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Role of crystal and magnetic structures in the magnetoelectric coupling in CaMn;0,
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We investigate the magnetoelectric coupling in CaMn;0,, (CMO) through a comprehensive spectroscopic
analysis combining inelastic neutron scattering (INS), x-ray absorption spectroscopy (XAS), and synchrotron-
based powder x-ray diffraction (PXRD). CMO’s intricate interplay between magnetism and ferroelectricity is
dissected to uncover its underlying mechanisms. XAS reveals a mixed valency of Mn ions in CMO, reflecting
the presence of Mn>* and Mn** ions, which contributes to its magnetoelectric properties. The double structure in
Mn-K near-edge absorption spectra reinforces multiple Mn sites as well as the mixed valency of the compound.
Synchrotron-based PXRD experiments conducted over a range of temperatures unveil structural distortions near
the magnetic transition temperatures of CMO. These distortions coincide with anomalies in lattice parameters
and bond lengths, shedding light on the link between structural modulations and magnetoelectric behavior.
Furthermore, INS measurements identify specific energy bands (£}, E,, and E3) associated with distinct exchange
interactions between Mn ions. This work advances our understanding of magnetoelectric coupling mechanisms
and showcases the potential of multifunctional materials for applications in spintronics and related fields.

DOI: 10.1103/PhysRevB.109.054417

I. INTRODUCTION

Magnetic multiferroics, in which ferroelectricity is induced
by magnetic ordering, have had significant impact in con-
densed matter physics over the last few decades [1-5]. The
magnetoelectric effect was discovered by Curie at the end of
the 19th century [6]. However, it started to attract the sci-
entific communities almost a century later when multiferroic
materials with a magnetoelectric effect showed potential ap-
plications for multifunctional devices. The interplay between
the magnetic and electric order parameters is fascinating
from a technological point of view. Many multiferroics have
too small value of magnetoelectric coupling to be viable
for mass-scale applications. A few decades ago, some rare-
earth manganites, RMnO; and RMn,Os (R = rare-earth
element), started to show stronger coupling between antifer-
romagnetism and ferroelectricity and, as a result, provided
larger values of ferroelectric polarization [1,4]. For example,
for electrical polarization (P) in the well-known magnetic
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multiferroics TbMnO; [1], DyMnO; [7], and TbMn,Os [4],
the spontaneous polarizations are found to be 0.08, 0.2, and
0.04 uCem—2, respectively.

In the recent past, a relatively large, magnetically induced
spontaneous polarization was observed in a few multiferroics,
such as CaMn; Oy, [8-11], epitaxial thin film of YMnOj; [12],
Cu,V,07 [13], etc. Among them, CaMn;0O;, has acquired
the largest measured ferroelectric polarization value (~3000
uCm~2) below ~90K in the single-crystalline sample so far.

CaMn;0;,; (CMO) adopts a rhombohedral phase charac-
terized by the space group R3 at temperatures below about
440 K. This compound is classified within the quadruple
(AA)B4O;, family of manganites exhibiting a perovskite-
derived crystal structure. CMO is a mixed-valent manganese
compound, comprising both Mn** and Mn** ions, forming
a charge-ordered state at temperatures below about Tcp =
240 K. There exist three inequivalent Mn sites, labeled Mnl1,
Mn2, and Mn3 [10], occupying Wyckoff positions e, 94,
and 3b, respectively, as illustrated in Fig. 1. CMO can be
represented as [CaMn13*14[Mn23tMn3*+130,,, where per-
ovskite sites A are occupied by three Mn** ions, while sites B
are filled by the remaining four Mn ions, maintaining a ratio
of Mot to Mn** of 6:1. Below Ty, the Mn13t, Mn23t,
and Mn3*" ions arrange themselves into distinct structural
units: Mn1O,4 square planes, the axially compressed Mn2Oq
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FIG. 1. (a), (b) The seven exchange couplings between different
Mn atoms. For clarity, we showed only Mn atoms with a parallel
view. (c) Difference in exchange interaction pathways between the
two Mn1-Mn2 couplings with equal bond length.

octahedra, and the Mn3O¢ octahedra, respectively. In the
charge-ordered state, the material shows structural modulation
and, at 60 K, the structural modulation vector is found to
be k; = (0, 0, 0.9213) [14]. In particular, the magnitude of
k, exhibits a weak temperature (7') dependence, initially in-
creasing with decreasing temperature down to approximately
100 K, and eventually showing a decreasing trend. In contrast,
Johnson et al. [15] found that the magnitude of k; is almost T
independent down to 48 K, below which it shows a decrease
in its value. The Mn-O distance also shows a modulation as
we move in the coordinate space [14].

