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Crystal and magnetic structures of the high-pressure-stabilized perovskite modification of Mn, 03 (£-Mn,03)
have been studied by neutron powder diffraction combined with symmetry arguments based on the phenomeno-
logical Landau theory. This metastable phase exhibits a unique charge disproportionation phenomenon stabilizing
the quadruple perovskite structure (Mn?*Mn3")Mn}** 0, with an additional charge-ordering and commensurate
orbital density wave localized in the B-site perovskite position. The commensurate nature of the orbital density
wave is stimulated by a coupling of the orbital ordering to independent structural distortions, which improve poor
bonding conditions of Mn*" in the A-site perovskite position. Below T; ~ 100 K, an anharmonic longitudinal spin
density wave arises and locks to the structural modulation associated with the orbital density. At 7, ~ 50 K, the
magnetic subsystem delocks from the structural modulation giving rise to a multi-k phase-modulated ground state
admixing cycloidal and helical components. The complex anharmonic and phase-modulated magnetic structures
are discussed based on a phenomenological magneto-orbital coupling scheme, previously developed to explain
the multi-k helical ground states with modulated spin chirality observed in A>*Mn,0;, (A** = Ca, Sr, Pb, and

Cd) quadruple perovskites.
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I. INTRODUCTION

Quadruple perovskite manganites of the family
(A>*Mn3")Mn}*T0y, (A?* = Ca, Sr, Pb, and Cd) provide
a unique playground to study interplay between charge,
spin, and orbital degrees of freedom [1-13]. The prototype
compound CaMn;0;, has been shown to exhibit 3:1 charge
order between Mn®* and Mn*" in the B-site perovskite
position [3,4], which occurs well above room temperature
at Tco ~409 K. At lower temperature, Tpo ~ 260 K,
incommensurate orbital ordering (orbital density wave) takes
place [1,4-6] followed by the onset of long-range magnetic
order at 73 ~90 K [2,5,6]. The fundamental magnetic
propagation vector kg is locked to the structural modulation
ks associated with the orbital density wave through the
relation kg = kg/2 [2,5,6]. At a critical temperature 7T, ~ 48
K, the magnetic subsystem delocks from the structural
modulation, resulting in an unprecedentedly complex multi-k
magnetic ground state [7,8] with prominent multiferroic
properties [2,9,10]. The corresponding magnetic structure
is a nearly constant moment helix with incommensurately
modulated spin chirality [8]. This type of magnetic structure
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is stabilized by a set of competing exchange interactions
and anisotropies modulated by the orbital density wave. The
respective coupling phenomenon, which is responsible for
the admixture of distinct magnetic order parameters that give
rise to the incommensurate modulation of the spin chirality,
was referred to as magneto-orbital coupling [1,8]. The other
members of the A>*Mn;0, family exhibit qualitatively
similar behavior with the corresponding modulations and the
critical temperatures being dependent on the nature of the
divalent A-site cation [11-13].

Recently, it has been shown that at high temperature
(above T ~ 1000 K) and at high-pressure (above P ~ 18
GPa), Mn,0; transforms to a perovskite modification, de-
noted as ¢-polymorph, which is quenchable as a metastable
phase at ambient conditions [14]. This exotic modifica-
tion of Mn,O3 falls into the same family of quadruple
perovskites discussed above, where the divalent A site is
taken by Mn?* cations, and exhibits multiferroic properties
tunable by the magnetic field [15]. The room-temperature
diffraction studies [14] revealed that, to a good approxi-
mation, the structure is trigonal with the space group R3.
This observation again points to the 3:1 B-site Mn>*/Mn*"
charge ordering, which is a precursor for the orbital den-
sity wave formation that promotes the rich magneto-orbital
physics.
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In this paper we study in detail the interplay between the
structural and magnetic subsystems of the {-Mn, O3 compound
by means of neutron powder diffraction. The obtained results
reveal that our ¢-Mn,O; sample exhibits a commensurate
orbital density wave and two distinct magnetic phases. The
high-temperature phase is an anharmonic spin density wave
locked to the structural modulation associated with the orbital
ordering, and the low-temperature magnetic structure is a
complex phase-modulated cycloid with a small admixture
of a helical component. Hence, the models developed for
the description of similar magneto-orbital coupling in the
AMn;01, family were extended for the present case, where the
A-site sublattice is magnetic as well. The crystal and magnetic
structures of ¢-Mn,0O3 were found to be consistent with the
scenario of magneto-orbital coupling in the divalent A-site
quadruple perovskite manganites, both in the formation and
the evolution of the complex magnetic ground state.

