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The low-temperature structure of Big sCag3,MnQOj; has been solved from electron and neutron diffraction data.
The quantitative simultaneous refinement indicates an ordering of the Mn cations in a “stripe/chess”-like pattern.
The ordering is accompanied by the formation of short Mn—Mn distances and the rearrangement of the Mn—O
bonds indicating the development of complex extended “orbital molecules.” The primary order parameter breaks
inversion symmetry and allows the generation of a spontaneous electrical polarization as the secondary order
parameter. The neutron data at low temperature indicate the coexistence of a pseudo-CE long-range-ordered
structure with a strongly reduced moment and short-range ferromagnetic correlations. These results indicate an
intricate competition between the charge, orbital, and magnetic degrees of freedom and the Bi** stereoactivity

in this manganite system.
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I. INTRODUCTION

Charge-ordering (CO) transitions in metal oxides are
symmetry-breaking phenomena controlling some macro-
scopic properties such as transport [1], superconductivity
[2], and even multiferroicity [3]. The first example of such
phenomena is the Verwey transition in magnetite (Fe;Oy4)
[4-6], in which at Ty = 120 K a sharp increase of the re-
sistivity is observed [1]. Although the transition has been
known for over 80 years, the crystallographic description
of the CO phase represented a lively matter of debate with
the formulation of various models [5-9]. Recently, a reliable
CO superstructure model was proposed [10], showing the
formation of three Fe site units over which the localized elec-
trons are distributed. This linear ferromagnetic units, called
trimerons, are also observed in other Fe-based oxides showing
CO transitions like CaFe3;Os [11,12] and FesOs [13]. The
formation of dimers [14], trimers [10-12], and more com-
plex d-metal clusters [15-17] in solid-state systems, usually
referred to as “orbital molecules” [18,19], is a fascinating
phenomenon involving the competition of various degrees
of freedom, such as charge, orbital, and magnetic ordering
[10-12,15-17,19,20].

Manganites are another family of compounds showing CO
related to metal-insulator transition. The prototypes of this
family are LaysCapsMnO3; and PrysCapsMnOs in which
the average Mn valence is +3.5, indicating the presence of
a nominal 50/50 ratio between Mn** and Mn**. From the
evaluation of the magnetic structure of these compounds [21],
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Goodenough proposed a rocksalt ordering of the Mn** and
Mn** ions and a consequent orbital ordering of the Mn®* dz?
orbitals in a zigzag fashion [22]. On the basis of this pro-
posed CO model, Radaelli et al. interpreted x-ray and neutron
powder diffraction data collected on LagsCagsMnOs [23].
The complete charge separation was, however, challenged
by a neutron single-crystal experiment on PrggCag4MnOj3
where a scenario involving the pairing of the Mn site was
pictured [24]. In this CO structure, the authors indicate
only a partial charge distribution with the Mn ions having
fractional valence values Mn™>%°, The dimerization of the
ferromagnetic Mn pair is ascribed to the formation of Zener
polarons [24]. Interestingly, several theoretical works [3,25]
have predicted that the CO in manganites might induce a
ferroelectric state, but the finite conductivity of the samples
has hampered the direct detection of a spontaneous electrical
polarization [26,27]. The “partial” charge ordering observed
in various manganite systems indicates that the charge degree
of freedom is not the only variable to take into account to
determine the system ground state. Indeed, orbital ordering
and magnetism play a pivotal role, and they can compete
with the crystal structure and CO determining particular
states as well as phase separation at various length scales
[28-30].

The situation became even more interesting in Bi-
containing manganites, where it is possible to study the
interplay of charge, orbital, and magnetic degrees of free-
dom with the addition of the Bi*™ lone pair distortions
[31-37]. The peculiar Bi*" stereoactivity can promote or
compete with the stabilization of the Mn** Jahn-Teller dis-
tortions and, as a consequence, can influence CO, orbital
ordering, and magnetism [31,32,34,37-39]. This competition
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leads to new unconventional phases with peculiar properties
and distortions such as the chiral incommensurate ordering of
electrical dipoles [31,37]. It is then interesting to investigate
Bi-containing compositions at stability edges of the various
degrees of freedom.

The Bi;_,Ca, MnOjs solid solution has been studied exten-
sively, with a particular focus on the high doping region and
around the x = 0.5 composition [40-45]. Giot ef al. [41] have
determined the CO structure of an antiferromagnetic x = 0.4
sample from single-crystal diffraction data. The reported CO
structure crystallizes in the Pnm2,1’ symmetry obtained from
the parent Pnmal’ structure with a modulation vector ¢ =
%b*, consistent with the Zener polaron scenario observed in
Pry 6Cag4MnOj3 [24]. On the other side, samples close to the
x = 0 end member BiMnO3 show a very distorted perovskite
structure with ferromagnetic ordering [35,45,46].