Below the Néel temperature Ty; = 90 K, CMO displays
an incommensurate magnetic structure (AFMI state) char-
acterized by the propagation vector k; = (0, 1, 0.963). At
lower temperatures, below about Ty, = 48 K, two modu-
lations with propagation vectors k, = (0, 1, 0.880) and k3
= (0, 1, 1.042) coexist (AFMII state). [10] However, in a
recent work, Johnson et al. [15] claimed that there can be an
infinite number of magnetic propagation vectors below Ty, of
which they can distinctly detect four of them in their neutron
diffraction data. Lu ef al. [8] explained the observed magnetic
structure on the basis of a spin dimer model and evaluated
the magnetic exchange interaction terms J; i =1,2,...,7)
(see Fig. 1) using the density functional theory (DFT)+U
formalism. The exchange terms have mixed signs (positive
and negative), indicating the presence of both ferromagnetic
and antiferromagnetic couplings between Mn ions.

The exchange interaction J; between adjacent Mn13* and
Mn23* ions parallel to the crystallographic ¢ direction is
found to be strongly ferromagnetic (FM) (J; = —5.57 meV),
while J, between two Mn13* spins along two adjacent chains
running parallel to the ¢ axis is strongly antiferromagnetic
(AFM) (J; = 6.37meV) (see Fig. 1). J3 (= —3.916 meV) is
the FM exchange interaction between Mn1** and Mn3**.
The interaction between Mn23* and Mn3** is also FM and
denoted by Jy (= —2.961 meV). The interchain interaction

between two Mn23* ions on two adjacent chains parallel to
the ¢ direction is FM (J5s = —2.534 meV). J¢ and J; are inter-
actions between Mn1°* and Mn23* from two adjacent chains
on both sides. If we consider Mn 13t from the middle chain,
then Jg is FM (=—2.290 meV) and J; is AFM (= 2.412 meV),
although the bond lengths are the same.

The electric polarization observed below Ty is remarkably
high, and the direction of P lies perpendicular to the plane of
rotation of Mn spins in the helical magnetic structure [10].
This rules out a simple spin current model for the observed
multiferroicity. In the last decade, there have been numer-
ous experimental and theoretical works on the magnetic and
electrical polarization of the compound [8-10,15-20]. While
Johnson et al. [10] proposed a ferroaxial model for polariza-
tion, Lu ef al. [8] conjectured that the large P would originate
from the combined effect of the Dzyaloshinskii-Moriya (DM)
interaction and the exchange striction. In the latter model,
the magnitude of P is determined by the exchange striction,
and the DM interaction determines its direction. On the other
hand, Dai et al. [18] considered that the actual crystal struc-
ture of CMO has a noncentrosymmetric ground state with
spontaneous polarization. Furthermore, the p -d metal-ligand
hybridization in tandem with exchange striction was proposed
for the large P [19,20]. Evidently, the mechanism behind the
multiferroicity in the compound remains elusive.

The crystal and magnetic structures of CMO are notably
intricate, featuring an incommensurate modulation. The inter-
play between these structures appears to play a pivotal role in
the observed strong magnetoelectric coupling and giant spon-
taneous polarization in CMO. To delve deeper into this phe-
nomenon, we have employed macroscopic and microscopic
temperature-dependent techniques, including powder x-ray
diffraction (PXRD), x-ray absorption spectroscopy (XAS),
and inelastic neutron scattering (INS).