II. EXPERIMENTAL SECTION

Samples of {-Mn, 03 were synthesized from a commercial
powder of the conventional cubic-bixbyite-structured Mn,O3
(from Chempur company, with 99.99% chemical purity) at
high-pressure high-temperature conditions. These syntheses
were accomplished using the multitonne multi-anvil presses
at BGI (Bayreuth, Germany) at a pressure of 19 GPa and at
900 °C, lying within the stability region of this perovskite-type
polymorph previously established [14]. We used a standard
assembly for these syntheses, which included a Re cylindrical
sample capsule, a LaCrO3 heater, W3Re/W25Re thermocou-
ples, and an octahedral container, similar to that reported in
our previous work [16]. Typical synthesis times were approx-
imately 10 h or longer to ensure a complete transformation of
the sample to the perovskite-type polymorph. We analyzed the
recovered products of the syntheses by conventional chemical
and structural methods, and selected several high-quality
polycrystalline samples of the perovskite phase for the present
neutron diffraction study.

The neutron powder diffraction data were collected at the
ISIS pulsed neutron and muon facility of the Rutherford
Appleton Laboratory (UK) on the WISH diffractometer [17]
and at the IBR-2 high-flux pulsed reactor (FNLP Dubna,
Russia) on the DN-12 diffractometer [18]. In both cases,
samples (~ 40 mg) were loaded into cylindrical vanadium
cans and measured in the temperature range of 1.5-120 K
using an Oxford Instrument Cryostat (WISH data) and 10—
200 K using a He-closed cycle refrigerator (DN-12 data).
Rietveld refinements of the crystal and magnetic structures
were performed using the Fullprof program [19] against the
data measured in detector banks at average 26 values of 58°,
90°, 122°, and 154° (WISH instrument) and 45.5° and 90°
(DN-12 instrument).

III. RESULTS

A. Crystal structure and orbital ordering

The crystal structure of the ¢ modification of Mn,;O3 has
been reported to be triclinic with a complex commensurate
superstructure that quadruples the pseudocubic unit cell in
all three directions [14]. The triclinic distortion, however,
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FIG. 1. (a) Schematic representation of the parent R3 (2+/2a p X
2/2a p X J3a p) crystal structure used in the analysis of orbital and
magnetic orderings of £-Mn,0Os3. Mn takes four symmetry inequiva-
lent sites: Mn1 [3a(0,0,0)], Mn2 [9¢(0.5,0,0)], Mn3 [94(0.5,0,0,5)],
and Mn4 [356(0,0,0.5)]. (b) Wyckoft position splitting at the transition
from R3 (2+/2a, x 2+/2a, x /3a,) to R3 (2v2a, x 23/2a, x
4\/§a1,) crystal structures. (c) Schematic representation of the R3
(2«/§a p X 2\/§a p X 4ﬁa p) crystal structure, demonstrating the
Wyckoff position splitting for the B-site Mn>* (A-site Mn is omitted
for clarity).

was found to be very small and the full structure can be
considered as trigonal to a good approximation (deviations
of the unit cell parameters from the trigonal metric are less
than 0.1%). To understand the nature of the superstructure
and reveal the interplay between different distortions involved,
we analyzed the high-resolution neutron diffraction data using
comprehensive symmetry arguments.

A neutron diffraction pattern in the paramagnetic phase
of ¢-Mn,03; was collected at T = 120 K. Splitting of the
fundamental reflections, consistent with the rhombohedral
metric of the pseudocubic perovskite unit cell, and the presence
of superstructure reflections, which double the cell in two
directions, both resemble the average R3 (2v/2a, x 2+/2a, x
ﬁap) structure of CaMn;0O,. The small triclinic distortion
is beyond the resolution limit of the present diffraction experi-
ment and will be not considered in the subsequent analysis. The
trigonal structure involves two types of primary distortions,
namely, the octahedral tilting (a*a*at) and 3:1 Mn**/Mn**
charge ordering in the B-site perovskite position [see Fig. 1(a)].
We will use this R3 (Zﬁal, X 2\/§a,, X «/§a,,) symmetry
as the parent one to discuss additional structural distortions
and the magnetic ordering in the system. This space group is
adapted for the sake of simplicity as a sufficiently “minimal”
parent symmetry to classify relevant order parameters and
describe coupling between them (note that transition to a phase
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FIG. 2. Neutron diffraction pattern (7 = 120 K) in the vicinity
of the superstructure reflections associated with kr = (0,0,3/2) (a)
and kg = (0,0,3/4) (b) propagation vectors. The cross symbols
represent experimental data and the solid lines are calculated patterns
in the models with the corresponding distortion modes (red) and
without (blue). (c) Rietveld refinement of the pattern collected at
the high-resolution backscattering detector bank and using the R3
(Zﬁap X Zﬁap X 4«/§ap) structural model. The cross symbols
(black) and solid line (red) represent the experimental and calculated
intensities, respectively, and the line below (blue) is the difference
between them. Tick marks indicate the positions of Bragg peaks for
¢-Mn,O; (top) and vanadium can (bottom). The inset shows a portion
of T displacement mode serving to improve bonding conditions of
A-site Mn?* cation.

with this symmetry need not actually exist in {-Mn,03). We
could equally use the cubic perovskite Pm3m space group
as the parent one, but this would result in an unnecessarily
complicated form of the relevant free-energy coupling terms.

