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CaMn;0;, (CMO) is an outstanding multiferroic material known for its significant magnetically-induced electric
polarization. Its strong magnetoelectric (ME) effect, i.e., electric polarization controlled via magnetic fields or
vice versa, makes this material suitable for a variety of technological applications. In this study, we employed
synchrotron X-ray powder diffraction to explore polycrystalline CMO’s pressure-induced structural phase tran-
sitions (SPTs). Our results indicate that CMO undergoes two distinct pressure-induced SPTs: the first transition
occurs at pressures above 7.0 GPa, changing from a rhombohedral to an orthorhombic structure, and the second
occurs around 13.0 GPa, transforming into a monoclinic structure. These findings differ from the pressure-
induced behavior of CMO single crystals and highlight CMO as one of the rare quadruple perovskites exhibit-
ing multiple pressure-induced non-isostructural phase transitions. This study expands the understanding of phase

stability behavior in multiferroic materials under high-pressure conditions.

1. Introduction

CaMn;012 (CMO), an A-site-ordered quadruple perovskite family
member, has attracted significant attention due to its exceptional mul-
tiferroic properties, particularly its record-setting magnetically-induced
electric polarization [1-4]. The origin of magnetically induced polari-
zation in CMO has been extensively debated in the literature and re-
mains controversial [5-9]. Currently, to explain the origin of the giant
electric polarization in CMO, two distinct models have been proposed:
the first one argues that magneto-orbital ordering is a prerequisite for
stabilizing the chiral magnetic structure of CMO [10], and the giant
electric polarization is induced by symmetric exchange striction, which
determines the polarization magnitude, and the Dzyaloshinskii-Moriya
(DM) interaction, driving the polarization direction [7,10,11]. Howev-
er, very recently, it was shown that the giant spin-induced electric po-
larization in CMO is allowed even in the absence of orbital ordering [6],
which contradicts the hypothesis proposed by Perks N et al. [10]
Although these models have been widely employed to explain the
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magnetically-induced ferroelectricity observed in other quadruple pe-
rovskites like StMn;O12, PbMn;02, and CdMn;O, [12], based on py-
roelectric and bias electric field measurement, Tereda et al. suggested
that such high electric polarization in quadruple perovskites is not
intrinsic but due to thermally stimulated currents (TSC) [13].

CMO undergoes an unusual phase transition at low temperatures,
exhibiting an unconventional incommensurate orbital ordering at 250 K
[2,14,15]. Two antiferromagnetic (AFM) transitions were recorded at
Tn1 = 90 K and Ty = 45 K, associated with a long-range helical AFM
order and a second magnetic transition that modifies the helical mag-
netic state [8,9,16], respectively, but no additional structural phase
transitions were observed below 250 K. Despite the extensive studies on
CMO’s ferroelectric and magnetic properties [3,6,9], few studies have
focused on its structural phase transition (SPT). Przenioslo et al. found
that at high temperatures, around 400 K, CMO undergoes a SPT from the
Rhombohedral phase, space group R 3, to a cubic phase, space group Im
3 with both phases coexisting until temperatures of around 440 K [17].
Above 440 K, the structure becomes solely cubic. CMO’s observed
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temperature-dependent phase transition is characterized by simulta-
neous structural changes and charge-ordering [17-20].

Recently, a high-pressure investigation showed that the isostructural
quadruple perovskite NaMn;O;5 exhibits an insulator-to-semimetal
transition around 18 GPa. Such transition is due to Mn charge trans-
fer, which leads to a metallic behavior [21]. High pressure does not
affect the NaMn;O, crystalline structure. Regarding CMO, the effect of
the Sr-substitution, which generates a "negative" chemical pressure in
the structure since the Sr ion is bigger than Ca, was investigated [22]. In
this case, the authors observed a decrease in the R 3 — Im 3 structural
phase transition temperature, but no change in the electric properties
was observed. These results suggested that high pressures could induce
structural changes in CMO.

Stekiel et al. recently reported a pressure-induced SPT on CMO single
crystals [23]. The same structural phase transition is found at high
temperatures [17]. In contrast with the high-temperature phase transi-
tion, the authors have not observed any sign of reflection splitting
characteristic of the R 3 — Im 3 phase transition. Instead, they observed
changes in the Mn-O distances leading to the regularization of MnOg
octahedra. This regularization suggests an increase in symmetry, which
led the authors to conclude that the high-temperature CMO SPT takes
place at 28 GPa. In this paper, we investigate the structural behavior of
polycrystalline CMO under high hydrostatic pressure conditions. Our
results show that polycrystalline CMO undergoes two pressure-induced
structural phase transitions for the pressure range studied in this paper.