II. EXPERIMENTAL DETAILS

A polycrystalline sample of CMO was synthesized us-
ing the sol-gel technique described in our previous report
[11]. The sample was investigated through high-resolution
T -dependent x-ray diffraction using the synchrotron facility
(wavelength 0.855 A) at the Indian beam line at the Photon
Factory, National Laboratory for High Energy Physics (KEK),
Japan, between 20 and 300 K. The PXRD data have been
refined using the JANA2020 software package [21,22]. Pellets
of CMO powder sample diluted with cellulose were prepared
with an optimized density for the Mn K-edge x-ray absorption
spectroscopy at the B18 beam line at the Diamond Light
Source (Oxfordshire, UK). The XAS measurements were per-
formed in the transmission mode at different temperatures
using a He-4 closed-cycle refrigerator. The collected XAS
data were processed and analyzed using the freely available
DEMETER package [23,24].

The INS measurements were performed on the time-of-
flight spectrometer MERLIN at the ISIS Neutron and Muon
Facility, Rutherford Appleton Laboratory, United Kingdom
[25,26]. An approximately 9 g powder sample of CMO was
placed in an envelope of thin Al foil with 40 mm height
and 140 mm length. The envelope was rolled into a cylin-
drical form and inserted inside an aluminium can of 40 mm
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diameter with a 0.1-mm-thick wall. The aluminium can was
then inserted inside a He-4 closed-cycle refrigerator for low-
T measurements. The straight Gd slit package was used in
the Fermi chopper, which was phased at a rotation speed
of 350 Hz to allow the recording of spectra with incident
energies of 100, 38, 20, and 12.30 meV, simultaneously, via
the repetition-rate multiplication method [27,28]. The data
were collected at several temperatures between 5 and 300 K.
To obtain the scattering intensity in the units of cross section,
mb sr~! meV~! f.u.~!, vanadium spectra were recorded with
identical conditions. The data have been reduced using the
MANTID PLOT software [29]. The spin-wave simulations have
been carried out using the SpinW package [30].

III. RESULTS AND DISCUSSION

A. Powder x-ray diffraction

The refined PXRD patterns corresponding to temperatures
of 300, 150, and 20 K are depicted in Figs. 8(a)-8(c), re-
spectively. Clearly identifiable satellite peaks are observed
below 250 K, which exhibit a significantly broader full width
at half maximum (FWHM) compared to the primary reflec-
tions. Consequently, distinct FWHM values were used for
the refinement of fundamental and satellite reflections in the
JANA2020 program. The incommensurate structural modula-
tion observed in our study is aptly described using the space
group R3(00y)0 and the propagation vector (0,0,q), where
q = 0.92813(4) at 10 K. Our PXRD data prominently identify
78 satellite peaks, mirroring findings previously reported by
Stawinski et al. [14]. These observed satellite intensities can
be quantitatively elucidated by assuming positional modu-
lation of ions within the lattice. Optimal fitting is achieved
by considering the positional modulations in the coordinates
(x, y, z) pertaining to Mn1, Mn2, O1, and O2, and the modu-
lation of the z coordinate for Mn3 and Ca. These modulation
amplitudes decrease as T increases, ultimately disappearing
above 250 K.

Figures 2(a) and 2(b) show the T variation of lattice pa-
rameters a and c of the envelope structure. We observe clear
peaks at around 90 K in both a and c¢. Below 45 K, both the
parameters increase with a lowering of 7. We also looked at
the Mn-O bond lengths for different sites of Mn and O. The
Mn1 atom, sitting at the 9e site, can have two different bonds
with O1 and O2. Figure 2(c) shows the variation of Mn1-Ol1
and Mn1-O2 bond lengths with 7. Clearly, their variations
with T are opposite and the curves look like a mirror image
of one another. Both the bond lengths show anomaly at Ty
= 90 and Ty, = 45 K. Below Ty, Mn1-O1 increases with a
lowering of T', while Mn1-O2 shows decreasing trends. It is to
be noted that the variation of the bond-length Mn1-O1 shows
a larger variation with T than Mn1-O2. The elongation and
the contraction of the bond lengths are depicted in Fig. 2(d).
Mn2-O1 can have two different bond lengths, namely, nearest
neighbor (NN) and next-nearest neighbor (NNN). Both of
them show anomalies at Ty; and Ty,, and their variations are
opposite to each other [see Fig. 2(d) for a schematic repre-
sentation]. Interestingly, Mn3-02 shows anomaly only at Ty,
which is characterized by a sharp decrease.