The (Zﬁa p X 2\/§a p X \/ga ) unit cell does not account
for a set of rather strong reflections [Fig. 2(a)], which require a
further doubling of the cell along the ¢ direction [propagation
vector k7 = (0,0,3/2)]. Two isotropy subgroups associated
with the one-dimensional Tf’ (¢) and T; (¢) irreducible repre-
sentations (irreps) related to ky preserve the threefold symme-
try [20,21] and therefore are consistent with the experimentally
measured unit cell metric. They were tested in the refinement
procedure. Both irreps break only translational symmetry

resulting in the R3 subgroup with the unit cell doubled along
the ¢ axis. The difference between T, (¢) and T, (¢) is in the
origin choice, being at (0,0,0) and (0,0,1/2), respectively. The
refinement unambiguously yields the distortion of the T1+(8)
irrep as the relevant order parameter. The oxygen displacement
modes with the 7,;% symmetry have the largest amplitudes
and a portion of these displacements is shown in Fig. 2(c)
(inset). It is clear that these distortions serve to improve a poor
bonding condition of Mn2t, which is otherwise too small for
the A-site perovskite position [3a site in the parent structure,
see Fig. 1(a)]. The presence of these displacement modes
indeed improves the average bond valence sums (BVS) of the
3a Mnsite from 1.2 to 1.8 valence units. The 7" distortions are
large, indicating that they are a crucial ingredient stabilizing
the structure and probably exist in the whole region of stability
of the perovskite phase.

In the original work mentioned above [14], electron diffrac-
tion was used to show that the perovskite structure of £-Mn; O3
also involves a distortion that quadruples the pseudocubic
perovskite cell in all three directions. The relevant propagation
vector is kg = (0,0,3/4) in the setting of the R3 (2«/541,, X
24/2a » X V3a ») space group (A line of symmetry). Indeed,
very weak reflections indexed by this propagation vector can
be found in the neutron diffraction pattern [Fig. 2(b)]. It has
to be pointed out that the (0,0,3/4) propagation vector is
not a special point of the space group Brillouin zone and
corresponds to the A line of symmetry (0,0,y) with varying
parameter y . In general, by combining the distortions with the
k7 and ks modulations, two qualitatively distinct situations are
possible, depending on weather these distortions are coupled
by symmetry or not: (i) the order parameters associated with
both propagation vectors are decoupled and therefore the
symmetry is defined by their intersection 7' @ A, and (ii) the
order parameters are coupled and the distortion associated
with kg is sufficient to define the final symmetry of the
system. In the latter case, the Tﬁ(e) distortion modes have
the symmetry of a secondary order parameter (in the sense of
their symmetry compatibility with the A distortion). Note, the
situation when there is coupling and the symmetry is defined
by the kr order parameter is impossible due to constraints
imposed by the translational symmetry. The first scenario
necessarily requires a violation of rhombohedral centering,
which is inconsistent with the present neutron diffraction data
as well as with the electron diffraction reported in Ref. [14]. In
the second scenario, one can distinguish three main candidates
for the final symmetry of {-Mn;0O3 by inspecting all possible
isotropy subgroups related to the kg = (0,0,3/4) propagation
vector [20,21]. They maintain the R-centered lattice and they
are associated with the two-dimensional A(8;,6,) irrep. The
relevant order parameter directions, lattice vectors, and origins,
with respect to the parent R3 (Zﬁa,, X Zﬁap X \/§a,,)
structure, are given in Table I. The three subgroups correspond
to different choices of the global phase of the structural
modulation being 0, 7 /4, and an arbitrary phase (different
from O and 7 /4), respectively. The final choice can be done
by applying the above-discussed criterion that the symmetry
should be compatible with the T1+(8) distortion modes (should
allow coupling between the T1+ and A distortion modes). This
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TABLE 1. Isotropy subgroups associated with the A; irrep and
ks = (0,0,3/4) propagation vector of the parent group R3 (2+/2a » X
24/2a p X V3a »)- The table provides the space group symmetry, order
parameter direction, basis vectors, and origin of the subgroups in
respect of the parent structure.

SG OP Basis Origin
R3 (8,0) (-1,-1,0),(1,0,0),(0,0,4) (0,0,0)
R3 (6,—96) (—1,-1,0),(1,0,0),(0,0,4) (0,0,3/2)
R3 (81,62) (=1,-1,0),(1,0,0),(0,0,4) (0,0,0)

criterion can be verified using the appropriate free-energy term
which couples the A(81,5,) and Tﬁ(s) order parameters [22].
The general form of the lowest degree free-energy invariant is
€87 — £83. The term does not vanish for the first and the third
cases, but the coupling is maximal for the former case, making
the A1(8,0) candidate with the R3 symmetry and the origin
at (0,0,0), the most appropriate one. Note that this structural
model is identical to the one given in the original paper [14].
The final refinement using this symmetry resulted in a good
agreement with the experimental data [Fig. 2(c)] and the atomic
coordinates are given in Table 1S of the Supplemental Material
[23]. The model does not account for a set of weak reflections
whose intensities were found to be sample dependent. This
observation strongly points to their extrinsic origin, but we
failed to uniquely identify the relevant impurity phases.

