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Abstract: The high-pressure behavior of the 9R rhombohedral polymorph in BaMng sTig.1503 was
investigated using synchrotron X-ray diffraction and Raman spectroscopy under compression up to
20.7 and 32.6 GPa, respectively. The 9R phase remains stable under pressure but exhibits anisotropic
lattice compression, with the c-axis being less compressible due to intrinsic structural anisotropy.
An isostructural transformation occurs around 9 GPa, as evidenced by anomalies in the pressure
dependence of the lattice parameters, bulk modulus, and Raman vibrational modes. This
transformation is attributed to pressure-driven rearrangements in the local bonding environment
within the Mn/Ti—O octahedral framework, primarily involving Mn/Ti vibrations.
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1. Introduction

Multiferroic materials have emerged as a highly promising class of multifunctional systems owing
to their potential applications in spintronics, advanced sensors, and next-generation memory devices, as

* Corresponding author.
E-mail address: dangngoctoanl@duytan.edu.vn

https//doi.org/10.25073/2588-1124/vnumap.5040



2 N. T. Dang et al. / VNU Journal of Science: Mathematics — Physics, Vol. 42, No. 1 (2026) 1-9

well as their importance in fundamental science [1-3]. The inherent interplay between the electronic,
lattice, and spin degrees of freedom in these materials leads to a wide variety of unusual physical
phenomena, including the magnetoelectric effect, giant thermal Hall effect, generation of
electromagnons, spin-Peierls transitions, ultrafast magnetization dynamics, and the spin Seebeck effect,
etc. [1-3]. In conventional multiferroics, the magnetoelectric (ME) coupling is generally very weak due
to the fundamentally different origins of ferroelectricity and magnetism [1-3]. Conversely, improper
multiferroics have demonstrated a pronounced ME coupling, where ferroelectricity emerges as a
secondary outcome of magnetic ordering [4, 5]. In such systems, the magnetic structure breaks inversion
symmetry, enabling the emergence of spontaneous electric polarization - often governed by mechanisms
such as spin—orbit coupling or exchange striction [4, 5]. Nevertheless, a major challenge lies in the fact
that both magnetic and ferroelectric transition temperatures in these systems are frequently far below
room temperature, limiting their feasibility for real-world device integration.

In this context, numerous magnetoelectric phenomena have been discovered in polymorphs of
BaMnO:s.; and its derivatives. In particular, Korneta et al., [6] observed significant ME properties near
room temperature in several antiferromagnetic phases, including 15R-BaMnO 99, 8H-BaMng 971100303,
and 12H-BaMngo7Ko0303. Furthermore, the emergence of spontaneous electric polarization
accompanied by pronounced ME effects has been reported in Sr;-xBa,MnOs [7]. Notably, the magnitude
of the observed polarization is comparable to that of the classical ferroelectric BaTiOs [7]. Additionally,
first-principles calculations have predicted a ferroelectric ground state in both the antiferromagnetic 2H
phase and the hypothetical ideal cubic perovskite phase of BaMnO; [8, 9]. These studies suggest that
the asymmetric local environment of Mn ions within face-sharing MnOs octahedra induces an off-
centering displacement of Mn*" ions along the c-axis, giving rise to electric polarization—analogous to
the mechanisms in conventional multiferroics [7-9]. Moreover, spin—phonon coupling has been shown to
play a pivotal role in the ME interactions within these systems [6, 10].

As can be noticed, another intriguing feature of BaMnOs; is its structural instability which can be
triggered by numerous factors such as oxygen deficiency, chemical substitution, temperature
fluctuations, and applied pressure. Numerous hexagonal and rhombohedral polymorphs, distinguished
by varying ratios of corner-sharing and face-sharing octahedra, have been observed [11,12]. As the
concentration of oxygen vacancies increases, the proportion of corner-sharing to face-sharing octahedra
rises, driving successive structural phase transitions: 2H — 15R — 8H — 9R — 6H — 10H — 4H [11,
12]. Furthermore, a similar trend in polymorphic evolution -15R — 8H — 9R — 10H — 12R - has been
reported upon Ti substitution [11]. An increased fraction of corner-sharing octahedra in BaMnO; has
also been observed under compression [13]. At high temperatures, the 2H structure of BaMnOs3
undergoes a pressure-induced transformation to the 9R type around 5 GPa, followed by transitions to
the 4H and 6H phases at 9 and 20 GPa, respectively [13, 14]. Recent theoretical investigations indicate
that the perovskite polymorphs of BaMnO3, consisting exclusively of corner-sharing octahedra, can be
stabilized over its rhombohedral and hexagonal counterparts at pressures higher than 20 GPa [15].