B. XANES

From the previous theoretical works [8,17,20], it is evident
that the mixed valency of Mn and their crystallographic envi-
ronments play an important role in the observed polarization.
The coordinations of O in three Mn ions are different, leading
to dissimilar splitting of the electronic energy levels. For a
better understanding of the charge state of Mn as well as
their energy configurations, we primarily focused on the x-ray
absorption near-edge structure (XANES), which is rather in-
triguing in the case of this mixed-valent Mn compound having
multiple Mn-O coordination.

Figure 3(a) shows the Mn-K near-edge absorption spectra
of CMO recorded at 120 K. For comparison, we have also
added the XANES spectra of Mn,O3; and MnO,, where Mn
ions are in the 3+ and 44 states, respectively. The rising line
of CMO lies slightly above in energy than Mn,03 (Mn**);
nevertheless, it is well below the rising line of MnO, (Mn*™).
This indicates that Mn in CMO is mostly trivalent along with
the presence of minority Mn** ions. This supports the previ-
ous reports of mixed valency of Mn in CMO with the ionic
ratio Mn**:Mn** = 6:1. The XANES spectra of CMO were
recorded between 120 and 10 K and we do not observe any
change in the position of the rising line with 7'. This indicates
that there is no change in the charge state of Mn throughout
the T range of measurement.

Below the rising line, a weak humplike feature is visible
between 6536 to 6545 eV, which can be assigned to the
pre-edge of the Mn-K line [see Fig. 3(b)]. The pre-edge is
found to have multiple structures. The pre-edge occurs due
to the quadrupole-allowed transition of electrons from the
Is to 3d level in a transition metal [31] and, consequently,
the pre-edge intensity is very low. However, pre-edge can be
stronger in the presence of 3d-4p (metal to metal) or 3d-2p
(metal to ligand) hybridization. We have fitted the background
of the pre-edge with an arc tangent function [green line in
Fig. 3(b)]. Considering two distinct peaks, we have initially
tried to fit the pre-edge using two Lorentzian as well as using
two pseudo-Voigt functions. However, we failed to get a good
fit using two peak functions. The best fit is obtained when we
use three pseudo-Voigt functions (peaks P;, P>, and P;), as
shown in Fig. 3(b).

In the case of LaMnOs with Mn** in the octahedral coor-
dination, two pre-edge peaks are observed around A; = 6539
and A, = 6541 eV [31,32]. On the other hand, CaMnO5; with
almost undistorted octahedra and having Mn in the 4+ state
shows a pre-edge peak around Az = 6543 eV, in addition to
A; and A, peaks. For CMO, we can corroborate the pre-edge
peaks P; and P, to the reported A; and A, peaks, respectively,
which is present in both LaMnO3; and CaMnQOj3. Similarly,
P; can be compared to A3 of CaMnOs3 considering the fact
that CMO also contains Mn** ions. The total area under the
three pre-edge peaks P;, P>, and P; in CMO shows notable
anomalies with T [see the inset of Fig. 3(b)]. The area shows a
sharp drop around 7y and a rise at Ty,. The observed changes
in the area are within the error limit of our experimental data.

As evident from our analysis of the PXRD data, the Mn1-
Ol and Mnl-O2 bond lengths (see Fig. 2) decrease and
increase below Ty, respectively. This makes the Mnl1QOy
square planes more symmetric. Similarly, the distortion in
Mn20Og octahedra decreases due to the increase and decrease
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FIG. 2. (a), (b) The variation in lattice parameters as a function of temperature. (c)—(e) The temperature variation of the bond lengths
Mn1-0O, Mn2-O, and Mn3-0, respectively. (f)-(h) The perspective view of the distortion of the Mn1-O octahedral, Mn2-O square planer, and

Mn3-0 octahedral structures, respectively, with temperature.

of Mn2-O1 and Mn2-O2 bond lengths, respectively. Such an
increase in symmetry may be attributed to the decrease in the
pre-edge intensity just below Ty;. On the other hand, Mn-O
coordination turns less symmetric below Ty,, leading to an
increase in the pre-edge intensity [31,33,34].