The structural model with the (Zﬁa » X 24/2a p X 4/3a »)
supercell implies a splitting of both Mn3 (9d) and Mn4
(3b) Wyckoff positions in the B-site sublattice of the parent
CaMn;O ;-like structure into two symmetry nonequivalent
sites Mn31 (18 1), Mn32 (18 f) and Mn41 (6¢), Mn42 (6¢),
respectively [see Table 1S and Figs. 1(b) and 1(c)]. BVS
calculations confirmed the presence of the B-site charge order
in £-Mn, O3 with Mn>* occupying the 18 f sites (Mn31, Mn32)
and Mn** at the 6¢ sites (Mn41, Mn42) as follows from Table
2S of the Supplemental Material [23]. This 3:1 type of charge
order is similar to the one taking place in other members of
the AZt*Mn-,0,, series [3,4,11-13]. It has been shown that
the charge order promotes oxygen displacements, which are
coupled to the x> — y? orbital state of the Jahn-Teller active
sixfold-coordinated Mn®* cation [24]. This orbital state does
not allow full release of the Jahn-Teller instability [25] and
therefore the charge-order driven distortion has been suggested
to be the key ingredient for the orbital density wave formation
in CaMn;0O; [1] and other members of the AMn;O, family
[11]. The structural distortions, assisting the orbital density
wave, are associated with the A line of symmetry in all the
cases. Thus, by analogy with these perovskites, one can assume
that the instability associated with the A line of symmetry in
£-Mn, 03 is the orbital density wave too. The Wyckoff position
splitting implies a W W W~ W~ sequence of the orbital states
on B-site Mn>* ions related by lattice translations of the parent
structure along the ¢ axis [Figs. 1(c), 3(a), and 3(b)]. The signs
“+” and “—” indicate distinct orbital states. In other words,
the Mn31 (18f) and Mn32 (18f) sites, occupied by Mn**+
cations in the (2+/2a, x 2+/2a, x 4+/3a,,) supercell, adopt
distinct orbital states. The orbital state U of B-site Mn>* can
be defined as a mixture of the v and ¥, orbitals through the
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FIG. 3. (a) Four structural layers illustrating the orbital density
wave localized on the B-site Mn** cations in the metastable perovskite
¢-Mn,0; (only the dominant orbitals with probability of electron
localization to be 0.85 are shown). The z coordinate of each layer
is given in respect of the parent cell. The B-site Mn*" cations with
different orbital states corresponding to distinct Wyckoff positions
in the (Zﬁal, X Zﬁal, X 4«/§ap) supercell (Mn31 and Mn32) are
shown in different colors. (b) Change of the dominant orbital state of
an isolated Mn** Qg octahedron upon (0,0,1) parent translations. The
anisotropies of oxygen octahedra coordinating B-site Mn>* ions in
the Mn32 and Mn31 positions, and the associated dominant orbital
states, are shown in (c¢) and (e), respectively. (d) Diagram illustrating
the relation between the orbital states of the B-site Mn>" cations and
the phase ¢ of the commensurate structural modulation.

relation: W = vr|cos(mwe + ¢o)| + Yalsin(wd + ¢p)|, where
¢ = kg - (r+1t) is the phase of the structural modulation,
r is the vector defining the position of the B-site Mn’**
cation in the unit cell of the parent structure, ¢ is the lattice
translation, and ¢y is the global phase. In the following,
we adopt an orbital parametrization similar to the case of
CaMn;Oy, [1], ie., ¥ = [3x> —r2) and ¥ = |r? — 3y?).
The structural model with the W W W~ W~ sequence fixes
the global phase of the structural modulation to be zero,
¢o = 0 [Fig. 3(d)], and implies alternation of the states domi-
nated by either 3x2 —r2) [WF = cos(rr/8)yr; + sin(ir /8)yr;]
or |r? —3y?) [~ = cos(3/8)¥ + sin(3w/8)yr,] orbitals,
as shown in Figs. 3(a) and 3(b) (see also Fig. 1S of the
Supplemental Material [23]). These expressions indicate that
the probability of electron localization on the dominant orbital
is [cos(r/8)]* = [sin(3/8)]*> = 0.85. The quantitative struc-
ture refinement confirmed the proposed orbital pattern, which
can be also anticipated from the anisotropy of the Mn3*Og
octahedra that have a clear uniaxial elongation [Figs. 3(c)
and 3(e)].

The symmetry consideration presented above provides a
deep insight into the structural properties of ¢-Mn,0Os3, re-
vealing interplay between the distinct structural instabilities.
The T'-displacement modes are involved due to the structural
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instability imposed by the poor bonding conditions of Mn?*
in the A site of the perovskite lattice. The presence of these
distortions forces another independent electronic instability
(orbital density wave) to adopt a symmetry that can be coupled
to them. So the 7" modes lock the modulation associated with
the orbital density wave to the commensurate value kg =
(0,0,3/4), through the linear quadratic coupling term discussed
above. The orbital pattern, in turn, has a strong impact on the
magnetic structures discussed in the next sections.

