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Emergent helical texture of electric dipoles

Dmitry D. Khalyavin'*, Roger D. Johnson?>, Fabio Orlandi', Paolo G. Radaelli,

Pascal Manuel*, Alexei A. Belik*

Long-range ordering of magnetic dipoles in bulk materials gives rise to a broad range of magnetic
structures, from simple collinear ferromagnets and antiferromagnets, to complex magnetic
helicoidal textures stabilized by competing exchange interactions. In contrast, dipolar order in
dielectric crystals is typically limited to parallel (ferroelectric) and antiparallel (antiferroelectric)
collinear alignments of electric dipoles. Here, we report an observation of incommensurate helical
ordering of electric dipoles by light hole doping of the quadruple perovskite BiMn;0y,. In analogy with
magnetism, the electric dipole helicoidal texture is stabilized by competing instabilities. Specifically,
orbital ordering and lone electron pair stereochemical activity compete, giving rise to phase transitions
from a nonchiral cubic structure to an incommensurate electric dipole and orbital helix via an

intermediate density wave.

he long-range ordering of magnetic and/or

electric dipoles is a canonical cause of

phase transitions in crystalline mate-

rials and is associated with a variety of

functional properties. Despite the fun-
damentally different nature of the interactions
between magnetic and electric dipoles, there
are many similarities between the two types of
phase transition, as first mentioned by Valasek
(1) in 1922. In particular, many materials dis-
play parallel dipole alignments (as in ferro-
magnets and ferroelectrics) or antiparallel
dipole alignments (as in antiferromagnets and
antiferroelectrics). First predicted theoretically
by Néel in 1948 (2), antiferromagnetic spin or-
dering was experimentally confirmed in MnO
one year later using the newly established
neutron diffraction technique (3), a discovery
that led to rapid experimental and theoretical
developments (4). Antiferroelectricity was first
proposed in PbZrO; by Sawaguchi, Maniwa,
and Hoshino in 1951 (5) on the basis of the
antiparallel displacements of Pb established
by x-ray diffraction. Although by far the most
common, collinear ferro-dipolar and antiferro-
dipolar orderings (as well as their simple com-
binations such as ferri-structures and canted
structures) are not the only possibilities. In
the late 1950s and early 1960s, Koehler et al.
(6, 7) and Yoshimori (8) discovered the first
examples of noncollinear helical magnetic or-
dering in Ho and other rare earth metals, as
well as in rutile MnO,.

Nowadays, many exotic orderings of mag-
netic dipoles are known, where spins gradually
rotate creating complex patterns whose period
is often incommensurate with the crystal struc-
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ture. Such spin textures, characterized by addi-
tional macroscopic quantities such as chirality
and polarity, play a central role in the physics
of multiferroic materials, frustrated magnet-
ism, skyrmions, and magnetic domain walls.
By analogy, one could expect that helical order-
ing should also occur in materials containing
electric dipoles. However, such electric dipole
textures have been challenging to observe ex-
perimentally in a bulk material. Here, we report
an example of incommensurate helical order-
ing of electric dipoles in the lightly doped quad-
ruple perovskite BiCu,Mn,_,Oy,. In addition to
completing the analogy between ordering of
magnetic and electric dipoles, our discovery
demonstrates that many principles of noncol-
linear magnetism can be adopted to under-
stand the properties of dielectric materials.
The parent compound BiMn;0,, is a so-called
quadruple perovskite with Mn®* on both A and
B perovskite sites, [BIMn®*5],[Mn®*,]1505. It
combines two well-known electronic instabil-
ities, leading to a complex structural behavior
(9): the stereochemical activity of Bi** caused
by the 6s? lone-pair electrons, and the Jahn-
Teller (JT) instability caused by the degenerate
e, electronic states of octahedrally coordinated
Mn?*. The former promotes off-centric cation
displacements and the formation of local elec-
tric dipoles (10) and is thus responsible for the
ferroelectric properties of many Bi-containing
perovskite oxides (17-13). The latter often re-
sults in a structural phase transition charac-
terized by a coherent, spontaneous distortion
of polyhedra coordinating Mn®*, for instance, as
in the case of LaMnOj (14). At high tempera-
tures, BiMn, Oy, adopts a cubic nonferroelectric
structure with space group (SG) Im-3, whereas
upon cooling it undergoes three distinct struc-
tural transitions at temperatures 7yt ~ 608 K,
Tc ~ 460 K, and T5 ~ 290 K. The highest-
temperature transition at 7yt (to SG I12/m) is
driven by cooperative JT distortions, leading
to a B-site orbital pattern identical to the pro-
totype manganite LaMnO; (14). At the Curie
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temperature 7¢, BiMn,0,, becomes ferroelectric
owing to ferro-dipolar ordering of the Bi lone
pairs, whereas the crystallographic transition at
Ts is between the higher-temperature (SG Im)
and ground-state (SG P1) ferroelectric phases.
This transition can be interpreted as an elec-
tric dipole reorientation at which the elec-
tric polarization (initially confined within the
ac plane) rotates to a general direction (15).
Throughout both ferroelectric phases, the
LaMnOg-type orbital order remains largely
unchanged.