2. Experimental

Polycrystalline CMO powder was prepared at room temperature by
the Pechini method as described elsewhere [14]. For this purpose,
stoichiometric amounts of CaCO3 (Panreac, >98 %) and Mn(NO3)2H50
(Aldrich, >98 %) were dissolved in a 1M citric acid aqueous solution and
then added the same volume of ethylene glycol. After, the obtained
solution was diluted in 100 ml of water. The resulting solution was then
heated at 200 °C until a highly viscous resin was formed, whose organic
matter was decomposed at 400 °C, obtaining the precursor powder. The
precursor powder was placed in an agate mortar and carefully ground
for about 20 min with a pestle until a homogenous black powder was
obtained. The powder was heated in air at 800 °C/60 h, 900 °C/24 h
(two times), and 950 °C/24 h (two times), respectively, with interme-
diate grinding and pelletizing. Synchrotron X-ray Powder Diffraction
(SXRPD) experiments were performed at the XDS beamline of the Bra-
zilian Synchrotron Laboratory (LNLS) under high-pressure conditions
using monochromatic synchrotron radiation with 1 = 0.602495 A. More
details about this beamline can be found in Ref. [24]. High pressure was
applied using a diamond anvil cell (DAC) with Ne gas as
pressure-transmitting media for hydrostatic conditions. Small ruby chips
were loaded together with the sample in the gasket to determine the
pressure values by measuring its luminescence emission. The patterns
were collected at pressures up to 18.9 GPa. After closing the DAC, the
initial pressure was 3.0 GPa. The experiments were performed in the
range from 3.0 GPa up to 18.9 GPa. The two-dimensional SXRPD pat-
terns were integrated to provide intensity as a function of 26 using the
software FIT2D [25]. Le Bail method [26] was employed to obtain
structural information using FullProf software [27] with initial lattice
parameters obtained from the room pressure phase data [28]. The peak
of Mn304 hausmannite secondary phase, common in CMO synthesis [29,
30], was not considered in the fit. For the diffractograms where the
ambient pressure structure does not reproduce the measured data, the
Dicvol06 [31] algorithm, available in WinPLOTR [32], was used to
index the new phases. The higher figure of merit (FoM) [33] was used to
check the reliability of the solutions, and the lattice parameters obtained
from Dicvol06 were used as a starting point to perform the Le Bail
method.
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3. Results and discussions

Fig. 1 shows the pressure-dependent SXRPD patterns obtained for
CMO. Additional peaks at 20 = 12.6° and 14.0° indicate a small amount
(less than 2 %) of Mn3O4 (hausmannite). It is worth noting that trace
amounts of manganese oxide are frequently found in this compost,
regardless of the synthesis method [4,34,35]. The broad diffraction peak
around 260 = 17.2° is due to the steel gasket [36]. Also, we observe a
ruby peak around 260 = 15.6°. At lower pressures, the known R 3
rhombohedral phase fits well with the SXRPD pattern, and CMO powder
patterns can be described by the R 3 phase up to 7.0 GPa. However, upon
this pressure value, remarkable changes in the crystalline structure
evidenced by the emergence of new peaks suggest the existence of a
pressure-induced phase transition (see Fig. 2), e.g., notice the splitting of
the peak at 19.2°. The splitting is observed weakly at 8.0 GPa, as
highlighted in Fig. 2b. Similarly, at 13.3 GPa, further changes in the
SXRPD pattern are observed, such as a new peak at 20 = 17.0°. Above
this pressure value, no remarkable changes in diffraction patterns were
noted up to 18.9 GPa, indicating that CMO does not undergo any other
SPT up to the maximum pressure investigated in this work.

First, we checked if these transformations could be a decomposition
since CMO can be decomposed into CaMn30Og and Mn,O3 under pressure
changes. At high pressures, cubic MnyO3 transforms into an ortho-
rhombic structure [29]. However, considering the synchrotron radiation
used in our experiments (1 = 0.602495 A), all pressure-dependent
diffraction patterns investigated by Hong et al. [29] should exhibit a
strong peak at 20 = 12.8°, which is not observed in our diffraction
patterns. Besides, the structural phase transition observed for Mn,O3 by
synchrotron X-ray diffraction is for pressures above 18.5 GPa. Unfor-
tunately, investigations on CaMn3Og were not reported under pressure.
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Fig. 1. Pressure-dependent SXRPD diffractograms obtained for CaMn;O;5. The
asterisk symbol (*) marks minor traces of Mn3O4 hausmannite and ruby peaks.
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Fig. 2. Selected diffractograms highlighting the pressure-induced changes on
the CaMn;O;, compound.

