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ABSTRACT

In the last decade, major efforts have been devoted to searching for polar magnets due to their vast potential applications in spintronic
devices. However, the polar magnets are rare because of conflicting electronic configuration requirements of ferromagnetism and electric
polarization. Double-perovskite oxides with a polar structure containing transition metal elements represent excellent candidates for the
polar magnet design. Herein, the crystal structure evolution of Mn,FeSbOs (MFSO) was investigated at pressures reaching ~50 GPa by in
situ synchrotron X-ray diffraction (XRD), Raman scattering, and ab initio calculation techniques. The XRD results reveal ilmenite- to
perovskite-type phase transition at around 35GPa. An additional intermediate phase, observed in the range of 31-36 GPa by Raman
spectroscopy, but not the XRD technique, is proposed to represent the polar LiNbO; phase. It is argued that this phase emerged due to
the heating effect of the Raman-excitation laser. The LiINbO;-type MFSO compounds, displaying an intrinsic dipole ordering, represent a
promising candidate for multiferroic materials. The detected phase transitions were found to be reversible although a significant hysteresis
was noticeable between compression and decompression runs. Moreover, a pressure-induced piezochromism, signifying a bandgap change,
was discovered by the direct visual observations and corroborated by ab initio calculations. The present study benefits an efficient
high-pressure synthesis of polar magnetic double-perovskite oxides in the future.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5090649

Polar magnets, which possess strong coupling between magneti-
zation and electric polarization in a single phase, are of great interest
because of their magnetoelectric properties and potential applications
in spintronic devices and information storage. ~ However, owing to
the incompatible electronic configuration requirements for the spin
and dipole ordering,”*’ polar magnets are rare. Recently, A,BB O
double-perovskite oxides have been considered as a good platform for
designing polar magnets.'” On one hand, A,BB O, can crystallize in
noncentrosymmetric polar structures [for example, LiNbO; [LN,
space group (s.g.) R3c],'"! NisTeOg (s.g R3),'” and ordered ilmenite
(s.g- R3)" structures] to create large spontaneous polarization (P). On

the other hand, transition-metal cations can occupy both A and B/B'
sites, inducing a proper magnetism and enhancing the magnetoelectric
coupling. The A,BB'Og polar magnets were generally synthesized at
appropriate high-pressure and high-temperature conditions to avoid
the thermodynamically favorable centrosymmetric structures [ilmenite
(IL, s.g. R3) and perovskite (Pv) structure (s.g. Pnma and P2,/n), for
example].'”"'* Consequently, comprehensive studies on the crystal
structure evolution of A,BB'Og compounds as a function of pressure is
a prerequisite for the efficient synthesis of A,BB Og polar magnets in
the future. However, studies focusing on this topic have been scarce
to date.'”"*
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Mn,FeSbO4 (MFSO), melanostibite, is an extremely rare IL-type
mineral discovered at the Sjogruvan locality in Sweden. This ferrimag-
netic (Tc ~ 270K) IL-type MFSO, as well as the antiferromagnetic
perovskite-type MEFSO (Pv, s.g. P2,/n), can be synthesized as quenched
products from high-pressure and high-temperature conditions.'” '
Unfortunately, both the IL and the Pv structures are centrosymmetric,
and thus there are no P; and small P, respectively, arising from the
specific magnetic structure (type II multiferroic material””). Very
recently, a large magnetoelectric coupling effect was discovered in
IL-type MFSO.” Consequently, supposing that MESO with the polar
structure (e.g., LN structure) can be synthesized, a promising multifer-
roic material with considerable P and large magnetoelectric coupling
is expected.

Previous studies indicate that the LN structure is usually a retro-
grade product of the high-pressure Pv phase during decompression
with a tolerance factor ¢ smaller than 0.85°** [t = (ry + ro)/(y2(rg
+ o), where 14, rp, and rq are the ionic radii of A, B, and O ions]. For
MFSO, which has a tolerance factor of 0.78 and exhibits a high-
pressure and temperature polymorphism with the Pv structure,” a
transformation into the LN phase upon decompression is expected to
occur. In addition, two MFSO analogs, Mn,FeNbOg and Mn,FeTaOg,
displaying the polar LN structure and obeying the tolerance factor cri-
terion, were synthesized when quenched from high pressures and high
temperatures.'*° Both compounds showed high values of P, 32 uC/
cm?® for Mn,FeNbOg and 23 uC/cm® for Mn,FeTaOs. Despite the
similarity, the LN-type MFSO has not been synthesized yet, due to the
different electronic configurations of the B cations (Nb°* and Ta’*
are d° cations, while Sb> " is the d'° cation).”’