Intermediate compositions, between the ferromagnetic
state and the CO x = 0.4 antiferromagnetic phase [41],
show peculiar transport and magnetic properties suggesting
a strong competition between the different degrees of free-
dom [45-47]. The low-temperature structure in this region
is still not well understood, with contradicting reports in
the literature. Garcia-Mufioz et al. [47,48] reported the ob-
servation, through electron and powder synchrotron x-ray
diffraction, of superstructural reflections that can be indexed
with a Zﬁap X ﬁap x 4a, unit cell (where a, ~ 3.9 A
is the simple-cubic perovskite unit cell parameter). The au-
thors suggest the presence of two independent propagation
vectors q; = %a* and g, = %c*. Due to the weak character
of the superstructure peaks, a quantitative refinement of the
CO structure was not possible. At the same time for similar
compositions, Giot et al. [46] reported the phase coexistence,
based on powder neutron diffraction data, between a CO anti-
ferromagnetic phase with Pnm21’ symmetry (corresponding
to the propagation vector ¢;) and a ferromagnetic structure
with GdFeOs structure.

For  these reasons, we have reinvestigated
BiggsCap3MnO3 via electron and neutron diffraction
measurements. The low-temperature structure has been
refined quantitatively and shows an unconventional lattice
distribution of the Mn cations leading to a polar state with
a clustering of the Mn ions forming complex extended
“orbital molecules.” Our three-dimensional (3D) electron
diffraction data show the presence of a single modulation
vector g = %a* + %c* below the metal-insulator transition.
The use of the electron beam allowed us to work on the single
domain region, and the 3D electron diffraction geometry
[49,50] enabled the collection of high-quality data. Symmetry
analysis suggests that the primary CO order parameter induces
a spontaneous electrical polarization and the clustering of
the Mn sites. Low-temperature neutron data confirmed the
magnetic phase separation observed in previous reports [46]
between a pseudo-CE structure [21,22] and short-range
ferromagnetic correlations.

II. EXPERIMENT

Big 63Cap.3MnO3 was synthesized by a conventional solid-
state reaction. Stoichiometric amounts of Bi, O3, CaCO3, and

Mn, 03 were ground and calcined at 1173 K for 6 h. The ob-
tained powder was reground, pressed into pellets, and sintered
at 1273 K for 9 h. The phase purity was checked by x-ray
powder diffraction by means of a Thermo ARL X’tra diffrac-
tometer equipped with Cu K« radiation and a Si(Li) Thermo
Electron solid-state detector to eliminate the fluorescence of
manganese.

3D electron diffraction (3D ED) data were collected on a
Zeiss Libra 120 transmission electron microscope operating at
120 kV and equipped with an omega filter for energy filtered
imaging and diffraction and a Nanomegas Digistar P1000
device for precession electron diffraction. The samples were
prepared by mild grinding in an agate mortar in isopropanol.
After sonication, a drop of the dispersion was deposited on
a carbon-coated 300-mesh copper grid. 3D ED data were
collected in precession mode [49,51] with a parallel nanobeam
of 600 nm, obtained in K&hler illumination by a 19 um con-
denser aperture, tilting the crystal manually in steps of 1° and
recentering the crystal under the beam after each tilt [5S0]. The
semiaperture of the precession cone was set to 1°. Thanks to
the diffraction geometry and to reciprocal space integration
due to the beam precession, 3D ED diffraction intensities are
close to a kinematic approximation and can be successfully
used for ab initio structure solution [52]. The covered angular
range of the data collection was 114° (115 patterns). The mea-
surements were performed at room temperature and 120 K
using a Gatan 626 cryotransfer holder. The data were analyzed
using the software PETS for the indexing and integration of the
reflections [53].

Time-of-flight neutron diffraction data (TOF-NPD) were
collected on the cold neutron WISH diffractometer at the
ISIS facility (UK) in a 1.5-200 K temperature range [54].
Rietveld refinements of the neutron and electron diffraction
data were performed with the JANA2006 software [55]. The
symmetry analysis and mode decomposition of the charge
ordered and magnetic structures were conducted with the help
of the ISODISTORT and ISOTROPY software [56-58].

