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Abstract. The structural and vibrational properties of LaCog.5sMng.5Oscation-disordered manganite have been
studied using X-ray diffraction and Raman spectroscopy at pressures up to 25 GPa. The application of high
pressures above 5 GPa leads to a gradual structural phase transition from an orthorhombic crystal structure
with Pnma symmetry to Imma one, accompanied by anomalies in the behaviour of lattice parameters, unit cell
volumes, and some Raman modes under pressure. Pressure dependencies of structural parameters and frequencies

of Raman modes for the observed phases of the LaCop.5sMnp.503 manganese oxide were obtained.
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1 Introduction

Studying the structure and phase transitions of condensed matter is of great importance. The
results obtained from this research help explain the physical properties that develop within
them. Studying the crystals and thin films of functional materials determines their potential
applications (Kitano et al., 2013; Jabarov et all 2022)). Strongly correlated perovskite oxides
continue to be the subject of extensive research due to their variety of catalytic (Yamada et al.,
2017; [Polo-Garzon & Wu, 2018]), pyroelectric (Serralta-Macias et al.,[2021)), piezoelectric (Shohag
et al. |2024), ferroelectric (Cong et al., 2018)), dielectric (Yousif et al., 2021)), resistivity (Kozuka,
et al. |2015), superconductivity properties (Zhou et al.l |2018), and the potential cross-couplings
between these responses (Zeng et al.l 2020). These materials have prospects potential technical
applications as promising candidates for novel electronic devices (Zeng et al., 2020; Jia et al.,
2023). In addition, perovskite magnetic oxides are characterized by a rich range of magnetic
phases from ferromagnetic and antiferromagnetic to unique non-collinear or incommensurate
magnetic states (Mandal et al., [2007)).
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In perovskite manganese oxides, the interplay between magnetic, transport, and electronic
properties is based on a delicate balance between the ferromagnetic (FM) double exchange,
promoted by charge carriers of the e, type, and antiferromagnetic (AFM) super-exchange in-
teractions between localized magnetic moments to, that are tuned by lattice distortions and
orbital degrees of freedom (de Gennes, |1960; Dagotto et al., [2001; Coey et al., [1999). Well-
studied undoped LaMnOsg is a classic example of a Jahn-Teller (JT) system (Pavarini et al.,
2010; Rodriguez et al., [1998)), where cooperative JT structural distortions remove the degen-
eracy of the half-filled e, orbital of M n?t ions, leading to the formation of antiferrodistortive
long-range orbital ordering and an AFM insulating ground state (Rodriguez et al., [1998). With
the introduction of holes into mixed valency Ri_,A, MnQOs systems, the long-range JT struc-
tural distortions are gradually suppressed and the FM metallic state appears when 0.2 < = < 0.5
(Basak et al., 2001)). On the other hand, the doping of the manganese site with transition metal
ions provokes changing of double exchange interactions (Ghosh et al., [1999). It has also been
suggested that super-exchange interactions between different types of ions may also be respon-
sible for cation doping. In particular, doping the manganese sublattice with cobalt ions with
different spin-states contributes to the formation of intriguing magnetic properties (Troyanchuk
et al., 2000). In the ideal fully ordered structure of cobalt-doped manganites the positions of
Co?** and Mn** ions are swapped (Sazonov et al., 2006). A super-exchange magnetic interaction
between cobalt and manganese ions results in the long-range ferromagnetic FM order (Pollert
et al., 2003). The cation disordering in the perovskite manganite oxides triggers an increase
in Mn*t — O — Mn*t and Co®>T — O — Co®*t double exchange interactions. Formation of FM
ordering is shown in LaCogs5Mngs50¢ at Tc = 210K with comparable low values of ordered
magnetic moments (Khiem et al., [2025).