In the present study, the structural evolution of a natural MFSO
sample (mineral melanostibite) from the collections of the Swedish
Museum of Natural History (NRM#g28947) was in situ investigated
up to ~50GPa by the synchrotron X-ray diffraction (XRD) and
Raman scattering techniques, in combination with ab initio calcula-
tions. While the XRD results reveal only a single pressure-induced
IL-to-Pv phase transition, Raman measurements also detect an inter-
mediate phase above 30 GPa at a modest temperature (~400 K). We
consider this as the missing LN phase of the MFSO compounds. Upon
decompression, the LN-phase survives at pressure as low as 9.46 GPa.
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Possessing a polar structure and transition-metal cations, the LN-type
MESO represents potentially a promising multiferroic material with
large P and a strong magnetoelectric effect. The current results can
serve as a guiding way for the synthesis of polar magnetic double-
perovskite oxides in the future.

In the present study, the crystal structure evolution of MFSO
under pressure has been investigated by using the in situ XRD
technique at room temperature (see supplementary material for experi-
mental details). The XRD patterns of MFSO collected upon compres-
sion are presented in Fig. 1. They reveal that the IL-type MFSO
transforms to another structure at high pressures, as featured by two
extra peaks growing [red and blue arrows in Fig. 1(c)] and one peak
disappearing [dashed line in Fig. 1(c)]. The phase transition com-
menced at 34.74 GPa and was completed at 39.65 GPa. The XRD pat-
terns of the high-pressure phase can be well reproduced using the
structural model of synthetic Pv-type MFSO (Ref. 11, P2,/n, see Fig.
S1). This phase is stable up to 48.75 GPa. Upon decompression, it starts
transforming back to the IL structure at 19.50 GPa although the Pv
phase survives at pressures as low as 11.44 GPa (Fig. S2). No LN phase
was detected during these quasi-hydrostatic compression and decom-
pression runs, in contrast to what was observed with other Pv-type
materials displaying small tolerance factors.”* The significant hysteresis
of the transition pressure indicates that a considerable kinetic barrier
exists during this phase transition, involving the rearrangement of
cations and bond breaking (Fig. S3 shows the details of the structural
relationship between the IL and Pv structures). The pressure dependent
volume data are fitted to the Vinet equation of state (EOS)*’
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where Vj, is the equilibrium volume and K; and K’ are the bulk mod-
ulus and its pressure derivative at ambient pressure, respectively. The
fits yield an equilibrium volume of V;, = 56.5(1) A® and a bulk modu-
lus of Ky = 211(4) GPa with K, being fixed at 4 for the IL phase at
ambient pressure (Fig. S4). This equilibrium volume agrees well with
that of the synthetic MFSO with an IL structure (56.8 A% For the
Pv phase, the fit yields the bulk modulus of K, = 229(4) GPa when the
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equilibrium volume V is fixed at 54.1 A%, the value of the synthetic Pv
phase”” (Fig. $4). The volume collapse across the transition amounts
to 2.6% at ~40 GPa.

Different from the XRD results, two phase transitions can readily
be identified at 30.78 GPa and 36.15 GPa, when applying the technique
of Raman spectroscopy on the single crystal of MFSO. The crystal was
gradually compressed to 49.78 GPa while immersed in silicone oil
(SO), which served as a pressure transmitting medium (PTM) [Figs.
2(a) and 2(b)]. These phase transitions recurred upon decompression
at 32.29 GPa and 9.46 GPa [Figs. 2(c) and 2(d)].

Why did the phase transition pathways change when two different
techniques, XRD and Raman spectroscopy, were employed? Generally,
phase transitions of materials at high pressure can be affected by the
forms of materials™ (e.g, single crystal vs powder) and the stress envi-
ronment in the sample chamber”” (varying significantly when different
PTM:s are used). To probe these effects, two diamond anvil cells (DACs)
loaded with the powdered MFSO sample and argon PTM were prepared.
In each DAC, the sample was XRD-probed in the compression stage
and Raman-probed upon decompression. Only one phase transition—
IL to Pv—was observed by the XRD technique up to around 48 GPa,
while two transitions were discovered during the decompression by the
Raman technique (Figs. 2 and S5). Thus, both the powder sample using
argon as PTM and the single crystal sample using SO PTM underwent
two phase transitions at high pressures in the course of Raman measure-
ments. This result indicates that the sample form and the stress environ-
ment are not the reasons accounting for the different phase transition
routes found by the XRD and Raman scattering techniques.

