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Spin-state stability in Mn2O3 across the volume collapse phase
transition under pressure up to 41 GPa
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We investigate the spin state stability of Mn in α-Mn2O3 through the structural, insulator-to-metal transition
under high pressure by x-ray emission spectroscopy (XES) and x-ray diffraction (XRD) up to 41 GPa. The XES
spectra show a broadening of the main line and a weak shift of the satellite feature as pressure increases but
no signature of spin transition while XRD confirms the full conversion to the Cmcm phase at high pressure.
Using multiplet calculations, we suggest that the XES spectral changes under pressure is driven by the increased
Coulomb interaction in the compressed lattice. The absence of spin transition through the phase transition could
be caused by Jahn-Teller distortions on the Mn sites, which stabilize the spin state, possibly leading to hopping
conductivity owing to polaronic effects.
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I. INTRODUCTION

Manganese oxides have garnered large interest in various
physicochemical applications in view of their unique struc-
tural, chemical, electronic, or magnetic properties owing to
the multiple oxidation states, redox properties, site symmetry,
or spin state, which Mn can adopt [1–5]. Among these oxides
Mn2O3 has attracted special attention as a magnetic semicon-
ductor with potential interest for catalysis, energy storage as
electrode materials [6], magnetic data storage [7], or water
treatment [8]. Investigating the structural or magnetic stability
in highly constraint environment is therefore a key aspect for
potential applications.

The pressure-temperature structural phase diagram of
Mn2O3 has been studied by Ovsyannikov et al. [9] using x-ray
diffraction and electron microscopy. Starting from α phase
at ambient conditions, Mn2O3 adopt different perovskite-like
structural variants while transforming to Mn3O4 at tempera-
tures above 1200 K. From the electronic perspective, which
is the focus of the present study, Hong et al. [10] have in-
vestigated more recently the phase transition of α-Mn2O3

under high pressure up to 45 GPa at room temperature.
Mn2O3 is insulator at ambient pressure, prone to semiconduc-
tor behavior, with a cubic structure in the Ia-3 space group
and a high-spin (HS) 3d4, S = 2 configuration. Using x-ray
diffraction and transport measurements, the authors revealed
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a phase change from the cubic phase to an orthorhombic
phase with the space group Cmcm around Pc = 20–25 GPa.
The transition features a significant contraction of the volume
of ∼12%. Simultaneously, Mn2O3 exhibits a strong de-
crease of resistivity leading to a metal-like behavior at higher
pressures.

The combined structural and insulator-to-metal transition
was suggested to arise from a spin-state transition, from high
spin to low spin (LS), which has been widely studied in
transition-metal oxides under pressure [11–15]. HS-LS transi-
tion indeed is associated with a collapse of the atomic volume
because of the spin rearrangement, which could be responsi-
ble for the volume contraction observed in Mn2O3, possibly
leading to a delocalization of the 3d electrons as observed
in Fe2O3 [16]. However, no supporting evidence has been
reported to date yet.

In this article, we report the investigation of the spin
transition in Mn2O3 under high pressure by high-resolution,
synchrotron-based x-ray emission spectroscopy (XES) at the
Mn Kβ line. XES appears well adapted to this study as
a well-established probe of the local spin state and metal–
ligand interaction of 3d metal, and more specifically of Mn
compounds [17–22], compatible with high-pressure sample
environment. Our results demonstrate that the spin state re-
mains stable through the volume collapse, insulator-metal
transition. The effect is ascribed to Jahn-Teller distortions on
the Mn sites, which stabilize the HS state and the possible
interplay of polaronic effects.
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II. EXPERIMENTAL RESULTS

A. Methods

The experiment was performed at the GALAXIES beam-
line at SOLEIL synchrotron. The incident x-ray coming from
the U20 in-vacuum undulator is monochromatized by a liquid
nitrogen-cooled Si(111) double crystal monochromator and
focused onto the sample in a 30 × 80 µm2 spot using a toroidal
mirror. The XES spectra were measured using the beam-
line multi-analyzers scanning spectrometer “MULTIXS” laid
out in the Rowland circle geometry. The spectrometer was
equipped with two Si(110) spherically-bent crystal analyzers
with 1 m bending radius that were operated around the Bragg
angle of 84.2 deg corresponding to the nominal energy of Mn
Kβ line maximum at 6490.4 eV. We used a silicon drift diode
(SDD) as detector. The overall spectrometer resolution was
estimated at 1.1 eV as deduced from the full width at half
maximum (FWHM) of the elastic line.

High purity Mn2O3 powder from SigmaAldrich (99.9%
purity) was loading in a diamond anvil cell (DAC) with
silicone oil as pressure transmitting medium to keep the ex-
perimental conditions as close as possible to Ref. [10]. Ruby
chips were inserted for in situ pressure calibration. The DAC
was equipped with 300-µm culet size diamonds and a Re
gasket used as sample chamber. The gasket hole was 150 µm
in diameter with an initial thickness of 30 µm after preinden-
tation. The pressure was estimated from the ruby fluorescence
method [23].