B. High-temperature commensurate magnetic phase

Magnetic susceptibility and specific heat measurements
reported in Ref. [14] revealed two transitions at 77 ~ 100 K and
T, ~ 50 K with a possible third transition at 73 ~ 12 K. Our
neutron diffraction data indicate that, similar to other AMn;O,
quadruple perovskites, two distinct magnetic phases occur in
£-Mn,0;. These phases onset at 77 and T, while the anomaly
at T3 does not correspond to any change in the magnetic
ground state. In the high-temperature phase (77 < T < T5), the
magnetic propagation vector is locked and does not vary with
temperature. Below 75, it exhibits a substantial temperature
evolution, revealing an incommensurate nature of the magnetic
ordering [Fig. 4(a)].

The approach to solve the magnetic structures in  -Mn, O3 is
based on the knowledge of the magnetic structures in AMn; O,
perovskites [7,11]. In the latter case, the central role is played
by a coupling between an incommensurate orbital-density
wave and magnetic order parameters. As discussed above, the
orbital density wave is commensurate in {-Mn,0O3, with the
propagation vector kg = (0,0,3/4) with respect to the unit
cell of the parent R3 (Zﬁa,, X 2\/§a p X ﬁa,,) structure.
Assuming that the linear-quadratic magnetoelastic coupling
is the dominant lock-in term in the free-energy decompo-
sition [7], the propagation vector conservation law requires
ks + 2ky = (0,0,3)n, where kg is the fundamental magnetic
propagation vector and 7 is an integer number. This implies that
the fundamental magnetic propagation vector is either ky =
ks/2 = (0,0,3/8) or ko = [(0,0,3) — ks]/2 = (0,0,9/8). An
indexation procedure confirmed that the latter propagation
vector can account for the majority of magnetic reflections
(including the most intense, fundamental reflections), while a
few weaker reflections could not be accounted for. However,
these weak reflections could be indexed using an additional
propagation vector 3ky = (0,0,3/8) [Fig. 4(b)] [26].

An important observation is the absence of (0,0,3n) &
ko(3ky) satellites, which strongly indicates that the moments in
the high-temperature phase are oriented along the c axis, giving
a longitudinal spin density wave. The next step is to determine
the relative magnetic phases of the independent Mn sites.
In addition, since the magnetic structure is commensurate,
the symmetry of the system depends on the global magnetic
phase. There are two time-odd (magnetic) irreducible repre-
sentations of the R3 space group associated with the A line
of symmetry, namely, two-dimensional m A (p1,02) and four-
dimensional mA,. These representations describe different
types of magnetic structures [20,21]. Longitudinal spin-density
waves are transformed by the m A, irrep and, therefore, the
magnetic structures associated with this representation are
the primary candidates for the high-temperature phase of
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FIG. 4. (a) Temperature variation of the z component of the
magnetic propagation vectors taken from the first Brillouin zone.
(b) Rietveld refinement of the neutron diffraction pattern collected
at 7 = 55 K. The cross symbols (black) and solid line (red) represent
the experimental and calculated intensities, respectively, and the line
below (blue) is the difference between them. Tick marks indicate the
positions of Bragg peaks for the nuclear (top), vanadium can (middle),
and magnetic (bottom) scattering.

£-Mn,03. Depending on the choice of the global phase, there
are three symmetry distinct situations as specified in Table II,
which correspond to different directions of the magnetic order
parameter in the mA(p;,p,) representation space [20,21].
Considering the additional condition that the magnetic order

TABLEII. Magnetic isotropy subgroups associated with the m A |
irrep and k¢ = (0,0,9/8) propagation vector of the parent group
R3 (Zﬁap x 2+/2a p X V3a »). The table provides the space group
symmetry, order parameter direction, basis vectors, and origin of the
subgroups in respect of the parent structure.

SG OoP Basis Origin
R;3 (0,0) (=1,-1,0),(1,0,0),(0,0,8) 0,0,0)
R3  (p.[1—=+2lp) (=1,-1,0),(1,0,0),(0,0,8)  (0,0,3/2)
R;3 (p1,02) (=1,-1,0),(1,0,0),(0,0,8) (0,0,0)
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FIG. 5. Schematic representation of the commensurate longitudi-
nal spin density wave in the high-temperature lock-in magnetic phase
of ¢-Mn,0; (the values for the magnetic moments correspond to
T =55K).