An important insight into the relationship between the competing factors discussed above
and their particular role in formation of magnetoelectric properties of perovskite compounds can
be given by high pressure studies (Kozlenko et al., 2011} [2023; Belozerova et al., 2021). There
is an exploration of the response of physical properties to the reduction of interatomic distances
and the mediation of relevant interactions. High pressure generally leads to metallization of
manganese oxide owing to the broadening of charge carrier bandwidth W and the closure of
the energy gap in the band structure (Loa et al., [2001). Raman spectroscopy reveals a peculiar
behavior of the JT mode of MnOg octahedra characterized by a rapid increase in wavenumber
up to ~ 7GPa and its subsequent weak dependence on pressure up to 14 GPa (Sacchetti et
al., 2008)). This allows for anisotropic compression of oxygen octahedral structures. In the case
of cation-disordered manganates, high pressure application can significantly affect the different
responses of two octahedral structures around manganese and cobalt ions. However, in cation-
disordered perovskites, the effect of high pressure on the crystal structure remains unclear, but
it is an important factor in understanding the evolution of the magnetic properties of such
manganates under pressure. For further insight into the structural and vibrational properties of
LaMngy5Coy 503 at high pressure, we performed X-ray and Raman spectroscopy measurements
in the pressure range up to 25 GPa.

2 Experimental

As previously described (Khiem et al., 2025), the synthesis of LaCoys5Mng 503 polycrystalline
samples was accomplished using a conventional sol-gel method. The starting materials were
high-purity lanthanum nitrate hexahydrate (La(NOs)s - 6H20), cobalt sulfate heptahydrate
(CoSOy4 - TH20), and manganese nitrate tetrahydrate (Mn(NO3)s2 - 4H20). These precursors
were mixed in the correct proportions to create a uniform solution. Citric acid was added as a
chelating agent, and the reaction was conducted in an alkaline environment. The solution was
continuously stirred and gradually heated up to 450 °C to facilitate gel formation and subsequent
decomposition. The resulting gel was ground into a fine powder and then subjected to annealing
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at 1150 °C for 12 hours to produce the final product.

The X-ray diffraction (XRD) experiments were performed using the SAXS/WAXS XEUSS
3.0 system (produced by Xenocs SAS in Grenoble, France) with the Dectris Eiger 2R 500K
detector. The wavelength of Mo K« radiation was A = 0.7115. The XRD data were analyzed
using the software package FullProf (Rodriguez, [1993).

Raman spectra at high pressures and ambient temperature were obtained using a Confotec
MR200 spectrometer (produced by SOL Instruments GmbH, Augsburg, Germany) with a wave-
length excitation of 532 nm from a diode-pumped solid-state laser, 1200-mm grating, a confocal
hole of 100 um, and a x20 objective. The laser power was 17 mW. An absorption coefficient
of the studied material for laser excitation wavelengths in the range 488-633 cm™!
low, and the local heating effects should be negligible.

A Boehler-Almax plate-type diamond anvil cell (DAC) was used in the experiments at high
pressures up to 25 GPa. Diamonds with culets of 300 pum were selected. The sample was loaded
into a hole of 150 pum diameter made in a rhenium gasket, indented to approximately 30 pum
thickness. The pressure was determined using the ruby fluorescence technique at three ruby
balls: one in the center of the gasket and two others close to the boarders. Accuracy of the
pressure determination at each ruby was on the limit of 0.1 GPa, and no pressure-transmitting
medium was used to avoid its interaction with the studied material, improving background
conditions for Raman spectroscopy experiments.

is relatively

3 Results

3.1 X-ray diffraction

The X-ray diffraction patterns of LaCog5Mng 503 measured at selected pressures and ambient
temperature, are shown in Figure 1.
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Figure 1: The XRD patterns of LaCog 5 Mng 503 measured at selected pressures. The experimental

points and calculated profiles obtained using the Rietveld method are presented. The ticks below

represent the calculated positions of the diffraction peaks corresponding to the Pnma phase at

P = 0.1GPa. Additional peaks from the gasket material are denoted as Re and *. The enlarged

parts of the XRD patterns (highlighted with a dotted rectangle) are presented, showing the evolution
of the (111) diffraction peak with pressure.
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Under ambient conditions, LaCog5Mng 503 has an orthorhombically distorted perovskite
crystal structure of Pnma symmetry and lattice parameters of a = 5.472(2) A, b = 7.718(3) A,
¢ =5.475(2) A. These values are in good agreement with the previous data (Dass & Goodenough,
2003; Khiem et al., 2025; [Selmi et al.,2022). In the orthorhombic phase, the lattice parameters
correspond to perovskite unit cell as a ~ \/iap, b ~ 2ap, and c ~ ﬂap, where a,, is the parameter
of the perovskite cubic phase. In orthorhombic phase, Co and Mn ions are randomly distributed
at the 6c crystallography site.