The XES spectra were recorded in transmission geometry
through the diamonds at an incident photon energy of 10 keV
and a scattering angle of 15 deg by scanning the XES spec-
trometer energy in the 6465–6510 eV range with 0.25 eV step.

To confirm the structural change, we performed high pres-
sure x-ray diffraction (XRD) at selected pressures in parallel
to the XES measurements by moving the pressure cell to the
laboratory-based XRD diffractometer installed at Laboratoire
de Physique des Solides. The diffractometer utilizes a mi-
crofocused Mo tube (λ = 0.71 Å) equipped with a Montel
multilayer focusing optics providing a beam size of 100 µm
at the sample with a divergence of 0.5 mrad. The diffracted
intensity is collected by a 2D MAR345 detector and radially
integrated to obtain the diffraction pattern. Note that the angu-
lar range is limited to a maximum of 2θ = 25 deg because of
the DAC aperture. For each pressure, the exposition time was
30 minutes.

B. XES results and diffraction

Figure 1 shows the measured Mn Kβ XES spectra as a
function of the applied pressure. The spectra were aligned
to the Kβ line maximum at 6490 eV and normalized in in-
tensity after subtraction of a linear background. The spectra
are consistent with Mn2O3 Mn Kβ XES ambient pressure
spectra reported elsewhere [18,19,24,25]. The spectra con-
sist of an intense main line and a well-defined satellite on
the low-energy side usually referred to as Kβ1,3 and Kβ ′,
respectively. No noticeable changes are observed under high
pressure except a slight broadening of the Kβ1,3 main line
and a weak displacement of the Kβ ′ satellite toward high
energy (see inset in Fig. 1). The spectra are conformed to

FIG. 1. Mn2O3 Kβ XES spectra as a function of pressure up to
41 GPa (solid lines). The difference spectra with respect to ambient
pressure are shown at the bottom. The inset is a zoom on the satellite
region with the arrow indicating the trend as pressure increases.
The MnTe spectrum from Ref. [26] shown with dotted line is in-
dicative of a LS state.

the spectral shape for a Mn3+ HS configuration. Especially,
the high-pressure spectra above 25 GPa clearly depart from a
typical Mn LS configuration spectrum, which is marked by a
strongly reduced satellite intensity [17,18,26] even though the
sample is already in the HP phase. To ease the comparison,
we have added the LS spectrum measured in MnTe at high
pressure from Wang et al. [26] as dotted line in Fig. 1.

The structural changes is confirmed by the XRD patterns
shown in Fig. 2. The patterns were refined using the LP Ia-3
and HP Cmcm space groups. Our XRD data confirm that
Mn2O3 has adopted the HP structure near 28.8 GPa with
a volume proportion of 87 ± 5%, in good agreement with
previous studies [10,27]. The proportion is estimated from the

FIG. 2. XRD patterns of α-Mn2O3 with increasing pressures
from bottom to top (dots). The top diffraction pattern refers to mea-
surement obtained from pressure quench. The refinements within the
LP or HP space groups are indicated as blue (LP) and red (HP)
lines. In the case of coexistence at 28.8 GPa, the sum of the two
contributions is indicated by the magenta line.

035122-2



SPIN-STATE STABILITY IN Mn2O3 ACROSS … PHYSICAL REVIEW B 111, 035122 (2025)

FIG. 3. Computed IAD values from the difference spectra
(circles). The data is fitted by an sigmoidal function (solid line). The
shaded area indicates the structural coexistence region as reported in
Ref. [10].

ratio between the intensity of the HP peak at 15.03 deg and the
LP peak around 15.55 deg. At this pressure the refined lattice
parameters are a = 9.13 ± 0.03 Å for the cubic LP phase and
a = 2.76 ± 0.03 Å, b = 9.13 ± 0.03 Å, and c = 6.82 ± 0.03
Å for the orthorhombic HP phase corresponding to a volume
of 31.2 ± 0.3 cm3/mol and 25.9 ± 0.2 cm3/mol, respectively,
in agreement with previously reported values. The LP phase
content decreases upon further compression until 39 GPa
where the diffractogram exhibits only the HP phase with
lattice parameters of a = 2.73 ± 0.01 Å, b = 9.08 ± 0.02 Å,
and c = 6.76 ± 0.02 Å corresponding to a volume of 25.3 ±
0.2 cm3/mol.

The amplitude of the XES spectral changes can be bet-
ter visualized using the integrated absolute difference (IAD)
method. The IAD value is deduced from the integrated inten-
sity of the difference spectra—represented at the bottom of
Fig. 1. Although based on relative scale, the IAD can help to
monitor the evolution of the spin state with pressure or other
external parameters [22,28,29]. The variation of the IAD value
with pressure is shown in Fig. 3. The IAD shows a s-shape
behavior with pressure characterized by a flex point around
20–25 GPa where the structural/resistivity change were ini-
tially observed [10]. To pinpoint the pressure more precisely,
the IAD values were fitted by a sigmoidal function and our
results suggest the transition pressure is around 25 GPa.