Zero-field-cooling (ZFC) and field-cooling-warming
(FCW) magnetization measurements were performed on a
sintered pellet by means of a SQuID MPMS XL Quantum
Design magnetometer in an applied field H, = 10 Oe. The
dc electrical resistivity was measured with a two-contact
configuration in the temperature range 50-300 K. The sample
for the pyrocurrent measurements was obtained on sintered
pellets, lapped, and metallized with a 20 nm platinum layer
by sputtering to obtain a parallel plate capacitor. Pyroelectric
currents were measured using a Keithley 2400 Source Meter
Unit for sample poling, and a Keithley electrometer 6517B
was adopted to detect the thermal depolarizing electric current
[59,60].

III. RESULTS
A. Physical characterization

The resistivity measurement performed on
BipesCag32MnO3 is shown in Flg 1(a). At Tco ~# 173K
the system undergoes a metal-insulator transition and the
upturn of the conduction activation energy goes from 13 to
135 meV. In the frame of magnetoresistance manganites, such
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FIG. 1. (a) Electrical resistivity of the Big ¢sCag3,MnO;3 sample;
the red lines correspond to the Arrhenius best fits. (b) ZFC and FCW
curves measured by applying H, = 10 Oe in the temperature range
2-300 K. The inset shows the inverse susceptibility, where the red
line represents the best linear fit at high temperature. (c) Pyrocurrent
measurements obtained by poling the sample at 81 K with £60 V.
The inset shows the integration of the pyrocurrent from 5 to 60 K.
An Arrhenius plot of the high-temperature conductive tail yields
activation energy E, = 122 meV (not shown in the figure).

behavior in the transport properties is usually related to the
CO transition in which the localization of the Mn e, electron
induces the insulating state [61].

The BigesCap3MnO; magnetization measurements
[Fig. 1(b)] show a clear bifurcation between ZFC and FCW
measurements around 45 K. The irreversibility of the two
curves suggests the presence of ferromagnetic correlations.
The inverse susceptibility of the sample, showing a clear
deviation from linearity starting at ~175 K in correspondence
with the CO transition temperature, is reported in the inset
of Fig. 1(b). The Curie-Weiss fit of the high-temperature
region returned a positive Curie-Weiss temperature and
a e value of 6.1up indicating the likely formation of
ferromagnetic Mn—Mn pairs already in the paramagnetic
region as observed in previous reports [45,46] as well as in
Bio.75Sr0,25Mn03 [39]

Below Tco, and in particular below 90 K, the insulating
properties of Bigg3Cag 3,MnO; allow us to perform pyrocur-
rent measurements obtained by poling the sample at 7, =
81 K. The results of the pyrocurrent characterizations obtained
in both poling field polarities (V, +60 and —60 V, respec-
tively) are reported in Fig. 1(c). A broad peak, centered at
42 K, is observed in the measurements indicating a change in
the system polarization in correspondence with the magnetic
transition observed in the ZFC and FCW measurement. The
prominent negative pyrocurrent signal above 70 K is related to
the rapid increase of the sample conductivity. This is also con-
firmed by the activation energy of the conductive tail that is
122 meV in agreement with the resistivity measurements. The
observation of a clear pyrocurrent signal at the magnetic tran-
sition temperature indicates a change of the polarization but
not strictly a ferroelectric transition, as will be discussed later.

B. Charge-ordered phase

At high temperature Big ¢3Cag 3,MnOj3 presents the classi-
cal GdFeOs-type structure with strong octahedral tilting. The
Rietveld refinement of the orthorhombic phase was performed
against the TOF-NPD data at 200 K. Crystal data and re-
finement parameters are reported in Table SI [62] whereas
atomic positions, anisotropic atomic displacement parameters
(ADPs), and bond lengths are reported in Tables SII and SIIT
[62]. Figure 2 shows the Rietveld plot with the (ac)-projection
of the structure showing the a~a”c¢™ octahedra tilting [63]
with a tilting angle ¢, = 26.03(14)° along the c-axis and of
¢ap = 26.15(10)° in the (ab)-plane. Bond distances unveil
that the MnOg polyhedra are almost regular (see Table S II)
[62], and bond valence sum (BVS) calculation returns a value
of 3.316(5) for Mn in agreement with the expected composi-
tion.