When the pressure increases, a decrease in the intensity of the diffraction peak (111) is
observed (Figure 1). At pressure P = 5.8G Pa this peak fully disappeared. This fact can indicate
the structural phase transition into the higher symmetry phase. The phase transformation starts
at P = 3.2G Pa and evolves over a phase coexistence in the pressure range of a few GPa. It is
known that the diffraction peak (111) is forbidden for rhombohedral R3¢, orthorhombic Imma,
and tetragonal I /mcm space groups, which are observed in other manganites (Kozlenko et al.
(2023))). It was found that the orthorhombic model with the Imma symmetry had the best
agreement with the obtained experimental data and was chosen for the structure analysis of the
high-pressure phase.

The Pnma-Imma structural phase transition in LaCog 5Mng 503is accompanied by anomalies
in the pressure dependence of the unit cell parameters and volume (Figure 2a and 2b). The cal-
culated linear compressibility coefficients of the unit cell parameters kq; = — (1/a;) (da;/dP)|p
(a;=a, b and c) are k,=0.0019, ky=0.0020 and k.=0.0010 GPa~* for Pnma phase and k,=0.0013,
ky,=0.0014 and k.= 0.0008 GPa~' for high pressure phase with Imma space group. In the pres-
sure range of 0 — 6 GPa, lattice compression is anisotropic with the most compressible along
b-axis (Figure 2a). Uniaxial compression anisotropy can be characterized by the distortion pa-
rameter s; = b/(2ac)'/?, which is equal to 1 for the ideal cubic perovskite cell. As can be seen
from Figure 2b, the s; value for LaCogsMng 503compound decreases from 0.998 to 0.989 with
the pressure increase. However, in the phase transition range, there is a noticeable change in
the slope of the baric dependence of the distortion parameter s;(Figure 2b).
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Figure 2: Pressure dependence of (a) lattice parameters and (b) unit cell volume of LaCog 5 Mng 50s5.
The inset shows the baric dependence of distortion parameter s;.
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The volume compressibility data were fitted using the third-order Birch—Murnaghan equation
of state (Birch, 1986):

3 3
P =SBy (;c—7/3 - x—5/3) [1 + (B -9 -1 (1)
where x = V/V is the relative volume of unit cell and V| is the unit cell volume at P =

0; Bo and B’ are the bulk modulus By = -V (dP/dV)r and its pressure derivative B’ =
(dBy/dP)r. The calculated values for the Pnma orthorhombic phase of LaCopsMng ;0 are
By = 167(6) GPa, B’ = 4(1) and By = 197(6) GPa, B’ = 4(1) for the high-pressure phase
with the Imma space group. The values of the bulk modulus are comparable to the values
obtained for similar manganite compounds Pry7Bag3sMnOgs (By=144(5)GPa), Prg 7Srg3MnOs3
(Bp=120(5) GPa for Pnma phase and By=168(5) GPa for Imma phase, respectively) (Dang et
al., 2013), Lag.7Sro.3MnO3 (By=167(5) GPa) (Kozlenko et al., 2004), Lag 75Cag.25MnO3 (By=178
GPa) (Kozlenko et al., 2007), LaMng 7Gag 303 (By=160 GPa) (Malavasi et al., 2010).

It should be noted that both the Pnma and Imma phases have similar superstructures with
respect to the ideal perovskite subunit, but they differ mainly in the tilt system of the oxygen
octahedra (Kozlenko et al., 2023). While in the Pnma phase the tilts of Mn(Co)Og octahedra
around (010) and (101) axes are present (a~ b a~ tilt system in Glazer notation), in the Imma
phase tilts around (101) axis are allowed only (a~b%a~ tilt system). And these subtle effects
can only be verified in Raman spectroscopy experiments.