III. DISCUSSION

While no spin transition is observed, the XES spectra show
a systematic, yet weak, broadening of the main line with
pressure and a shift of the satellite peak toward high energy.
To capture the origin of these effects, we performed multi-
plet calculations of the XES spectra. The calculations were
performed using the CRISPY software [30] starting from HS
Mn3+ configurations both in D4h and D3h symmetries with
a respective weight of 1/4 and 3/4 to reproduce the Mn sites
distribution in the LP structure. The D4h site symmetry was
considered instead of Oh to take into account the distortion

TABLE I. Parameters used in the multiplet calculations. The
valued of the F and G Slater integrals are expressed in terms of
scaling factor with respect to the nominal atomic value.

10Dq Fpd Gpd

Site sym. Spin state (eV) (%) (%)

LP D4h HS 2.24 22 66
D3h HS 22 66

HP D4h HS 3.10 40 66
D3h HS 40 66

of the Mn sites owing to Jahn-Teller effects as reported in
Ref. [9] and other Mn perovskites [31]. The starting parame-
ters (crystal field splitting 10Dq, Coulomb interaction Fpd and
exchange interaction Gpd ) in the final state were derived from
the calculations reported in Hwang et al. [25] for Mn2O3. The
two other crystal-field parameters in the D4h symmetry Ds,
Dt were fixed at 0.1 eV. The Gpd scaling factor was further
reduced to 66% to obtain the correct energy splitting between
the main line and the satellite. As in Ref. [25], charge transfer
hybridization effects were not included. The optimized pa-
rameters are summarized in Table I for both LP and HP states.
When transitioning from the LP to the HP phase, we expect
10Dq to increase as the Mn-O distances shorten. A rough
estimate based on XRD suggests an increase from 2.24 eV
to 3.1 eV as pressure rises from 0 to 40 GPa. Furthermore,
the 3p-3d Coulomb interaction Fpd was increased from 22%
to 40%, which we relate to the stronger orbital overlap as
pressure increases. We applied the same scheme to the cal-
culations within the D3h site symmetry. Note that in the D4h
symmetry, the Mn spin state remains in the HS configuration
independently from 10Dq while it would change from HS to
LS in the Oh symmetry, leading to significant spectral changes
that are not observed experimentally (see the Supplemental
Material [32]).

The LP and HP experimental and simulated spectra are
presented in the top and bottom panel of Fig. 4, respectively.
The simulated spectra reproduce fairly well the main line but
not for the satellite features with a double peak instead of
a single, broad peak. Such a discrepancy were found earlier
[25] revealing the limitations of the multiplet calculations to
describe the Kβ XES process. Our intention, however, is to
capture the effects of pressure on the spectral shape. As shown
in the bottom panel of Fig. 4, the simulated spectra succeed
in reproducing both the broadening of the main line and the
shift of the satellite, which confirms that the increase of the
Fpd Slater integral likely drives the spectral changes. In this
view, the s-shape IAD curve reflects the volume discontinu-
ity reported by [10] at Pc, which translates into an step-like
change of the Coulomb interaction via the shortening of the
metal-ligand bond length.

Our study further illustrate the complexity of the elec-
tronic properties of Mn2O3 and more generally of perovskite
manganites as resulting from a strong interplay between elec-
tronic, spin, and lattice degrees of freedom, and leading
to intricate phenomena such as spin-induced ferroelectricity
[7], oxygen driven anisotropic transport [33,34], or colossal
magnetoresistance [35]. Apart from our XES results point-
ing to the absence of spin transition, there is no direct
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FIG. 4. Experimental spectra measured at 0 and 41 GPa (top
panel) and simulated spectra for low-pressure and high-pressure
regimes (bottom panel). For comparison purpose, the spectra were
normalized to the maximum intensity; the HP-LP spectral differences
are indicated by the gray-shaded areas.

determination so far of the Mn magnetic moment in the
Cmcm, postperovskite phase of Mn2O3 at high pressure. The
magnetic stability could indicate that the 3d electrons remain
partly localized at high pressure, with a possible role of the
O-p bandwidth to stabilize the spin state under pressure [13].
In this picture, the insulator-metal transition itself could be
rooted in the hopping conductivity owing to polaronic effects
in presence of octahedral tilting, Jahn–Teller distortion, and
partial charge ordering, which are commonly found in man-
ganite perovskites [9].

IV. CONCLUSIONS

In conclusion, we successfully investigated the spin tran-
sition in Mn2O3 under pressure through the insulator-metal
transition by x-ray emission spectroscopy. Our XES results
demonstrate the stability of the spin state through the tran-
sition while the spectral changes can be interpreted by the
increase of the p-d Coulomb interaction at high pressures.
The combined spin stability and insulator-to-metal transition
is ascribed to effects of Jahn-Teller distortions on the Mn sites
and hopping conductivity owing to the polarons.
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