Interestingly, strong spin—phonon coupling has also been observed in the 9R phase of the Ti-doped
BaMnO; system (BaMni.,Ti,O3) [16, 17], further underscoring the potential of this material for
exploring magnetoelectric coupling phenomena. However, the pressure-induced behavior of this phase
has not yet been explored. Additionally, structural and electronic phase transitions have been frequently
observed in strongly correlated systems such as Mn3O4 [18], RMn2Os [19, 20], CazCo020¢ [21], and etc.
On the hand, Kozlenko et al., demonstrated that in BaMn.,Ti,O3, the single-phase 9R structure can be
stabilized only within a narrow Ti doping range around x = 0.15 [11]. Therefore, in this work, we
prepared a single-phase 9R BaMn ssTio.1503 sample and investigated its pressure-dependent behavior
using a combination of X-ray diffraction and Raman spectroscopy.
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2. Experimental Details

Single-phase polycrystalline BaMng gsTi.1503 (BMTO) sample was prepared by the conventional
solid-state reaction method from mixtures of high-purity precursors BaCO;, Mn;Os, and TiO;
(purchased from Sigma Aldrich, purities > 99.9%). The starting materials were weighed in
stoichiometric proportions, thoroughly mixed, and calcined at 1,050 °C for 24 hours. The calcined
powders were then pressed into pellets and sintered at 1300 °C for 5 hours in air. The phase composition
was analyzed using a Bruker D8 Advance Eco X-ray diffractometer (equipped with a Cu-K, radiation
source: A1 = 1.5406 A, 1, = 1.5444 A, and their intensity ratio /»/I; = 0.48). The sample’s morphological
properties were examined by scanning electron microscopy (SEM).

High-pressure angle-dispersive synchrotron X-ray diffraction (XRD) measurements were performed
up to 20.7 GPa at ambient temperature on Beamline P02.2 at PETRA III, Deutsches Elektronen-
Synchrotron DESY (Germany) [22]. The diffraction data were recorded using a flat-panel XRD 1621
detector (PerkinElmer), equipped with a Scl scintillator and an amorphous silicon sensor, positioned
402.33 mm from the sample. Monochromatic X-rays with a wavelength of A =0.29118 A were used for
the measurements. The obtained two-dimensional diffraction images were converted into one-
dimensional diffraction patterns using the FIT2D software package [23]. Structural analysis of the
diffraction data was conducted using the Rietveld refinement method implemented in the FullProf Suite
[24]. Raman spectroscopy measurements were conducted at ambient temperature under pressures up to
32.6 GPa, using a LabRam spectrometer equipped with a 632.8 nm He-Ne excitation laser. Both XRD
and Raman measurements were performed using a diamond anvil cell, with neon gas used as the
pressure-transmitting medium [25]. The ruby fluorescence method was used for pressure determination.

3. Results and Discussion
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Figure 1. a) XRD pattern of the BMTO sample collected under ambient conditions using a Cu Ka radiation
source, along with the corresponding fitting curve. The indices of the most prominent peaks are indicated.
Inset: SEM image of the BMTO sample; b) Illustration of the 9R crystal structure.

The phase composition of the prepared sample was examined via the Rietveld refinement of the
XRD pattern collected under ambient conditions. As seen in Fig. 1a, the pattern can be fully indexed to
a single thombohedral R3m phase with unit-cell parameters a = 9.6784(2) A and ¢ = 20.9845(9) A
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(hexagonal setting) as shown in Fig. 1b, consistent with values reported in earlier studies [11, 26, 27].
Moreover, the Rietveld refinement employing the structural model previously reported for this 9R phase
[11,26, 27] provided a satisfactory fit to the experimental data, indicating the single-phase nature of the
sample.

As revealed by the SEM image, the BMTO sample consists of irregularly shaped particles, of which
rod-shaped particles exhibiting sharp edges and corners predominating and randomly oriented (see inset
of Fig. 1a). The rods display a broad length distribution ranging from approximately 0.8 um to 4.5 pm.
The particles adhere well to each other, forming large voids within the structure.
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Figure 2. Synchrotron XRD patterns of the BMTO sample (symbols) collected at ambient temperature and
selected pressures, along with the corresponding fitting curves. The indices of most prominent peaks are
indicated for the pattern collected at 0 GPa. Intense peaks originating from crystalline neon are marked with the
symbol “Ne”.