parameter should couple to the orbital density wave (with
the symmetry discussed in the previous section), allows one
to make an unambiguous choice. The general free energy
term, which couples the A(81,6,) structural modulation with
the mA(p1,p02) magnetic order parameters (magnetoelastic
coupling), is 81/012 — 81,022 + 28,0102 [22]. This term indicates
that between the three distinct magnetic order parameters listed
in Table II, a coupling to the orbital density wave with the
symmetry of A;(81,0) = A1(8,0) is expected only in the case
of mA(p1,0) = mAi(p,0). Thus, the magnetic space group
of the commensurate lock-in magnetic phase of ¢-Mn,O3
is R;3 with the origin choice at (0,0,0). This space group
restricts the spin-density waves to have only cosine terms,
R; rcos[2mk(r; + t)] (where r; and ¢ are the coordinates of
the ith atom in a zeroth unit cell and a lattice translation of
the parent structure, respectively, and k = k¢ or 3k¢) and the
only fitting parameters are amplitudes of the waves R; ; on the
four (i = 1-4) symmetry-independent Mn sites in the parent
structure [see Fig. 1(a)]. The refinement resulted in a very good
fitting quality [Fig. 4(b)]. The amplitudes of the four distinct
Mn sites at 7 = 55 K are summarized in Table 3S of the Sup-
plemental Material [23]. Magnetic moment on any atom within
or outside of the parent unit cell can be obtained by the relation
Riot = Rir,cos[2mko(r; + t)] + R; 3p,cos[2m3ko(r; + t)].
The magnetic unit cell is eight times bigger than the nuclear
cell of the parent structure and can be represented by a sequence
of layers stacked along the ¢ axis with a constant moment
within each layer. There are two types of these layers for the
B-site Mn**/Mn** cations (Fig. 5) with the moment size 2.6(1)
wpl2.3(2) up (T) and 1.27(6) np/1.3(1) up (1) at T = 55K
[see Figs. 6(a) and 6(b) for their temperature dependence].
They correspond to the distinct Wyckoff positions in the
(2v2a, x 24/2a, x 44/3a,) supercell. The spins of Mn>*
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FIG. 6. (a) and (b) Mn ordered moments as a function of tem-
perature [see Fig. 1(b) for notations of the Mn sites]. (c) Rietveld
refinement of the neutron diffraction pattern collected at 7 = 10 K.
The cross symbols (black) and solid line (red) represent the exper-
imental and calculated intensities, respectively, and the line below
(blue) is the difference between them. Tick marks indicate the
positions of Bragg peaks for the nuclear (top), vanadium can (middle),
and magnetic (bottom) scattering. The insert shows a magnified
portion of the diffraction pattern, where a satellite due to the k,4
propagation vector is observed.

and Mn** cations are parallel to each other in the first layer
and antiparallel in the second one. The ordering in the A-site
perovskite sublattice can be obtained by stacking three types
of layers with the moment size for Mn>*/Mn>* being 0.81(5)
wpl3.0(1) g (T), 0.57(4) up/1.86(7) g (1), and zero layer
(), where both Mn** and Mn** do not carry any ordered
moment. In the layers with nonzero moments, Mn?t and
Mn>7 spins are aligned ferrromagnetically. The translationally
symmetric magnetic unit cell is obtained by repeating three
blocks, each consisting of eight B-site and A-site layers stacked

ast [TIL T/ tandT | et | 1 e, respectively.

C. Low-temperature incommensurate magnetic phase

Below T, ~ 50K, a set of new magnetic reflections appears
whose positions are temperature dependent, indicating an

014426-6



MAGNETO-ORBITAL TEXTURE IN THE PEROVSKITE ...

PHYSICAL REVIEW B 98, 014426 (2018)

incommensurate nature of the ground state. The available
neutron diffraction data provide evidence for the presence
of four distinct propagation vectors [Fig. 6(c)]. The most
intense magnetic reflections can be indexed using a fun-
damental k¢ = (0,0,k;) propagation vector, with k, varying
as a function of temperature [Fig. 4(a)]. The other three
components can be expressed in terms of this fundamental
modulation and the modulation of the orbital density wave
ks (which does not change at 75) as k14 = ko + ks, k1— =
ko — kg, and k4 = k- = k¢ £ 2ks. The relations between
the different modulated components of the magnetic ground
state of £-Mn,0O3 are identical to those in AMn;Oy, [7,11].
In the latter case, the low-temperature incommensurate phase
is a helix whose helicity is modulated with the periodicity of
the orbital density wave. Attempts to adapt a similar helical
structure for £-Mn;Oj3 did not result in a satisfactory fitting.
Moreover, this magnetic structure is not compatible with the
high-temperature longitudinal spin-density wave. The latter
implies uniaxial anisotropy, whereas a helix usually takes place
in systems with easy-plane anisotropy. A logical compromise
between the uniaxial anisotropy and a moment-conserving
ground state, expected for an insulator, is a cycloidal ordering.
The method used to construct the phase-modulated helix for
CaMn;01; [7] and other members of the AMn;O, family [11]
can be used to obtain a phase-modulated cycloidal structure.
In this case, the fundamental component k is combined with
additional cycloids ki4/kqi- and ks /k,_ whose magnetic
phases are different from k¢ by 7/2 and m, respectively.
In addition, to keep the moment constant, their amplitudes
should be related by Ry, = R{,/(2Rk), where Ry, Ry =
Rii+ = Ri1, and Ryp— = Ryo = Ry are amplitudes of the
ko, k1+, and k3 components, respectively. The total moment
size of the phase-modulated cycloid is Ryt = Ryo + 2 Ry». This
model was applied to refine the ground state of {-Mn,03 and
worked reasonably well, but the refinement could be further
improved by a tilting of the spin plane by 20(2) deg out from
the ¢ axis. This implies an admixture of a helical component,
which points to the presence of an additional anisotropic
term competing with the uniaxial anisotropy. The obtained
general magnetic structure [Fig. 7(a)], involving both the major
cycloidal and the minor helical components, provides a good
fitting quality [Fig. 6(c)] with the parameters summarized in
Table 4S of the Supplemental Material [23]. In the refinement
procedure, only the Fourier coefficients related to the k¢ and
k1+ cycloidal/helical components were actually refined, the
coefficients of the k,+ components were fixed through the
Ry, = R,%l /(2Ry») relation, to keep a constant moment size in
the phase-modulated structure. The ordered moments (Ryq),
for the four symmetry-independent Mn sites of the parent
structure, as functions of temperature are plotted in Figs. 6(a)
and 6(b). The saturated spins of Mn** (Mn2 and Mn3 sites)
and Mn?** (Mnl1 site) are reduced in comparison with their
theoretical values. This reduction is most pronounced in the
latter case, where the refined value is only ~1.53(8) g instead
of the expected 5 j 3 for the high-spin configuration of ad” ion.
The magnetic point group of the phase modulated cycloid
is polar 1/, implying the presence of an improper ferroelectric
polarization below 7, (note the point group of the high-
temperature phase is nonpolar 31'). Thus, like other members
of the AMn;0, family, {-Mn,Oj3 is a type-II multiferroic,