As is the case for other manganites (16, 17),
a small amount of hole doping achieved, for
example, by the replacement of A-site Mn®*
with Cu?", is expected to tune both instabilities
because it affects both the JT ordering [doped
holes are localized on B sites (I8, 19) such that
Mn?* tends toward non-JT-active Mn**] and
the immediate coordination of Bi**. Similar
to the undoped compound, BiCu,;Mng O, is
cubic at high temperatures [structural param-
eters for this phase as well as for the phases
discussed below are summarized in tables S1
to S5 and figs. S1 to S8 (20)] and undergoes a
JT-order phase transition to the nonpolar
monoclinic structure with SG I2/m at a slight-
ly lower Tt of ~560 K (Fig. 1A and fig. S3)
accompanied by the same LaMnO;-type orbit-
al order.

The nature of the two lower-temperature
phase transitions in BiCug;Mng 9045 is notably
different than in BiMn,0,, (Fig. 1A and figs.
S4 to S6). The Curie and structural transitions
are replaced by transitions to two incommen-
surately modulated phases at 77, ~ 435 K and
T1o ~ 390 K, both of which are described be-
low. The transitions are strongly first-order
and are associated with large thermal hyster-
esis (fig. S9). In both modulated phases, the
incommensurate satellite reflections observed
in the diffraction patterns (Fig. 1B and figs. S4
and S5) are very strong. These sudden struc-
tural changes at such low doping strongly
suggest that the modulation can be associ-
ated with reconstruction of the primary elec-
tronic instabilities, namely, ferroelectric dipole
ordering and/or orbital polarization.

Crystallographic analysis performed at 7" =
427 K (below T1;) revealed that the structure is
metrically triclinic with the incommensurate
modulation vector kgt = (—0.0037(8), 0.026(1),
0.1233(8))—approximately parallel to the body
diagonal of the pseudocubic cell. Structural
refinements performed in the R-1(afy)0 super-
space group (SSG) established that the Bi cations
predominantly shift along the a axis (former
cubic [0-11]¢ direction) (Fig. 2A) and adopt the
largest modulation amplitude of all atomic spe-
cies. The large displacements of Bi confirm that
the modulation is related to the ordering of lone
electron pairs, which in the parent material,
BiMn;0,,, induces ferroelectricity by adopting
parallel ordering. In contrast, in the triclinic
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Fig. 1. Crystal structure refinement.

(A) Thermal evolution of (222)c fundamen-
tal reflection measured by neutron
diffraction in the different phases of
BiCug1Mng g01. arb. unit, arbitrary unit.
(B) Rietveld refinement of the neutron
diffraction data collected at room
temperature in the modulated helical
phase. Cross symbols and solid red line
represent experimental and calculated
intensities, respectively, and the blue line
below is the difference between them.
The black tick marks indicate positions of
the fundamental peaks, and the green tick
marks indicate positions of the satellites.
The corresponding structural parameters
are listed in table S4. The inset shows

a region where the strongest satellite
reflections are observed in the modulated
helical phase. (C) View along the ¢ axis

of the crystal structure of BiCup3Mng 9012 in
the modulated helical phase, demonstrating
chiral atomic displacements. For simplicity,
all sites occupied by transition metals

are labeled as Mn and colored yellow. In the
studied material, ~3% of the A-site Mn is
substituted with Cu.