C. Inelastic neutron scattering
1. Spin-wave excitations

Figures 4(a)-4(i) show the two-dimensional (2D) color
plots of the inelastic neutron scattering data at different

temperatures with incident energies E; = 12.3, 20, and
38 meV. As these measurements were performed on poly-
crystalline samples, the magnetic scattering cross section is
the powder average of the spin-spin correlation function and
does not carry the information regarding the directional prop-
erty of the momentum transfer, Q. Nevertheless, it contains
the necessary information, which can be readily compared to
the theoretical models to ascertain the approximate spin-spin
exchange parameters. For CMO, all the observed magnetic
intensities are found to be situated below =~ 30 meV. There
are three bands of magnetic scatterings, namely, (a) 2—-8 meV,
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FIG. 3. (a) Mn K-edge XANES data recorded at 120 K along
with reference spectra for MnO, and Mn,0s3. (b) Pre-edge fitting
with arc tangent background along with three pseudo-Voigt peak
functions. The inset shows the total area of the pre-edge as a function
of temperature.

(b) 8.5-15 meV, and (c) 15.5-28 meV. The magnetic nature of
these scatterings is evident from the decreasing intensity with
increasing |Q|. The bands are detectable up to ~ 4 A"

The scattering band over &~ 2-8 meV appears to be strongly
affected by increasing 7. The intensity of this low-energy
band weakens quickly above Ty,. This implies that this low-
energy band is associated with the AFMII long-range ordered
state of CMO. The scattering band between 8.5 and 15 meV
broadens above Ty, [see Figs. 4(d)—4(f)]. On the contrary, the
intensity of the scattering band between 15.5 and 28 meV
persists up to Ty, indicating its association with the AFMI
magnetic state.

The T evolution of the magnetic scattering intensity is
better apprehended from the E versus intensity plots summed
over the low-Q range, as shown in Fig. 5. At 5 K, for E; =
38 meV, there are three distinct inelastic peaks Ej, E,, and
E5, which correspond, respectively, to the intensity bands (a)
2-8 meV, (b) 8.5-15 meV, and (c) 15.5-28 meV in our 2D
color plots. At 50 K, the low-energy excitations, namely, E|
and E,, vanish, while the high-energy excitation E3 remains
unaltered. It clearly indicates that E5 is connected to the mag-
netic ordering at Ty; = 90 K, while E; and E, are due to the
low-T magnetic order occurring at Ty, = 48 K. The previous
INS work by Kadlec et al. [35] observed magnetic scattering
at 3.5, 6, and 10 meV energies below about 50 K, which
closely match our observed band of excitation energies around
E; and E,. It is evident from both the 2D color plot and the
cuts (Figs. 4 and 5, respectively) that the excitation peaks have
significant bandwidth with smaller energy gaps. Interestingly,
the lowest-energy band around E; is dispersive in nature. We
do not observe any clear signature of the energy gap between

TABLE 1. Magnetic exchange parameters (Ji, Jo, J3, Ja, Js, Jo,
and J,) as obtained from DFT calculations (GGA and GGA+U) and
simulated and/or experimental data of the present work.

Model J] J2 .I"; J4 Js J(, ]7
(meV)
DFT —5.565 6.368 —3.916 —3.916 —2.534 —2.290 2.412

Simul./Expt. —5.565 6.068 —2.737 —2.222 —1.711 —2.290 2.412

the ground state and the lowest edge of the excitation spectra
within the resolution of the MERLIN instrument.