One of the differences between the XRD and Raman techniques,
which may play a role in the context of the current study, is that the

scitation.org/journal/apl

Raman excitation laser may cause local heating of the sample. The
degree of laser absorption by a sample is largely controlled by the rela-
tionship between photons” energy and the sample’s bandgap. In the
present experiments, a laser power of 15-20 mW (4=532nm and
photon energy 2.33eV) was focused to a spot size of 2—4 um (see
supplementary material for details). The energy gap of MFSO can be
evaluated from the measured UV-vis absorption spectrum (Fig. S6). The
deduced energy gaps at ambient pressure are 2.04eV for the direct
bandgap and 1.85eV for the indirect bandgap. Both the values are
smaller than the excitation laser photon energy of 2.33 V. As pressure
increases, the crystal color darkens (Fig. 3), which indicates a progres-
sively narrower energy gap and an incremental increase in absorption of
the laser power. This trend is confirmed by ab initio calculations (Fig.
S7), which show that the rate of gap closure is meaningful on the applied
experimental pressure scale. Thus, the heating effect due to laser absorp-
tion is not negligible in the course of Raman measurements, especially at
high pressures. The local temperature of the probed sample spot was
estimated using the intensity ratio of the corresponding Stokes and anti-
Stokes Raman bands (see supplementary material for details). The tem-
perature was found to increase up to around 400 K at 30.78 GPa where
the first phase transition occurred (Fig. S7). Consequently, the heating
effect of the excitation laser is implicated to represent the dominant fac-
tor behind the dissimilar phase transition routes observed by the XRD
and Raman techniques. As we will discuss further on, the first phase
transition represents a diffusion-type phase transition involving the rear-
rangement of cations and bond breaking. Elevated temperatures thus
promote overcoming the high kinetic barrier.”’

What are the structures of the phases observed by Raman spec-
troscopy? Obviously, the starting phase has the IL structure. Its Raman
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FIG. 3. Piezochromism of the MFSO crystal at high pressures upon compression
and decompression. Pictures were taken in the transmission mode using white
light. The crystal located in the upper part of the sample chamber appears darker
owing to its larger thickness.

spectrum is consistent with that of the synthetic MFSO of the IL struc-
ture (Fig. $8).%" All the 10 expected Raman active modes (I' =54,
+ 5E,, s.g. R3) have been determined and assigned. A few extra bands
from the hematite (Fe,Os) impurity and the SO PTM are also present.
According to the XRD results, the phase that appears at pressures
above 36.75 GPa has the Pv structure (s.g. P2,/n, Figs. 1 and S9). As
for the intermediate phase appearing in the pressure range of
30.78-36.75 GPa upon compression, we argue that MESO adopts the
LN structure for the following two reasons:

(1) Raman spectra support the LN structure. The calculated Raman
modes of the LN-type MFSO agree fairly well with the experimental
results at around 35 GPa, especially in the ranges of 150-300 cm ™'
and 500-900 cm ! (Fig. 4). Moreover, the Raman spectra of MFSO
at around 35 GPa are similar to those of LN-type ZnTiO; (R3c) at
high pressures as shown in Fig. 4. For the LN-type materials,
there are 13 Raman active modes (I'=4A; + 9E). 9 of the main
peaks of LN-type ZnTiO; have the corresponding peaks in the
Raman spectra of MFSO at around 35 GPa. The dashed blue lines
in Fig. 4 indicate these peaks. The remaining bands of ZnTiOj; orig-
inate from its minor Pv phase, and the extra bands of MFSO arise
from the Raman modes not shown in ZnTiOs3, as well as from the
impurity, the intrinsic defects, and the LO-TO splitting.”' This sim-
ilarity between the Raman spectra of MFSO and ZnTiO; with the
LN structure indicates that both the compounds adopt the same
symmetry at the corresponding conditions. Finally, the evolution of
the Raman spectra from the LN phase to the Pv phase of ZnTiOj; is
similar to that observed during the second phase transition of
MFSO at 36.75GPa (Fig. S9). Consequently, we suggest that the
observed intermediate phase is of the LN structure, while the high-
pressure phase above 36.5 GPa has the Pv structure, as determined
by the XRD technique.