At room pressure, Hadermann et al. [30] reported that CaMn3Og crys-
tallizes into a monoclinic structure belonging to the P2;/a space group.
As in Mny03, we compared CMO and CaMn3Og diffraction patterns for
pressure up to 18.9 GPa. The analysis revealed that no diffraction peaks
exhibited by CMO coincide with CaMn3Og. If we suppose that CaMn3Og
does not undergo any phase transformations at high pressure, a
diffraction peak shift due to the volume contraction is expected. How-
ever, even with this shift, the diffraction patterns do not coincide. So, we
can assume that the transformation observed into CMO under pressure is
not a decomposition into CaMn3Og and Mn,O3, instead of a structural
phase transition (SPT).

Due to the limited angular range imposed by the diamond anvil cell,
it was impossible to perform a complete structural resolution. Instead, a
detailed investigation using the Le Bail method was applied to check the
adequate symmetry of high-pressure patterns. The low-pressure patterns
were successfully indexed with a rhombohedral structure (Fig. 3). Above
7.0 GPa, the new diffraction peaks do not satisfy the primary extinction
rule of the rhombohedral phase (—h + k + | = 3n, n is an integer), and
this crystalline system can no longer describe the crystal lattice.

The high-pressure patterns above 7.0 GPa were indexed as an
orthorhombic system using the Dicvol06 program based on the best FoM
[25]. The splitting of the rhombohedral (042) peak at 20 =~ 19.2° into
the (002) and (151) orthorhombic reflections at 20 = 19.2° and 19.4 °,
respectively, defines the onset of the first pressure-induced structural
phase transition undergone by CMO. Hence, the rhombohedral lattice
parameters turn into an orthorhombic with a, = v/3ayg, by = apg, ¢, =
1/2cpr. To have insights into the best high-pressure crystal symmetry of
CMO, we performed a search for a pseudosymmetry of the monoclinic
lattice using the Bilbao Crystallographic Server platform tools. The
search suggests a C-centered orthorhombic system in the 8.0 GPa-11.8
GPa pressure range. The orthorhombic proposed high-pressure system
(space group Cmmm) of CaMn;0O;5 at 8.0 GPa has the following lattice
parameters: a= 15.3293 (17) A, b= 10.2744 (10) A, c= 3.6245 (6) A and
V = 570.86 (13). The pressure dependence of lattice parameters is
shown in Fig. 4a. The change in lattice parameters shows a reduction in
the stacking along [001] direction.

The proposed orthorhombic model adjusts the patterns up to 11.8
GPa; however, above this pressure value, the Le Bail fit did not provide
reliable results, and a satisfactory orthorhombic model was not ach-
ieved. For pressures higher than 11.8 GPa, the CMO compound experi-
ences a new structural phase transition from an orthorhombic to a
monoclinic system (space group C2/m), with lattice parameters close to
the orthorhombic one with a monoclinic angle g = 94.4 (3)° and a=
15.3260 (27) A, b= 10.2108 (82) A, c= 3.6188 (2) A, V = 546.68 (56)
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Fig. 3. Le Bail fitting of SXRPD pattern of CMO at (a) 3.0 GPa, (b) 9.9 GPa, and
(d) 16.2 GPa. The breaks correspond to the Mn3O4 hausmannite secondary
phase, and ruby peaks are excluded from the fits.

(See Fig. 4a—c). This new SPT undergone by CMO could be strongly
related to the high overlapping of the broad peaks and the appearance of
anew reflection (510) at 20 = 17.0°, which is highlighted in Fig. 2a. The
Le Bail fit considered the W parameter of the Caglioti’s relationship for
the FWHM peak profile. This parameter can monitor the peak’s broad-
ness and may be sensitive to structural phase transitions [32]. As shown
in Fig. 4b, the W parameter pressure dependence clearly shows change
trends in good agreement with the onset of the structural phase transi-
tions experienced by CMO.

In Fig. 4c, it is evident that the unit cell volume increases when there
is a phase transition from the orthorhombic to the monoclinic structure.
This increase in volume can be attributed to a negative pressure effect on
the CMO. It is not unexpected, as negative chemical pressure on the
CMO structure was observed due to the Sr-substitution [22]. Moreover,
it has been reported that the CMO displays a negative thermal expansion
coefficient at high temperatures for the cubic phase [37]. Similar
negative pressure effects have been noted in other perovskite structures,
demonstrating how this occurrence can significantly impact these ma-
terials’ structural, electronic, and magnetic properties [38-40].