2. SpinW simulation

In order to model the experimentally observed magnetic
excitation, we have calculated spin-wave dispersion using the
SpinW software package. Due to three magnetic sites and
incommensurately modulated magnetic structure, several ex-
change interaction pathways between the Mn ions need to be
considered. We have considered seven exchange interactions
between the different Mn sites following the DFT result by
Lu er al. [8]. We have constructed the following magnetic
Hamiltonian with seven different exchange couplings, DM
interactions, and single-ion anisotropy:

H= Z]ij(gi . S;) + ZD-;/ : (§z X S;) + ZAZ(Sig)Z'

ij ij
ey

Here, the first term represents the symmetric Heisenberg
interaction, where J;; are the different exchange interactions
as discussed before. The second antisymmetric part is related
to the DM interaction. The last term is due to the single-ion
anisotropy parameter A, which originates from the crystal field
of the surrounding oxygen ions in the Mn1O, square planer
and Mn20Qg octahedral environments. We did not consider
any anisotropy for Mn3 because of the symmetric oxygen
environment. We used the values for DM interaction and
single-ion anisotropy terms as provided by Lu et al. [8]. For
the sake of simplicity in the SpinW simulation, we have used
only the magnetic propagation vector k; = (0, 1, 0.963) at
all temperatures, although there are reports of more than one
magnetic propagation vector at low temperatures. We started
with the J values provided by Lu et al. [8] and, subsequently,
they are tuned to reproduce the experimentally obtained INS
intensity (see Table I). We have properly combined the energy
resolution function of the MERLIN spectrometer (E; = 38 and
12.3 meV) in the SpinW simulation.

Figures 6(a) and 6(b) show the phonon-subtracted mag-
netic scattering and simulated 2D color plots of neutron
scattering data at 5 K with E;= 38 meV, respectively. We
presume that the high-|Q| intensity is mostly phononic in
origin and calculated the vibrational part of the scattering at
5 K using the data recorded at 300 K (which is well above
the long-range magnetic ordering temperature) after proper
normalization with the Bose population factor [36,37],

1

Ble) = o hajke T’

@)
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transfer with E; = 38 meV over the window of momentum trans-
fer 0.3-3.0 A~'. (d) Similar plots for the incident energy of E; =
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The Bose corrected 2D color plot is obtained after subtract-
ing the vibrational part from the measured data at 5 K.

The simulated integrated intensity versus energy plots (red
continuous line) are shown in Figs. 6(c) and 6(d) for E; = 38
and 12.3 meV, respectively, along with the estimated magnetic
scattering intensity (data points). An acceptable agreement
is obtained between the experimentally measured and the
model-calculated patterns.

It is to be noted that we need to decrease the value of the
strongest AFM interaction between Mn1-Mnl (J,) by 5% and
the FM interaction between Mn1-Mn3 (J3) by 30% compared
to the initial values taken from the DFT calculation for the
reproduction of the two lower-energy bands E; and E, in the
simulation. Additionally, the decrease of FM interactions Jy
(between Mn2 and Mn3) and Js (between Mn2 and Mn2)
by 25% and 32%, respectively, reproduce E3 close to the
experimental data (see Table I). Nevertheless, the signs of
different J;’s remain the same as that of the DFT result [8].

It is now pertinent to know the origin of these three mag-
netic excitations, E|, E,, and E3. For that purpose, we have
plotted the simulated data with a single J; at a time. The values
of J;’s are chosen from our SpinW simulation (second row of
Table I).

(1) First we set all the exchange interaction terms to zero
except Ji, and we observe, more or less, all three excitations
Ey, E;, and E;. As evident from Fig. 7(a), there are two
strong contributions centered at 7 and 16 meV (approximately
midpoints of E; and E,). However, the peak around 23 meV
(midpoint of E3) is rather weak. This suggests that J; signifi-
cantly contributes to the magnetic excitations below Ty,. J is
the nearest-neighbor interaction between Mnl and Mn2, and
the magnetic state below Ty, arises primarily from J;.

6<|0<12A" (h)

Intensity (a.u.)
Intensity (a.u.)