The Goldschmidt diagram suggests that the LN-type quenched
phase occurs for perovskite oxides with tolerance factors less than
0.85.” In this condition, the LN phase is usually a retrograde prod-
uct of the high-pressure Pv phase during decompression.’”” Two
analogs of MFSO (= 0.78), Mn,FeNbOg and Mn,FeTaO¢ with the
polar LN structure, were synthesized as products quenched from
high pressures and temperatures to ambient conditions.'’ Because
of the 51m11ar tolerance factor (the cation radii are 0.60 A for Sb>"
and 0.64 A for Nb°" and Ta®" when the coordination number is 6),

the LN phase MFSO is also likely to appear. However, Li et al. did
not obtain any LN phase MFSO from the quenched product."’
They argued that, in the case of tantalate and niobate, the second
order Jahn—Teller (SOJT) distortion of the d° cations (Nb>" and
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FIG. 4. Comparison of the Raman spectra of MFSO (crystal upon compression at
35GPa), LiNbO; (powder at ambient condmons) and LN-type ZnTiOj3 (includes
the minor Pv phase) at high pressures.”’ The tick marks at the bottom represent
the Raman peak positions of LiNbO3 powder (blue), including the extra bands
(gray) originating from the intrinsic defects. The tick marks on the top represent the
calculated Raman peak positions of LN-type MFSO. The gray ticks indicate the
Raman modes with the intensity smaller than 1.5% of the strongest Raman mode.

Ta>") significantly lowered the energy and stabilized the LN over
the IL structure.”’ However, the LN-type ZnSnO; containing only
d" ions (Zn®" and Sn*") without SOJT d° cations was synthesized,
indicating that the presence of the SOJT d° ions is not necessary,
and the polarity arising from the LN structure itself can stabilize
this structure when using high-pressure and temperature synthe-
sis.”” Consequently, we consider that the LN phase MFOS can also
be synthesized at high pressure and high temperature. The question
arises whether this phase would be quenchable to room conditions.
As shown by the Raman results, this is not the case, thus explaining
why the LN structure has not been discovered in the products of
previous high-pressure and high-temperature synthesis.'*******

The phase diagram of MFSO is summarized in Fig. 5. The phase
transition route of MFSO determined by Raman spectroscopy is IL-
LN-Pv, different from the route IL-Pv observed by the XRD technique.
The difference is ascribed to the heating effect of the Raman excitation
laser. All the observed transitions have been found to be reversible
although significant hysteresis exists between the compression and
decompression runs. The LN phase is metastable with respect to the
thermodynamically favored IL and Pv phases. We speculate that the
LN phase, which has the potential to represent a promising multifer-
roic material, could be quenched to ambient pressure if an appropri-
ately low-temperature decompression is applied.

In contrast to the previous synthesis experiments,””””"* the Pv
phase has not been obtained upon decompression to ambient condi-
tions in the current study. The present and previous results indicate
that the Pv phase of MFSO is thermodynamically metastable but
kinetically stable at room conditions. This metastable Pv phase is
quenchable to room conditions, but the quenching process is highly
dependent on the pressure-temperature loading routes and/or loading
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FIG. 5. Phase diagram of MFSO. The green shaded area represents the PT region
of the metastable LN phase upon compression, and the pink shaded area repre-
sents the PT region of the metastable LN phase upon decompression, as deter-
mined in the course of Raman experiment.

rates, which we believe is the reason why the Pv phase of MFSO is not
recovered in our experiments.

The crystal structural evolution of MFSO was investigated at
pressures up to ~50 GPa using techniques of Raman spectroscopy and
synchrotron x-ray diffraction. The transformation between two ther-
modynamically stable phases belonging to IL and Pv structures was
observed at 35 GPa. Moreover, an intermediate metastable phase was
also detected by the Raman scattering technique in the pressure range
of 30.78-36.15 GPa, at around 400 K, and retained at a pressure as low
as 9.46 GPa. This intermediate phase is proposed to be the missing
polar LN structure of MFSO. We consider it potentially quenchable
even down to ambient pressure if the synthesis conditions are carefully
designed. The present results demonstrate that systematic studies on
the phase transitions of A,BB'Os compounds at high pressures and
high temperatures are beneficial for guiding the synthesis of A,BB Oy
polar magnets.

See supplementary material for experimental details, refinement
of crystal structures, evaluations of local temperature and bandgap
energy, and Raman results from different runs.
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