6ot ® 1t l6o =
> a >
© sot it a 159 ©

[ ]
5.8¢, . . . . N . . . . . . 458
0 5 10 15 20 25 0 5 10 15 20 25 30

370 11 LuMnO, (d) {370
360 ] 1360 _
= )
[P] (%]
g 350 y {350 £
= =
=] [=]
> >
S 340 ] 1340 3
Q o

330} ] 1330

0 5 10 15 20 25 0 5 10 15 20 25 30
P (GPa)

Figure 2. Lattice parameters (a), (b) and unit cell volume (c), (d) of the studied manganites as functions of pressure and their
interpolation based on the Birch-Murnaghan equation of state. Error bars are within symbol sizes.
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Figure 3. The pressure dependence of relative lattice parameters ratio ¢*/a* of YMnOj; and LuMnO3 manganites. The solid lines are
polynomial approximation of experimental data. Error bars are within symbol sizes.
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Figure 4. Raman spectra of YMnOj (a) and LuMnOj (b) at selected pressures.
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Table 1. Raman frequencies of YMnOj3; and LuMnOj; at 1.9 GPa. The pressure

coefficients for the observed modes are also given.

YMnO; LuMnO;
Mode Mode
Assignment (em™) kyi (ecm™) kyi
Ay 263.6 0.0080 — —
E, 310.3 0.0081 309.5 0.0067
Ay 471.4 0.0050 474.9 0.0050
E, — — 644.5 0.0057
A 691.6 0.0038 693.0 0.0047

MnOg octahedral units. The absence of the extra modes in the relevant frequency regions supports the stability
of the hexagonal structural modifications of YMnOj3; and LuMnOj; 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 k,; = (1/v;y)dv;/dP are the smallest for the A; apical oxygen stretching vibrations, being
about 0.0038 and 0.0047 GPa ™' for YMnO5 and LuMnOs, respectively (table 1). This is consistent with the
smallest compressibility of the c-axis, along which the apical Mn-O bonds are located. For the lower frequency
A, and E, modes, the pressure coefficients increase up to 0.0080 GPa™ ' (table 1), reflecting contribution from
the more pronounced compressibility of the a-axis.

4. Conclusions

The XRD and Raman scattering analyses demonstrate a pronounced anisotropy of the lattice compression of the
hexagonal manganites YMnO; and LuMnOj3, causing anisotropic response of the vibration modes involving
atomic displacements either along the c-axis or in the (ab) plane. No signs of the structural phase transition to the
orthorhombic modification were found. The presence of the A, vibrational modes associated with the
displacements of Mn ions in the (ab) planes, which are Raman active for the polar P6;cm symmetry and expected
to be silent for the non-polar P65/mmc one, implies also that the crystal structure remains polar in the studied

pressure range.
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Figure 5. Pressure dependencies of the vibrational frequencies of YMnOj (a) and LuMnOj (b) and those linear interpolation. Error
bars are within symbol sizes.
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