3.2 Raman spectroscopy

Raman spectra of LaCog 5Mng 503 measured at different pressures are shown in Figure 3. They
exhibit two strong peaks located at 490 and 650 cm ! (Figure 3a). In comparison to LaMnO3zand
other manganite compounds with the JT distortions, those peaks correspond to the bending
vibration mode (AS) with the A, symmetry and to the symmetrical stretching vibration mode
(SS) with the By, symmetry, respectively. Over the studied pressure range up to 25 GPa, is an
almost linear increase in the frequency of the observed modes (Figure 3c), while an anomaly on
the pressure dependence of the AS mode frequency is detected at pressure above ~ 4.2 GPa.
Also, at pressures above 5.5 GPa, an additional weak Raman peak appeared at~ 390 cm~!. It
corresponds to a bending deformation (BD) mode of Mn(Co)Og octahedra with B3, symmetry.
The Pnma- Imma phase transition at P ~ 5.5 GPa is related to tilting of Mn(Co)Og octahedra
and it weakly affects the Mn-O and Co-O distances, controlling the SS mode frequency.

Interestingly, when the manganese sublattice is doped with cobalt ions in LaCog 5Mng 503, no
expected suppression of static cooperative JT distortions was detected. In addition, a splitting
of the SS mode peak into two peaks is expected. We checked this statement by studying the
pressure dependence of the widths of the Raman lines for AS and SS modes (Figure 3d). It is
clearly seen that if the full width at half maximum (FWHM) of the AS vibrational mode does
not change significantly under pressure, there is a noticeable decrease in the width of the SS
mode before the phase transition and a gradual widening with further increasing pressure. We
assumed that this is related to a difference in the average compressibility of the Mn-O and Co-O
distances in both the Pnma and Imma phases.

Interestingly, the JT mode in the LaCogsMng 503 compound does not disappear at high
pressure, as was observed in the undoped LaMnOgs compound (Kozlenko et al., 2023). This
is due to the strong local antiferrodistortive JT coupling between nearest-neighbors octahedra.
These are similar local JT-distorted regions with a short-range orbital order and coupling, but
are likely with a larger correlation length compared to high-temperature phases of LaMnQOs.
The character of JT distortion can be modified from a long-range to a local one due to doping
and pressure application. In turn, the change in the JT structural distortion determines the
presence of an orbital order in manganites, which determines the A-type antiferromagnetic state
(Kozlenko et al., 2011, 2023). The local incoherent JT lattice distortions, of a static or dynamic
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nature, and related electron-phonon coupling effects, combined with inner strains caused by
cation disordering in cation disordering effects in the LaCog 5sMng 503, may lead to the formation
of the nanoscopic or mesoscopic A-type AFM regions in the initial FM matrix (Kozlenko et al.,
2023). However, this requires conducting neutron diffraction experiments at high pressures.
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Figure 3: The Raman spectra of LaCogsMng 503 measured at selected pressures and ambient

temperature and the enlarged part of Raman spectra (b) for the high pressure Imma phase obtained

at P = 8.6 GPa. Pressure dependencies of the observed Raman modes (¢) and their Full width at
half maximum (FWHM) (d) of LaCog 5Mng 50s5.

4 Conclusion

A comprehensive high-pressure study of the cation-disordered perovskite LaCogsMng 503 has
been performed using X-ray diffraction and Raman spectroscopy up to 25 GPa. The results
revealed a pressure-induced structural phase transition from the initial orthorhombic Pnma
phase to the Imma phase at P ~ 5 GPa. This structural phase transition is accompanied
by the appearance of a new Raman-active mode associated with bending vibrations of the
(Mn/Co)Og octahedra and by the anomalous in the pressure dependence of FWHM linewidths
of observed vibrational modes. Based on experimental data and previous results, it is expected
that the gradual suppression of FM order in LaCogsMng 503 will occur, mediated by changes
in octahedral tilting and anisotropic lattice compression.
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