(@)
ﬁ A-Mn?" (Mnl, 1.53 1)

A-Mn3* (Mn2, 3.43 1)

B-Mn3* (Mn3, 3.43 1)

B-Mn** (Mn4, 3.0)

(b)

AN R S Y

— AF —f«— AF —«—F—fe—F—>] — [12.2]

N o=\

- [09031]

modulated cycloid k,+k,,

PDe@e®d¢

|[«— slow —>|<— fast —|

unmodulated cycloid &,
202020 R

FIG. 7. (a) Schematic representation of the magnetic structure in
the low-temperature incommensurate phase of {-Mn,Oj3 (the values
for the magnetic moments correspond to 7 = 10 K). (b) A portion of
the orbital density wave, demonstrating the modulation of the 180-
deg superexchange interaction between the neighboring B-site Mn>*
cations along the [1,2,2] direction (in the setting of parent structure).
Below, fragments of the cycloidal component of the magnetic ground
state with modulated and unmodulated spin chirality are shown.

whose multiferroic properties have indeed been recently con-
firmed by dielectric and pyroelectric measurements [15].

IV. DISCUSSION

Let us show that the complex magnetic ground state involv-
ing several distinct magnetic order parameters k,+ and the
high-temperature commensurate structure of £-Mn,;O3 can be
qualitatively understood as a coupling phenomenon based on
a simple phenomenological approach developed to explain the
lock-in phase and multi-k helical structure of CaMn;0, [7].
In the Supplemental Material [23] we briefly comment on an
alternative scenario to describe the lock-in phase in CaMn; 05,
proposed by Stawinski et al. [27], using magnetic super-
space groups. Within this formalism two possible candidates
R31'(00y)ts and R11’(«,,y)0s were discussed, but only the
latter one is consistent with our phenomenological description.

The phenomenological free-energy invariants for the
ground state helical component of {-Mn,O3 are identical to
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the case of CaMn;Oy, [7], but the approach requires some
modification for the cycloidal order. To find the explicit form
of the coupling terms related to the cycloid, we can use the
matrix operators defined on a complex basis and provided
in Table 1 of the Supplementary Material of Ref. [7]. In this
case, however, both time-even (for structural modulation) and
time-odd (for magnetic order) A representations are relevant,
so we specify the corresponding complex order parameters
as A(6,6") and mA(p,px*), respectively. A spin cycloid
with a k,3 propagation vector is formed by a combination
of mAy ® As(Mu+,§,4,6n+.m,4) and mA1(pux,p0,y) order
parameters, taken with real and imaginary characters,
respectively (implying the phase shift by 7 /2). The free-energy
coupling terms responsible for the admixture of the k,4 and
k,_ components are: (85&0&;, + 85" E5E 1 + Ssnon, +
85" noMn+) + (85000, 1 + 85" 0§ Pn+) and (85E5En— +
85" 808, + 85nomn— + 85" nomy ) + (850G Pu— + 85" Popy_),
respectively. At a microscopic level, these energy terms
represent a modulation of exchange interactions and magnetic
anisotropy by the orbital density wave. To demonstrate this
effect, fragments of the modulated and unmodulated cycloids
are shown in Fig. 7 b (only spins on the B-site Mn>* are shown
for clarity). One can see the regions where the spins rotate
slower and faster upon propagation through the cycloid, in
comparison with the unmodulated structure. The periodicity of
the modulation of the spin rotation (spin chirality) is the same
as the periodicity of the structural modulation kg. A fragment
of the orbital density wave shown for several corner-sharing
octahedra coordinating the B-site Mn*, provides a clear
demonstration as to how the orbital ordering modulates the
exchange interactions between the B-site cations. Following
the qualitative Goodenough-Kanamori rules for 180-deg
superexchange [28], one should expect a dominance of
ferromagnetic interactions in the regions marked as F and
antiferromagnetic interactions in the AF regions. Although,
the cycloidal plane does not contain the [122] direction of the
corner-sharing octahedra, the slow and fast spin rotations in
the cycloid is the direct consequence of this modulation of the
exchange interactions. The modulation of the spin chirality
is rather strong in ¢-Mn,0s;, apparently due to the fact that
the commensurate orbital density wave involves stacking of
almost fully polarized orbital states.