phase of BiCuy;Mng ¢O;,, the Bi displacements
are aligned on a fixed axis, but their amplitude
is modulated giving zero net ferroelectric polar-
ization. This electric dipole ordering strongly
resembles the incommensurate structure of
magnetic moments in a spin density wave
(SDW), which is a feature of many magnetic
systems with frustrated exchange interactions.
Our triclinic dipole density wave (DDW) struc-
ture is stable only in a narrow temperature
range below the phase transition—another
point of similarity with SDWs in insulators,
where this type of magnetic ordering is al-
most always entropically stabilized.

The low-temperature phase of BiCuyMng Oy,
below 77, ~ 390 K and down to the ground state,
is metrically trigonal and heavily modulated
along the ¢ axis; ke = (0,0,y) with y = 0.1046(5)
at T'= 380 K. This modulation vector is on the
A line of symmetry and is oriented exactly
along the body diagonal of the pseudocubic
cell [k = (2/3y,2/3y,2/3y) in the Im-3 setting].
A systematic test of all isotropy subgroups of
Im-3 associated with this type of modulation
(21-23) revealed that only the noncentrosym-
metric SSG R3(00y)t can provide an excellent
refinement quality for both neutron (Fig. 1B)
and x-ray (fig. S5) diffraction patterns. The ob-
tained crystal structure comprises a distinct
pattern of modulated distortions (Fig. 1C). The
largest refined atomic displacements are, once
again, associated with Bi and lie in the ab
plane of the trigonal cell, and all have the same
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amplitude of 0.41(1) A at 7 = 300 K. This
value is extremely large: It exceeds the ferro-
electric displacements of the cations in the un-
doped BiMn,0Oy, (~0.37 A) (9, 24) and BiFeOy
(~0.40 A) (25).

In the lower-temperature phase of BiCuy ;
Mng gO4, (T < 390 K), the displacement vec-
tors rotate perpendicular to the modulation
wave vector propagating along the c axis (Figs.
1C and 2, B and C) and are therefore the struc-
tural analog of a magnetic incommensurate
proper helix. Thus, in this phase, the lone elec-
tron pairs of Bi**cations are ordered into a
helical structure, making BiCug;Mng O, a text-
book example of a helical texture of electric
dipoles. In general, the order parameter of a
structural or magnetic helical phase can be de-
fined as a mixed product o5 = ky1-[7; x 7] or
om = K, [S; x S;], where 7; and 7; (S; and S))
are atomic displacements (spins) in adjacent
unit cells along the propagation vector &y r (%,,,)
(Fig. 2, B and C). In both cases, this quantity is a
time-reversal-even pseudoscalar, which in the
present case measures the modulus and sign
of the structural chirality (or helicity). Once
again, the parallel with the magnetic counter-
parts is particularly apparent in the sequence
of phase transitions we have observed in
BiCup1Mng Oy, (paraelectric-DDW-helical),
which is completely analogous to that of
frustrated magnets such as the prototypical
type-II multiferroic TbMnOj; (paramagnetic—
SDW-cycloidal) (26, 27).
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One notable implication is that the BiCu,,
Mn;,_, 04, series provides a distinctive example
of emergent structural chirality acting as a
macroscopic order parameter (ferrochirality).
In most type-II multiferroics, including the
prototypes TbMnOj; (26-28) and CaMn;0;,
(29, 30), spin (vector) chirality appears below
a magnetic phase transition and is coupled to
improper ferroelectricity through a suitable
free-energy invariant. In TbMnOQO3, this invar-
iant describes a direct coupling between vector
spin chirality and the electric polarization and is
allowed only in the weakly ferroelectric cycloi-
dal phase, not in the high-temperature, nonpolar
SDW phase (27, 28). Unlike the case of TbMnOg,
where the magnetic chirality and electric polar-
ization are directly coupled, multiferroicity in
CaMn,0,, requires the presence of an addi-
tional axial structural distortion A4 (known as
ferro-axiality) (29-31) to form the free-energy
invariant o, AP (where P is the electric polar-
ization). The above analysis leads us to the
prediction that improper (weak) ferroelectricity
should also be induced in BiCuy;Mng¢Oy, by
precisely the same mechanism, as the free-
energy invariant 6, AP (with the spin chirality
o being replaced by the structural chirality
o) is allowed in the low-temperature R3(00v)t
phase of BiCuy;MngO1s.