To study the charge ordering below Tgg, we collected
3D-ED data on a microcrystal of BipgsCag3,MnO3 at room
temperature and 120 K. As will be discussed in detail in
the next section, even if the data are collected below the
magnetic long-range ordering transition, the possible induced
distortions are not observed in the electron diffraction data.
The 120 K 3D-ED data show additional reflections (selected
reflections/rows have been highlighted by white arrows in
Fig. 3) compared to the room-temperature dataset. These
additional reflections can be indexed assuming a modulation
vector g = %a* + %c* with respect to the Pbnm1’ unit cell.
The indexing of the electron diffraction data leads to a new
orthorhombic unit cell with cell parameter a = 15.61(1) A,
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FIG. 2. Rietveld plot of the 200 K TOF-NPD data. Observed
(black crosses), calculated (red line), and difference (blue line) pat-
terns are reported; the black tick marks represent the Bragg positions.
The inset shows the (ac) projection of the refined model, the violet
polyhedra represent the MnOgy octahedra, whereas blue spheres in-
dicate the Bi/Ca site. The reliability factors are GOF = 2.11 R, =
0.0198 and R,,, = 0.0251.

b =10.94(1) A, ¢ = 5.54(1) A. The same unit cell was re-
ported by Garcia-Muiioz et al. [47,48] but it was related to
the presence of two independent propagation vectors g; =
%a* and ¢, = %c* in contrast with our observation. Given
the presence of a shadow cone in the electron data, intrin-
sically due to the limited tilting range of the TEM sample
holder, the extinction conditions could not be definitively de-
termined. The systematic absences precisely determined are
the following: hkl with h 4+ k = 2n and Okl with k = 2n. This
leads to the extinction classes C--(a,b), C-c-, C-c(a,b), and
C---.

The possible isotropy subgroups deriving from the action
of the modulation vector ¢ on the parent Pbnml1’ structure
were obtained with the ISODISTORT software [56-58] account-
ing only for an order/disorder distortion on the Mn site.
Two irreducible representations (irreps), 77 and 75, return
a Cmc2;1’ orthorhombic structure consistent with the ob-
served systematic absences in the electron diffraction data.
Both subgroups are defined in the same unit cell related
to the parent Pbnml’ structure by the transformation ma-
trix {(0, 0, 2), (2, 0, 0), (0, 1, 0)} but with two different origin
choices: (}1, 0, %) and (%, 0, }1) for T; and T, respectively.
Even if the two subgroups are defined by the same space group
in the same unit cell, the two different origin choices make
them nonequivalent, and a careful evaluation of both against
the diffraction data is required. Indeed, the two different origin
choices will correspond to a different superposition of the
symmetry breaking distortion with the preexisting ones, as
shown, for example, in BiFe( 5S¢y 503 [64,65] or in CeSbTe
[66] for a nuclear and magnetic distortion, respectively. In
the present case, the two origin choices determine the ar-
rangement of the CO pattern with respect to the a~a~c¢*
octahedra tilting as shown in Fig. 4, in which the charge
ordered structure in the (ab)- and (bc)-plane is shown. The

hOl plane 120 K

FIG. 3. Section across the A0/ plane of the three-dimensional
reconstruction of the reciprocal space obtained with 3D-ED at 300
and 120 K. The missing areas are due to the beam stop shadow and to
the part of the reciprocal space not reachable because of geometrical
experimental constraints (limited tilting range). The reflections are
indexed according to the Pbnm1’ unit cell; the white arrows at 120 K
indicate the rows of additional reflections with modulation vector
q= %a* + %c* absent in the 300 K data. A selection of other sections
is shown in Fig. S1 [62].

differently colored octahedra indicate the two independent
crystallographic sites, Mn1 and Mn2, organized in stripes in
the (bc)-plane. Along the a-axis (c-axis of the parent Pbnm1’
structure), clusters of four symmetry equivalent octahedra are
arranged in a chesslike motif. As is highlighted by the red
squares in Figs. 4(c) and 4(d), the four symmetry equivalent
site are grouped around an A-site coordination polyhedron
(highlighted in light blue in Fig. 4) elongated along the b-axis
in the case of the 7; irrep, whereas in the case of the T
irrep they are arranged around an A-site polyhedron elon-
gated along the a direction. This will lead to different local
environments for the two symmetry independent Mn sites,
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FIG. 4. (a)-(d) Sketch of the charge ordered structure in the (bc)- and (ab)-plane for the 77 (a), (c) and 75 (b), (d) models. The violet
polyhedra represent the Mn1Og octahedra, whereas the Mn2QO¢ octahedra are reported in orange. The blue spheres indicate the Bi/Ca site,
which are omitted for clarity in panels (c), (d). The red squares in (c) and (d) focus on the different arrangements between the CO pattern and the
octahedral tilting of the parent Pbnm1’ structure. The light blue regions highlight the A-site polyhedron. (e) Calculated structure factors (Fe,ic)
against observed structure factor (Fq,s) of the 77 model for the combined refinement of the electron diffraction data collected at 120 K. The
reliability factor are GOF = 4.95, Ry = 0.185, and Ry, = 0.167. (f) Rietveld plot of the 120 K TOF-NPD data. Observed (black crosses),
calculated (red line), and difference (blue line) patterns are reported together with the Bragg positions of the CO phase (black tick marks). The
inset represents a zoom of the low Q region showing that there is not an overestimation of the superstructural CO peaks. The neutron reliability
factors are GOF = 1.24, R, = 0.0322, and R,,, = 0.0375. The overall goodness of fit for both electron and neutron data is GOFgyeran = 2.56.

and as consequence different Mn—O bond lengths in the two
cases.