T

i L 03<jg<3A”
i i i : ]
0 5 10 15 20 25 30
Energy Transfer (mev)

10 15 20 25 30 35
Energy Transfer (meV)

FIG. 7. (a)—(g) Simulated scattering intensity as a function of
energy transfer for E; = 38 meV over the window of momentum
transfer 0.3-3.0 A~!. Instead of considering seven J; (i = 1-7) to-
gether, the simulation in each panel is performed with only one
J;, and they are represented in different panels. (h) The scattering
intensity as a function of energy transfer for the incident energies
E; =100 meV integrated in the high-|Q| range.

(2) Next we have kept J, only and set all other interac-
tions to zero. Here we find two broad excitations between
2-19 meV and 25-30 meV [see Fig. 7(b)]. J; is the intrachain
Mnl1-Mnl interaction and it is the strongest among all J;’s.
Evidently, it contributes to all the excitations.

(3) When we keep J3 only, there is a broad excitation
between 18 and 30 meV [see Fig. 7(c)]; however, no peak is
seen below 18 meV. It indicates that J3 (Mn1-Mn3) possibly
has little effect on the magnetic structure below Ty».

(4) When we turn on J4 with all other J; = 0, clear excita-
tions are seen between 18-22 meV and 22-27 meV, and they
may together constitute E3 observed in our experimental data.
Similar to J3, J4 does not contribute towards E; and E,.

(5) Similarly, we find that J5 reproduces peak between 12
and 17 meV, which can be identified as E,. Js is the excitation
between nearest-neighbor Mn2-Mn2.

(6) When we turn on Jg and J; (both Mnl-Mn2 next-
nearest neighbor) individually, excitations below 18 meV are
observed. This indicates that Jg and J; have no role towards
the magnetic state Ty, < T < Ty;. It is to be noted that Jg
is FM, while J; is AFM due to a small difference in the
Mn1-O-Mn2 bond angle.

3. Magnon-phonon coupling

So far, we have only discussed the low-|Q| part of the
excitation spectra. If we carefully look at the high-|Q| part
of the E; = 38 meV 2D color plot, a clear band of excitation is
seen around 20 meV [see Figs. 4(g) and 4(h)]. The intensity of
the band increases with increasing temperature. Clearly, such
high-|Q| anomaly is associated with the magnetic excitation
observed at the same energy range in the low-|Q| part, and it
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indicates the existence of possible magnon-phonon coupling
in the system.

Earlier Raman [38] and infrared [35] spectroscopy stud-
ies indicated the presence of spin-phonon coupling in CMO.
Previous INS data [35] as well as our present INS study
(see Fig. 4) also show high-|Q| intensity at the same energy
(around 20 meV) where the magnetic excitation is observed
at the low-|Q| regime. In Fig. 7(h), we have made cuts for the
high value of |Q| and it is shown for different temperatures. A
clear peak is observed around E; (~20meV), even at high
|Q|. We have fitted all the peaks with a Gaussian function
(solid lines) to identify the correct peak position. Interestingly,
the peak position shifts to lower energy below about 7y,
indicating the role of the magnon, which develops in the
magnetically ordered phase. A notable decrease in the peak
position occurs when the temperature drops from 110 to 75 K.
Interestingly, the peak shifts to a slightly higher position at
50 K and then remains nearly constant with further decrease in
temperature. A similar shift in the high-|Q| peak position was
observed in other systems showing magnon-phonon coupling
[39]. It is to be noted that the peak around 20 meV continues
to exist at high |Q| even above 7y, which can be attributed to
paramagnons along with the phonon scattering [35].

IV. DISCUSSION

The previous works on CMO have assigned it to be a
mixed-valent compound with 6:1 ratio of Mn®* and Mn**.
The Mn*" ions seem to play an important role in the multifer-
roicity. Our XANES data in the x-ray absorption study clearly
indicate that the compound is indeed mixed valent with the
presence of both Mn** and Mn** ions. The XANES rising
line resides closer to that of the standard Mn,Os than the
MnO,, which indicates that the majority of Mn is in the 3+
state in CMO.