Furthermore, the evolution of the 9R phase of BMTO under compression was investigated using
synchrotron X-ray diffraction under pressures up to 20.7 GPa, as illustrated in Fig. 2. Data analysis
confirmed that the initial 9R phase remained stable across the whole pressure range. At high pressures
(P = 10.5 GPa), along with the characteristic peaks of the 9H phase, additional peaks at 26 ~8.2° and
9.3° as marked with the symbol “Ne” were observed in the XRD patterns. The data analysis indicates
that these peaks correspond to the cubic phase of crystalline neon [28]. The pressure dependence of the
lattice parameters and unit-cell volume is presented in Fig. 3. It is important to mention that both lattice
parameters display anomalies at around 9 GPa. In particular, the a parameter shows a significant
reduction in its average compressibility, defined as k, = —(1/ao)(da/dP)r, decreasing from 0.0025 to
0.0017 GPa™! across the critical point. Similarly, k. decreases from 0.0021 to 0.0014 GPa™'. Additionally,
the ratio ¢/a increases almost linearly and slightly, from 3.765 for 0 GPato 3.723 for 20.7 GPa, indicating
a slight anisotropic lattice compression, with the c-axis being less compressible. This anisotropic
compressibility can be attributed to the intrinsic structural anisotropy of the 9R crystal structure, which
features face-sharing (Mn/T1)Og octahedra along the c-axis, where strong anisotropic interactions occur
(Fig. 1b).



N. T. Dang et al. / VNU Journal of Science: Mathematics — Physics, Vol. 42, No. 1 (2026) 1-9

21.0 E
cla (c)
5.65 - 580
P B P 20.8
560 101520 >
= PGP | 2 | 560
T Q i
5.55 20.6 |- p
Ny
i [ 540
o 204 |
545 - (@ [ ® sl ©
B e 20'2_|.|.|.|.| L
0 5 10 15 20 0 5 10 15 20 5 10 15 20
P (GPa) P (GPa) P (GPa)

Figure 3. Pressure-dependent evolution of the lattice parameters a (a), ¢ (b), and unit-cell volume V (¢)
for the BMTO sample, along with their respective fitted curves using the BM equation of state.

Generally, the lattice compressibility data can be fitted by the third-order Birch—-Murnaghan (BM)
equation of state [29]: P = %Bo(x’w S—x)[1 + % (B> —4)(x?* — 1)] (1), where x = V/V, is the relative

volume change, V is the unit cell volume at P = 0; By and B’ are the bulk modulus, Bo = —V(dP/dV)r,
and its pressure derivative B’ = (dBy/dP)r, respectively. However, since By and B’ are often strongly
correlated, leading to significant variability in reported values across different measurements for many
oxides [21, 30]. Therefore, to ensure more consistent comparison of compressibility data and to facilitate
the monitoring of phase transitions, a common approach is to fix B’ = 4, i.e., applying the second-order
Birch-Murnaghan equation of state [19, 21, 30]. Following this approach, for B’ =4, the calculated value
of By is 120(2) GPa for the pressure range below 9 GPa, increasing to 137(5) GPa above this critical
point. Notably, the obtained experimental values By are comparable to those reported for other face-
sharing 4H and 6H polymorphs of SrMnOs;, which are 115.6(11) GPa and 143.7(17) GPa,
respectively [31].

Furthermore, to elucidate the origin of the pressure-induced structural anomalies observed in the
BMTO sample, Raman scattering measurements were carried out at room temperature under
compression up to 32.6 GPa, as depicted in Fig. 4. At ambient-conditions, nine Raman peaks 258.9,
322.8,403.0,423.0,456.9,511.2, 528.8, 563.6, and 634.5 cm™' were observed, consistent with previous
works [10, 11, 17]. According to group theory, the 9R crystal structure has 9 Raman active modes, I' =
4414 + 5E4 [11, 32], including A4 and E, associated with vibrations of Ba, A4 and E4 of Mn/Ti, and
2414 and 3E 4 of O. It is worth noting that only the O1 and M1 sites contribute to Raman-active phonon
modes, while the O2 and M2 sites remain stationary [17, 32, 33]. Additionally, since the vibration modes
of Ba ions are expected to occur below 200 cm™ [10, 32], the observation of more Raman modes than
theoretically predicted may be attributed to cation disorder. According to Refs. [10, 11, 17, 33], the
modes at 258.9 and 322.8 cm™ are primarily associated with vibrations of Mn/Ti ions. The higher-
frequency modes are mainly associated with oxygen vibrations: the highest-frequency mode at 634.5
cm! and the modes in the 511 — 563 ¢cm™! can be assigned to breathing and stretching vibrations of
oxygen octahedra, respectively [10, 11, 17, 33]. The remaining modes at 403.0, 423.0, and 456.9 cm’!
are attributed to bending vibrations of oxygen octahedra [10, 11, 17, 33].
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Figure 4. Raman spectra of the BMTO sample measured at room temperature under selected pressures.