The refinement of the 3D-ED data has been performed
for both subgroups assuming kinematic intensities, which is
an approximation since the combination of 3D-ED geometry
and precession electron diffraction allows only to mitigate
the dynamical effects. The simultaneous refinement of the

TOF-NPD data allows us to constrain the average structure
and avoid misinterpretation of the 3D-ED data due to the lat-
ter approximation. During the refinement, reflections strongly
affected by dynamical effects were excluded from the re-
finement following the criteria |Fiyc — Fops| > 150 (Fops). The
least-squares refinements indicate a slight preference for the
T, solution with an R value for the electron diffraction data
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FIG. 5. (a) Geometry and selected distances for Mn—Mn and Mn—O in the high temperature Pbnm1’ structure. (b) Geometry and Mn—
Mn distances in the CO T; model. Mn1 and Mn2 sites are reported in violet and orange, respectively. For clarity only the short Mn1—Mn1
and Mn2—Mn2 short distances described in the text are indicated. (c), (d) Arrangement of the short (with the red O sphere) and long (with the
blue O sphere) Mn—O bonds, suggesting a change of the orbital state below T¢o for (c) Mn1 and (d) Mn2.

of 0.185 against 0.20 for the 7, solution. On the contrary,
the Rp values for the NPD data are equivalent for the two
solutions (0.0322 versus 0.0323) as expected since the infor-
mation regarding the CO resides in the electron diffraction
data. The difference in the reliability factors between the two
solutions is not large enough to unambiguously determine the
CO structure, and detailed DFT calculations are needed [65].
For the purpose of this work, given the better reliability factors
against the electron data, we will use the 7} solution as our
proposed model in the remainder of the paper. Nevertheless,
we report the crystal data and the reliability factors for both
solutions in Tables S IV and S VII, whereas atomic positions
and a selection of bond lengths are reported in Tables S V-S
IX in the Supplemental Material [62]. The good agreement
between the observed and the calculated data is shown in
Figs. 4(e) and 4(f) for both electron and neutron data.

The refined structure does not indicate a traditional CO
between the two Mn sites. Indeed, the average Mn—O bond
lengths are the same between the two sites within error
[1.978(8) A for the Mn!1 site and 1.983(8) A for the Mn2], and

BVS calculations return the value of 3.39(15) and 3.35(15)
for Mnl and Mn2, respectively, in agreement with the value
obtained in the Pbnml’ phase. On the contrary, in the CO
structure there is a clear change in the Mn—Mn distances. In
the high-temperature charge disordered phase, the Mn—Mn
distances are all almost equivalent with four equatorial ones
of 3.86277(7) A and two axial ones of 3.84520(13) A, as
shown in Fig. 5(a). At 120 K, the Mnl sites are connected
to equivalent Mn1 atoms via a short axial distance of 3.732(5)
A and two short equatorial ones of 3.77(5) A [see Fig. 5(b)],
whereas it shows longer distances with the Mn2 site: 3.91(5),
3.95(5), and 3.993(5) A. The Mn2-Mn2 distances also reveal
a similar distortion with a short axial distance of 3.670(5) A
and two short equatorial ones of 3.83(5) A [see Fig. 5(b)],
while Mn2-Mnl distances are longer: 3.91(5), 3.95(5), and
3.993(5) A. The formation of these short Mn—Mn distances
points toward the formation of extended orbital molecules in
Big ¢sCag.3MnOs, as opposed to a classical Anderson charge
localization [67]. The clustering of the Mn sites is also ac-
companied by a shortening of selected Mn—O bonds, as
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schematically shown in Figs. 5(c) and 5(d). Both Mn sites
form four short bonds (Mn—O < 1.97 A) and two long bonds
(Mn—O > 2.0 A), reinforcing the observation of “orbital
molecules” in Big ¢gCag 30MnO3.