An important observation of the present work is the
structural distortion observed around the magnetic transition
temperatures. In the previous works, the overall crystal struc-
ture of [14] CaMn;0O;, was extensively investigated, and a
modulated crystal structure below 240 K was found. Our
analysis, on the other hand, focuses on the local distortion
of the Mn-O polyhedra. We do not find any change in the
crystal symmetry and the modulation vector at Ty, or Ty;
however, lattice parameters and Mn-O bond lengths show
anomalies around the magnetic transition temperatures. Both
Mn10, square planer and Mn20Og¢ octahedra show consider-
able distortion with temperature, while the Mn3Og octahedra
containing an Mn** ion at the center remain almost undis-
torted. In the uniform octahedral coordination, Mn** ions tend
to have stable nondegenerate electronic configurations and
are less likely to undergo Jahn-Teller distortion. Lim et al.
[20] also found negligible displacement of the Mn3 ion from
the DFT calculation, which matches well with our data. This
justifies that the displacement of the Mn3 charge center has
no role in the observed polarization in the system. Notably, the
negligible displacement of Mn3 is on par with the DFT+U +J
result of Lim et al. [20].

Nevertheless, our PXRD data indicate significant distortion
of the Mnl1O4 square planer and Mn2QOg octahedra at the
magnetic transition temperatures. These distortions, which

are generally caused by exchange striction or exchange-
driven magnetostriction, occur due to the displacement of
the magnetic atoms below the magnetic ordering temper-
ature in order to minimize the total energy of the whole
system. Lu et al. [8] argued that the ferroelectric polarization
is caused by the exchange striction between Mn3 and Mnl
or Mn2 ions. Although Mn3 does not show any positional
rearrangement or modulation below Ty, the Mn1-Mn3 and
Mn2-Mn3 exchange striction can be operative due to the
displacement of the Mnl and Mn2 ions, respectively. The
first-principles-based calculation by Zhang et al. [9] indi-
cates noncollinear-type exchange striction in the Mn2-Mn3
chain of the crystal structure, along with the presence of the
p — d hybridization mechanism. The DFT + U + J+spin-
orbit-coupling (SOC)-based calculation by Lim et al. [20]
demonstrates that the effect of the exchange striction plays an
important role towards the Mn3-O charge distribution. Such
models are on par with the observed exchange striction in our
structural studies.

As already mentioned, the E3 ~ 20 meV excitation in
our INS data is connected to the transition occurring at Ty,
and the polarization also develops just at Ty;. Therefore, the
observed P is closely connected to the E3 excitation. In our
SpinW calculation with individual J; [see Figs. 7(a)-7(g)],
the major contribution towards E3 arises from the exchange
terms J3 and J4, which actually denote the Mn1-Mn3 and the
Mn2-Mn3 interaction terms, respectively. Theoretical calcu-
lations [8,9,20] already indicate that the exchange striction in
the Mn1-Mn3 and Mn2-Mn3 (particularly the latter one, J4)
plays an important role towards the multiferroicity. Therefore,
our simulation in tandem with the PXRD analysis is consis-
tent with the previous conjectures and supports the picture
of exchange-striction-induced multiferroicity in the system. It
is to be noted that the exchange parameters (such as Ji, Ja,
Js, etc.) associated with the excitations observed below Ty,
are primarily between Mn1-Mn2, Mn1-Mn1, Mn2-Mn2, and
Mn3-Mn3, and have little role towards the polarization as P
does not show any anomaly at Ty;. Although our PXRD and
XAS work indicate exchange striction both at Ty; and Ty»,
it does not play any role towards the observed polarization
at Ty».

The exchange striction is also supported by the change
in the pre-edge area of the Mn-K XAS. It is well known
that magnetostructural coupling plays an important role in ex-
change striction. From our high-|Q| INS data [see Fig. 7(h)],
we find the signature of spin-phonon coupling, where the
excitation peak shifts to lower energy below about 7y.

In conclusion, we observe a clear signature of exchange
striction in our PXRD data in the multiferroic CaMn;0O,, and
our SpinW simulation indicates an important role of Mnl-
Mn3 and Mn2-Mn3 exchange terms, which are associated
with the transition at Ty, and it possibly plays a pivotal role
in the development of concomitant electrical polarization.
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APPENDIX: REFINEMENT OF PXRD DATA

Figure 8 presents the Rietveld refinement of the PXRD
data.
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