The magnetoelastic term that describes the coupling
between the fundamental components kg and the orbital
density wave kg is given by (8s&ins + 8t&ono) — (8ipd +
8spg?). Note, the values of the mAy @ As(10,&,&0,nf) and
mA(po,py) order parameters are not required by symmetry
to be equal (in the magnetic structure refinements, however,
this constraint was imposed to reduce the number of fitting
parameters without compromising the reliability of the fit).
The translational invariance of this term requires the relation
ks —2ko = (0,0,3)n (n = 1 in the high-temperature lock-in
phase) and the coupling is most efficient for the case of a
spin-density wave [when either mA, & As(no,&;,50,15) or
mA(po,py) vanishes]. An admixture of both order parameters
(cycloidal structure) reduces the coupling, and the term takes
its minimal value when the amplitudes of both spin density
waves mAy @ Asz(no,&;,&0,n5) and m A1 (po, p;) are maximal
(when the spins are saturated). This is due to the fact that the
phase shift between m A, ® A3z(10.65.50,n5) and m A (oo, pg)

is /2, which implies that the corresponding A;(8s,8%) order
parameters (structural modulations) coupled to them are in
antiphase. This provides a natural explanation why the low-
temperature magnetic structure delocks from the structural
modulation, giving rise to the incommensurate ground state.
The magnetic structure with saturated moments is favored by
entropy, but the vanishingly small magnetoelastic coupling of
this phase is not sufficient to hold the lock-in. As a result,
the system delocks and selects the magnetic propagation
vector that minimizes the competing exchange interactions
(see Refs. [1,11] for discussion of the exchange interactions
resulting in an incommensurate magnetic propagation vector
in AMn;0;, manganites).

Thus, the behavior of Mn,0O5 follows the universal sce-
nario of magneto-orbital coupling previously suggested for
A2*Mn;04, quadruple manganites with A%t = Ca, Sr, Cd,
and Pb [7,11]. In the light of this result, it is particular important
to investigate magnetic structure of the recently reported new
perovskite HgMn,O;,, whose structural behavior has been
found to be drastically different from other members of the
family [29].

V. CONCLUSIONS

The metastable perovskite modification of {-Mn,0; sta-
bilized under high-pressure and high-temperature conditions
exhibits the 3:1 charge ordering between the B-site Mn>* and
Mn** cations, and a unique orbital texture involving the orbital
states alternating in a W W W~ W™ fashion (+ and — indicate
distinct orbital states). The orbital pattern localized on the
B-site Mn* is a commensurate limit of the orbital density
wave observed in CaMn;0Oj,. The orbital wave propagation
vector in £-Mn, 03 is kg = (0,0,3/4), specified in respect of
the parent R3 (2v/2a, x 2+/2a, x /3a,) structure, and the
global phase of the associated structural modulation is ¢y = 0.
The commensurate value of the propagation vector and the
choice of the global phase are imposed by a coupling of the
orbital modulation to independent structural distortions, with
the propagation vector kr = (0,0,3/2), that serve to improve
poor bonding conditions of the A-site Mn>* cations.

Long-range magnetic order in the form of an anharmonic
longitudinal spin density wave with the commensurate prop-
agation vector kg = (0,0,9/8) onsets below 77 ~ 100 K. The
propagation vector is locked to the structural modulation
through the relation kg + 2k¢ = (0,0,3), imposed by magne-
toelastic coupling that is maximal for a spin density wave type
of ordering. The magnetic structure is only partially ordered
and contains 1/4 of the A-site Mn cations with zero ordered
moment. This lock-in magnetic phase is stable down to 7, ~
50 K. Below this temperature, the periodicity of the magnetic
subsystem delocks from that of the structural modulation,
resulting in a nearly constant moment incommensurate ground
state, which combines both phase-modulated cycloidal and
helical components. The spin chirality in the ground state
magnetic structure is modulated with the periodicity of the
commensurate orbital density wave. This remarkable phe-
nomenon is a result of a magneto-orbital coupling mechanism
that is common to the whole series of A2*Mn;0,, (A%t = Mn,
Ca, Sr, Pb, and Cd) quadruple manganites studied to date.
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