C. Magnetic ordering

The magnetic structure of Big¢3Cag3MnO3 has been de-
termined on the basis of the TOF-NPD data. On cooling below
150 K, the rise of new reflections is observed in the long
d-spacing region (see Fig. S2) [62]. These extra reflections
can be indexed with two propagation vectors k; = (% 00)and
ky = ( % % 0) corresponding to the Z and U point of the first
Brillouin zone of the parent Pbnm1’ structure. It is worth em-
phasizing that these extra reflections have a broad Lorentzian
profile indicating a shorter correlation length with respect to
the nuclear domains. The symmetry analysis to determine
the possible magnetic space groups has been performed con-
sidering the Pbnml1’ model as a parent structure. The best
agreement between the observed and calculated data has been
obtained for the P,2;/m magnetic space group as shown for
the magnetic-only pattern in Fig. 6(a) and by the reliability
factors reported in Table S X [62]. The P,2;/m magnetic
space group corresponds to the action of the mU; U; and
mZ, irreps. If the CO distortions are taken into account, the
magnetic space group is then reduced to Pom described in a
unit cell with all directions doubled with respect to the Pbnm1’
model. The two magnetic order parameters can induce a nu-
clear distortion with propagation vector k = (0 % 0), but we
do not observe these types of reflections in the 3D-ED data
collected at 120 K as shown by Fig. S3 [62] indicating that the
magnetoelastic coupling can be considered null at least within
the sensibility of our 3D-ED data. In the final refinement, the
moment on all the Mn sites has been constrained to the same
value. The magnetic ordering is a pseudo-CE antiferromag-
netic structure [21,22] with the Mn moment aligned with the
¢ axis of the parent Pbnm1’ structure. The ordered moment
is strongly reduced, 1.720(6)up, from the expected 3.7up.
The reduced moment and the broad Lorentzian shape of the
magnetic reflections suggest the presence of frustration in the
system. It is worth emphasizing that the CO order parameter
and the magnetic one do not couple directly, which indicates
the lack of a clear symmetry relation between them. As con-
sequence, there is no phenomenological reason indicating that
the CO structure drives the selection of the long-range mag-
netic state. These observations suggest that the magnetic and
charge degree of freedom might be in competition as observed
in related systems [37].

Below 50 K, in correspondence with the divergence be-
tween ZFC and FC measurements as well as the peak in the
pyrocurrent measurements [see Figs. 1(b) and 1(c)], a clear
change in the low-Q background has been observed as shown
in Fig. 6(b) and in Figs. S4 and S5 [62]. In particular, a
strong increase of the scattering has been observed at low
Q-values with a concomitant decrease at high Q suggesting
the rise of ferromagnetic short-range correlations in the mate-
rial (see Fig. S4) [62]. These correlations and the coexistence
with the long-range AFM ordering were also observed in
previous reports for composition in the low doping region
of Bi;_,Ca,MnO; [46—48] as well as in other manganite
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FIG. 6. (a) Rietveld plot of the TOF-NPD magnetic-only diffrac-
tion pattern, obtained subtracting the 200 K pattern from the 1.5 K
one, collected at average 20 = 58.3°. Observed (black crosses), cal-
culated (red line), and difference (blue line) patterns are reported;
the black tick marks represent the Bragg positions. The refinement
reliability factors are GOF = 1.12, R, = 0.0192, and R,,, = 0.0125.
The omitted region is due to the presence of a nuclear peak for which
subtraction was not ideal due to the change in lattice parameters
between 200 and 1.5 K. The inset shows the temperature evolution
of the refined magnetic moment, and the red line represents the best
fit with a power law myy, = mo(T — Ty)?. The fit returns a transition
temperature 7y = 143(2) K. (b) Low Q-region of the TOF-NPD data
collected at average 260 = 27.08° showing the scattering increase at
low temperature. The data are shown in a In(/) vs Q? scale allowing

a better evaluation of the fit. The dashed lines represent the best fit of

_(R2.0? .
the data with a Guinier law 1(Q) = I exp(—¢2) where Rg; is the
gyration radius. (c) Temperature evolution of the [, parameter show-
ing a sharp transition at &50 K in agreement with the magnetization

data shown in Fig. 1(b).