We tested this prediction by performing fer-
roelectric polarization-electric field (P-E) hys-
teresis loop measurements (fig. S10) at the
temperature of liquid nitrogen (77 K). It is
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Fig. 2. Modulated atomic displacements. Schematic representation of the displacements of Bi in the

(A) high-temperature nonchiral and (B and C) low-temperature chiral modulated phases of BiCug1Mng g0
Atoms related by R-centering are omitted for clarity. The black lines indicate an approximately commensurate
supercell. The displacement directions are shown by arrows whose length is proportional to the magnitude
of the displacement. In the chiral phase, two domains with opposite chirality, and hence opposite direction of

the weak macroscopic polarization P, are shown.

well known that standard P-E measurements
can be compromised by factors unrelated to
the intrinsic polarization switching, such as
leakage currents (32). We therefore used the
so-called positive-up-negative-down (PUND)
method, which has been developed to distin-
guish true, intrinsic ferroelectric switching
from artificial responses due to current leak-
age (33). The resultant P-E loop is consistent
with the phenomenological prediction of
weak improper ferroelectric polarization in
the helical phase, with |P| being 4000 times
smaller than the value of polarization esti-
mated for the parent compound BiMn;0,,
(24). P should, by symmetry, be directed along
the ¢ axis, although this could not be estab-
lished for our polycrystalline samples. We
note that the coexistence of ferroelectric and
chiral orders is also known in smectic phases
of liquid crystals with chiral molecules (34).
These substances, however, are noncrystal-
line, with only directional order of anisotrop-
ically shaped molecules, giving substantially
different underlying physics and materials
properties.

In multiferroics, it has been shown that
magnetic domains with different spin chiral-
ity can be controlled by external electric fields
(35). By analogy, we predict that the structural
chirality domains in BiCuy;Mng 04, should
also be controllable by an electric field, given
that the polarization takes opposite directions
in these domains (Fig. 2, B and C). If this
controllability were to be confirmed by single-
crystal or epitaxial thin films measurements,
BiCugy ;Mng 9045 would prove an unusual sys-
tem in which structural chirality could be
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permanently switched by a static electric field.
This effect would be essentially different from
the electrogyration effect, in which the induced
chirality has no associated hysteresis. Impor-
tantly, this functionality could be amenable to
a variety of perspective applications based on
materials properties associated with structural
chirality (36, 37), such as optical activity (a rota-
tion of the polarization of linearly polarized
light) and circular dichroism (differential ab-
sorption of left- and right-handed polarized
light), particularly because the chiral phase
in BiCu,Mn;_,0O, is stable up to temperatures
well above room temperature.

One final question concerns the nature of
orbital ordering in BiCu,;Mng¢0,, and its re-
lation to structural chirality. This can be es-
tablished by inspecting the oxygen octahedra
coordinating the B-site Mn ions in the different
phases, given that differential occupancy of the
eg electronic orbitals produces unequal B-O
distances within the BOgz octahedra. The orbital
state of Min can be quantified using the mixing
angle formalism proposed by Goodenough
(38). The mixing angle 6 defines an admix-
ture between 3z and 2’y orbital states
within an orbital plane, through the relation
tan 0 = V3(dg.oy - dp.0,)/(2d5.0x - Aoy - dn.or),
where dp_o are B-O bond lengths along , v, or
2 direction of the local Cartesian coordinate
system, as shown in Fig. 3, Ato C, and E (in our
analysis, we use oxygen-oxygen distances,
do-o = 2(dp-0), to reduce the experimental
uncertainty).