As depicted in Fig. 4, all Raman modes persist under compression up to 32.6 GPa, consistent with
the stability of the 9R symmetry as reported by the structural investigation presented above.
Additionally, above 18.2 GPa, a weak mode with v = 565.7 cm™' becomes detectable, which may be
obscured at lower pressures due to the overlap with other modes. Moreover, the pressure dependence of
these Raman modes’ frequency is determined and illustrated in Fig. 5. All Raman modes shift towards
higher frequencies upon compression. Interestingly, similar to the lattice parameters, all these curves
exhibit anomalous behavior around 9 GPa, as evidenced by changes in their slope dv/dP and in the
mode-Griineisen parameter y; = (Bo/vi)(dvi/dP), as listed in Table 1. Notably, unusual evolutions in the
relative intensities of the transition-metal vibration modes are observed (Fig. 4). In particular, the
stronger mode at v = 258.9 cm™ (at 0 GPa) remains almost unchanged up to 18.2 GPa, then gradually
weakens under further compression. In contrast, the weaker mode at 322.8 cm™ (at 0 GPa) diminishes
and disappears around 8.9 GPa. However, above 18.2 GPa, this mode reappears and strengthens
significantly with increasing pressure, eventually becoming more dominant than the lower-frequency
mode. These lower- and higher-frequency modes are associated with the vibrations of Mn/Ti ions in the
ab plane and along the ¢ axis, respectively [32]. Therefore, the observations confirm the occurrence the
pressure-induced isostructural transformation in BMTO, which is primarily associated with changes in
local structural properties related to Mn/Ti vibrations.
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Figure 5. Pressure dependence of vibrational-mode frequencies of the BMTO sample, along
with their linear interpolations.

4. Conclusion

In this work, the high-pressure structural and vibrational behavior of BMTO was systematically
investigated. High-pressure XRD measurements reveal that the 9R structure remains stable up to 20.7
GPa but undergoes slight anisotropic lattice compression, with the c-axis being less compressible due
to the intrinsic structural anisotropy. The pressure dependences of all lattice parameters demonstrate
anomalies around 9 GPa, indicating a pressure-induced isostructural transformation. This transition is
further supported by anomalies in the Raman mode frequencies and by significant changes in the
intensity and evolution of Raman-active modes associated with Mn/Ti vibrations (Table 1). These
findings suggest pressure-driven rearrangements in the local bonding environment within the Mn/Ti—O
octahedral framework, primarily involving Mn/Ti vibrations. To gain deeper insight into the observed
phenomena, further theoretical analysis is essential to elucidate their microscopic origin.

Table 1. Pressure coefficients dvi/dP and mode Griineisen parameters y; of the observed Raman modes
in BMTO across different pressure ranges.

» dvi/dP (cm’'/GPa) i = (Bo/vy)(dvi/dP)
Vi (em) P<89GPa | P>89GPa | P<89GPa | P>89 GPa
258.9 (0 GPa) 3.109 2330 1.367 1.019
322.8 (0 GPa) 3.204 1.815 1.148 0.634
403.0 (0 GPa) 3.058 1.506 0.878 0.459
423.0(0 GPa) 3.785 2.908 1.032 0.811
456.9 (0 GPa) 3.259 2384 0.832 0.636
565.7 (18.2 GPa) - 2.859 - 0.669
511.2 (0 GPa) 5.113 2977 1.151 0.692
528.8 (0 GPa) 5.696 2.635 1.232 0.589
563.6 (0 GPa) 4379 2.649 0.900 0.571
634.5 (0 GPa) 3.741 2.788 0.689 0.545
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