Unfortunately, the number of diffraction peaks hindered the deter-
mination of the crystalline structure. Thus, just the crystalline system in
each phase was identified. However, we can investigate the bulk
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Fig. 4. Pressure-dependent crystalline structural data for CMO. Grey vertical dashed lines indicated the proposal phase transitions. (a) Lattice parameters. (b) The
FWHM (W) of CMO. (c) Pressure-dependent volume. Dashed black lines indicate the best fit by the Birch-Murnaghan equation.

modulus from the volume curves. The Bulk modulus can be obtained
from the Birch-Murnaghan equation of state [41,42].
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where P is the pressure, V, is the reference volume, V is the deformed
volume, B, is the bulk modulus and B is the bulk modulus derivative
with relation to the pressure. The Birch-Murnaghan (BM) fit is shown in
Fig. 4c. The dashed black line in Fig. 4 shows the best BM fit for the
pressure-dependent volume of CMO. The volume decreasing due to the
pressure increase is almost linear (linear fits with R? > 0.95), which
suggests an elastic constant (derivative of the bulk modulus) approxi-
mately equal to 4. Assuming this value in both phases, which is a usual
procedure in linear behaviors in similar materials (see Ref. [43]), the
best fit in the rhombohedral phase shows that the bulk modulus is 145.7
GPa. The bulk modulus for the orthorhombic and monoclinic phases is
129.1 GPa and 150.7 GPa, respectively. These values are compatible
with those observed in LaMn;0;2 by Bhadram et al. [43]

As discussed before, NaMn;0;5 was submitted to high hydrostatic
pressure up to 40 GPa, but no SPT was observed. The crystalline struc-
ture of this compound was investigated using single-crystal X-ray
diffraction, whereas electrical resistance measurements carried out on
powdered samples showed an insulator-to-semimetal transformation in
the electric behavior. Also, LaCusFe4012 exhibits an isostructural phase
transition at 3.5 GPa [44], in which a first-order charge-transfer tran-
sition from a LaCusFe4O;2 low-pressure phase to a high-pressure
LaCu3"Fe}”5" 01, was observed. In both cases, NaMn;012 and LaCus.
Fe4012, a volume reduction was found at the electric transitions. Finally,
CaCusTisO12 was investigated up to 46 GPa by synchrotron X-ray
powder diffraction, and any SPT was observed [45]. Recently, Bhadram
et al. [43] reported a structural phase transition in the monoclinic (12/m)
LaMn;012 (LMO) quadruple perovskite to a cubic Im3 symmetry at 34
GPa, which is the same phase for high-temperature conditions. Both
compounds, CMO and LMO, have the same Im3 symmetry at high
temperatures. CMO and LMO are the first quadruple perovskites where

pressure-induced non-isostructural phase transitions were observed. The
high-pressure phase for polycrystalline CMO is not the same as the high
temperature experienced by LMO. Instead, CMO experiences two
symmetry-lowering phase transitions under high-pressure conditions.
To our knowledge, the first quadruple perovskite exhibits multiple
pressure-induced structural phase transitions.

It is particularly interesting to note that the pressure-induced phase
transitions on the polycrystalline CaMn;0;5 (CMO) sample marked by
the splitting of the rhombohedral (042) peak at 26 =~ 19.2° and with the
appearance of new peaks differ from that reported for CaMn;O; single
crystals [23]. Some works reported ionic substitution in CaMn;0;2 may
induce a rhombohedral-cubic phase transition at room temperature [35,
46,47]. A reduction of the unit cell in these systems usually accompanies
such phase transition. Additionally, have been reported that at high
temperatures, the CMO exhibits a negative thermal expansion coeffi-
cient for the cubic phase [37]. This suggests that it is possible a
pressure-induced rhombohedral-cubic phase transition in CMO for
pressures higher than 20 GPa.

4. Conclusions

Our study demonstrated that polycrystalline CaMn;0;2 (CMO) un-
dergoes two significant pressure-induced structural phase transitions.
Initially, at pressures above 7.0 GPa, the rhombohedral structure tran-
sitions to an orthorhombic phase, followed by a subsequent transition to
amonoclinic phase at 13.0 GPa. Both phase transitions in polycrystalline
CMO imply symmetry lowering, which is the first observation in
quadruple perovskite. These findings enhance our understanding of its
stability behavior under high hydrostatic pressure conditions, expand-
ing the potential of CMO and similar quadruple perovskites in applica-
tions where pressure-induced phase transitions could be advantageous.
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