systems [21,68,69]. To obtain qualitative information about
the short-range correlations, a fit of the low Q-region of the
TOF-NPD data with a Guinier law [70] has been performed.
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It is worth emphasizing that the fit aims to highlight a qual-
itative evolution of the diffuse scattering and not to obtain
precise information about shape, dimension, and dispersion of
the ferromagnetic cluster/correlation. To obtain more quanti-
tative results, data at lower Q are needed. Figure 6(b) shows
the results of the fit against the TOF-NPD data after subtrac-
tion of the 200 K data to eliminate the instrumental scattering
contribution at low Q (for comparison, the “raw” data are
reported in Fig. S45 [62]). It is clear from the temperature
evolution of the scattered intensity at Q = 0 [see Fig. 6(c)]
that the diffuse scattering starts to be evident at ~50 K and
its intensity grows following a power law. From the Guinier
fit, we obtain a temperature-independent gyration radius Rg =
5.61(8) A [70] as shown in Fig. S6 [62], which, assuming
spherical correlation clusters, returns a volume of 1590(20)
A? corresponding to A7 times the cell volume of the parent
Pbnm1’ structure. To draw a comparison with the work of Giot
et al. [46], where a similar analysis of the diffuse scattering
has been performed, we observed a significantly larger cluster
size and a sharper transition at &~50 K. Moreover, contrary to
the latter work, we did not observe any obvious long-range
ferromagnetic contributions.

IV. DISCUSSION

The possible occurrence of CO-induced polarization in
manganites stimulated a controversial debate in the literature
[3,23-27]. The typical finite conductivity of such materials,
as well as frequent electric loss phenomena, have represented
an objective drawback for the experimental validation of the
predicted electric dipole ordering in CO phases [25-27]. In
this scenario, a careful symmetry analysis of the CO transi-
tion could provide valuable insights concerning the potential
spontaneous polarization in these systems allowing us to
identify the secondary order parameters causing it. In the
following, we apply this formalism to the CO transition in
Bi0.68C30.32MnO3.

The refinement of the electron and neutron diffraction
data suggests the Cmc2l’ space group with the origin at
(%, 0, i), due to the action of the 7; irreducible represen-
tation, as the best symmetry to describe the CO state. The
two-dimensional 7| order-disorder distortion, described by
the scalar (o7, 03) order parameter, will couple the noncen-
trosymmetric one-dimensional I'; displacive distortion and
the T’ ; strain, described by the n and € order parameters,
respectively. Considering these three order parameters, it is
possible to write the symmetry adapted free energy up to the
fourth degree in o;:

ao(T — Tco)

F(oi,n, €)= 3

(of +03) + bi(nof — no3)

d
+ ci(€0107) + Zl(af—i—o;), @))

where ay, b;, c1, and d; are phenomenological constants
[71,72].

The second term of the expansion represents the linear
quadratic coupling between the CO order parameter o; and
the ferroelectric order parameter n. Instead, the third term
describes the coupling between the CO and the I ; strain.
From the thermodynamic potential, we obtain three distinct

FIG. 7. (a) Drawing of the I'; distortion acting on the Mn (violet
sphere) and O sites. O atoms involved in short Mn—O bonds are
represented in red and O atoms involved in long Mn—O bonds
are represented in blue. (b) Drawing of the pseudo-CE magnetic
structure and of the clustering of the Mn cation (violet and orange
spheres for Mn1 and Mn2, respectively) on the two independent sites
due to the I'; and 7; distortions. The black lines indicate the short
distances between Mn ions, the formation of ferromagnetic dimers
along the a-axis, and the extended zigzag “orbital molecules” along
the c-direction.

phases by considering the different primary order parameter
directions. If the general direction o # o0, # 0 is considered,
both coupling terms are allowed, indicating that the CO induce
both the ferroelectric and the elastic strain distortions, result-
ing in the P21’ space group. If o, = o, # 0, the coupling
between the ferroelectric distortion and the CO vanishes, and
the resulting phase has P2;/c symmetry. The last possible
phase is when o7 # 0 and o, = 0. In this case, the €oj0,
invariant vanishes and the second term reduces to nalz. The
latter phase corresponds to the Cmc2; phase we determined
as the best model from the electron and neutron diffraction
measurements. This phase is an improper ferroelectric state, in
which the free-energy invariant no? couples the CO order pa-
rameter with the induced ferroelectric distortion. Figure 7(a)
shows the action of the I'; distortion along the polar axis
acting on the Mn and O2 positions of the parent Pbnm1’
structure.

To evaluate the magnitude of these distortions, we per-
formed a mode decomposition analysis of the experimental
structure obtained from the electron and neutron data taking
the 200 K Pbnm1’ structure as the parent. The results, reported
in Table I, indicate a finite value for the I'; Auy, A}, and
A; polar distortion modes for the Mn, Ol, and O2 atoms,
respectively, with amplitudes of —0.35230, —0.645 16, and
—0.74496. The common action of these distortion modes

104105-8



EXTENDED “ORBITAL MOLECULES” AND MAGNETIC ...

PHYSICAL REVIEW B 103, 104105 (2021)

TABLEI. Results of the mode decomposition analysis performed on the refined CO structure at 120 K and using the 200 K refined structure
as the parent. The table reports the irreducible representation and propagation vector, the order parameter direction, and the amplitude of the

different modes for each site of the parent Pbnm1’ structure.

Irreducible representation and k order parameter direction Bi (mode) Mn (mode) 01 (mode) 02 (mode)
r'f (0,0,0) y) 0.07355(A)) 0.13532(A)) —0.13473(A))
0.05483(A%) —0.03028(4%) —0.00557(A,)
0.02948(A3)
I’y (0,0,0) n) —0.02452(A) —0.35230(Auy) —0.64516(A) —0.74496(A )
—0.02453(A%) 0.20577(Au,) 0.01020(4%) —0.22127(A,)
—0.12341(Auz) 0.06074(A3)
T (1/2,0,1/2) (01,0) —0.05356(A)) —0.03617(Auy) 0.08146(A}) 0.01686(A;)
—0.02838(A%) —0.04368(Au,) 0.13539(A5%) —0.21166(A»)
0.08982(A") —0.05578(Aus) —0.07718(A”) 0.02336(A3)
0.18715(A4)
—0.08120(As)

—0.16840(A¢)

gives rise to the spontaneous polarization. On the contrary, the
Bi/Ca site does not show any particular polar distortion with
the amplitude of the polar I';” modes an order of magnitude
smaller than the Mn and O sites (see Table I). Unfortunately,
as stated before, the transport properties of the sample at Tco
prevent a reliable measurement of the induced electrical polar-
ization. Nevertheless, the pyroelectric measurements shown
in Fig. 1(c) indicate a change of the spontaneous electrical
polarization at the second magnetic transition temperature.
Since the breaking of the spatial inversion symmetry occurs
at Tco, the evidence of a change in the spontaneous electrical
polarization at 45 K indicates a renormalization of the spon-
taneous polarization already present in the system, endorsing
the breaking of inversion symmetry at Tco.

Some characteristics of the CO observed in
Big¢sCag32MnO; preclude a straightforward comparison
with the traditional half-doped manganites. For instance, the
ratio between Mn>*/Mn** falls far from the 50/50 ratio,
and moreover, the presence of the lone pair active B3t
determines local distortions that might promote or compete
with Jahn-Teller instabilities and CO [31,32]. In a pure
Anderson model (minimization of the Coulomb interaction)
[67] applied to a scenario consisting of fully localized charges,
one should expect a charge pattern that maximizes the number
of bonds between the Mn>t and Mn** cations. Instead, the
observed stripe/chess-like structure seems to indicate that
other interactions are involved in determining the system
ground state. The mode decomposition analysis indicates the
presence of antipolar displacive distortions with the 77 and
'y symmetry acting on the Mn and O sites with comparable
amplitudes with respect to the polar I'; modes. The I';” Au,
and Auz Mn modes are responsible for the formation of the
short Mn—Mn distances along the c-axis and in the (ab)
plane [see Fig. 7(b)]. The concomitant clustering of the Mn
sites and the rearrangement of the Mn—O bond with the four
short bonds in the direction of the short Mn—Mn distances,
as shown in Figs. 5(c) and 5(d), point toward the formation of
extended “orbital molecules” in BigggCag3,MnO3. Careful

theoretical calculations are needed to confirm and understand
the orbital distributions within the clusters, but the possibility
of extended 1D orbital chains can widen our knowledge of
these complex orbital states and open up new interesting
opportunities in the field of quantum materials [19].

V. CONCLUSION

The low-temperature structure of BiggCap3,MnOs has
been refined against the electron and neutron data simultane-
ously in the Cmc2; 1’ space group. The qualitative refinement
indicates the formation of a stripe/chess-like pattern with
the presence of extended “orbital molecules” as suggested
by the short Mn—Mn distances and from the rearrangement
of the Mn—O bonds. Symmetry analysis and mode decom-
position of the ordered structure confirm these observations
and underline the presence of a spontaneous electrical po-
larization as the secondary order parameter as confirmed by
the pyrocurrent measurement. Finally, neutron diffraction data
at low temperature indicate the coexistence of short-range
ferromagnetic correlations on a length scale of ~7 unit cells
and a long-range CE-type antiferromagnetic structure with a
strongly reduced moment. This study reveals a strong com-
petition between the charge, orbital, and magnetic degrees
of freedom in Bigy¢3Cagp3,MnQO3 and how it can can lead to
peculiar new phases [19].
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