As previously stated, the monoclinic phase just
below Ty adopts the LaMnOs-type planar or-
bital ordering characterized by a commensurate
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pattern of BOg octahedral distortions, which gives
close to fully polarized orbital states for all man-
ganese ions (Fig. 3A). By comparison, in the
triclinic DDW and the trigonal helical phases,
the incommensurate atomic displacements
modulate the BOg octahedral distortions giving
rise to an incommensurate modulation of
the orbital occupancy [i.e., an orbital density
wave (ODW)]. The closely related quadruple
perovskite CaMn;0,, also displays an ODW,
with the orbital occupancy gradually changing
between 32%-r* and 3y** along the modula-
tion direction (30). In the triclinic modulated
structure of BiCug;Mng O+, three out of the
four symmetry-distinct Mn B-sites (Mn4, Mn5,
and Mn6) display a CaMn,O;,-type ODW
(albeit in different directions) (Fig. 3B and
fig. S4), whereas the Mn?7 site maintains the
fully polarized, unmodulated orbital state in-
herited from the higher-temperature mono-
clinic phase.

The ODW in the trigonal helical phase in-
volves two symmetry-independent Mn B-sites,
Mn2 and Mn3 (Fig. 3C and fig. S6). The latter
is located on a threefold axis of symmetry, and
the mixing angle 6 for this site takes all values
between 0° and 360° through the period of
the modulation (Fig. 3, D and E). Therefore,
the orbital state of the Mn3 continuously
rotates in the orbital plane either clockwise
or counterclockwise, following the rotation
of the Bi displacements and giving rise to a
chiral ODW (Fig. 3, E and F). The orbital oc-
cupancies on the Mn2 sites, which can be
considered as triangular motifs interrelated
by threefold symmetry, are also modulated
and alternate between 32>-r and 2>-2” states
(and the equivalent states obtained by three-
fold rotation). The phase of the modulation
is not uniform on the triangle of sites, as it
is in CaMn,04,, but instead differs by +2n/3,
also making the global Mn2 ODW chiral.

Thus, the orbital ordering in the hole-doped
manganite BiCu,;Mng O, gradually evolves
from the monoclinic LaMnOj;-type, commen-
surate phase with nearly fully polarized or-
bital states but disordered Bi displacements,
to the incommensurate trigonal phase with
chiral ODW and helical (chiral) Bi dipole dis-
placements. The evolution takes place via
an intermediate incommensurate triclinic
phase combining the nonchiral Bi DDW and
the nonchiral Mn ODW. This remarkable struc-
tural behavior can be interpreted as a com-
petition between the two primary electronic
instabilities, one related to the lone electron
pair of Bi®* and the other to the degeneracy
of e, electronic states of the octahedrally co-
ordinated B-site Mn®*—both requiring dif-
ferent types of structural distortions. The
role of competition again underscores the
analogy with magnetism, where the noncol-
linear spin textures appear as a result of
competing exchange interactions. The apparent
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Fig. 3. Orbital ordering.
Schematic representation of
the B-site orbital patterns
in the (A) monoclinic,

(B) triclinic, and (C) trigonal
phases of BiCugiMnggO1y.
For clarity, the patterns

are shown relative to the
familiar pseudocubic perov-
skite unit cell, whose edges
are co-aligned with the
Cartesian coordinate sys-
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orbital polarization changes between |3x%-r?) and |3z2-r) for Mnd, |3x?-r?)

and |3y?-r?) for Mn5, and |32%-r?) and |2%-y?

) for Mn6—a pattern that,

on each site, is strongly reminiscent of CaMn;01, (30). The Mn7 site adopts an
unmodulated fully polarized |3y%-r?) state (see fig. S4 for more details). In

the trigonal structure, the orbital occupancy of the Mn3 site changes between all
three polarized states |3x?-r2), |3y-r?), and |3z2-r?), making the orbital
density wave chiral. The orbital polarization of the Mn2 sites in this structure
changes between [322-r?) and |z2-x%) for Mn2-1, |3x?-r?) and |y?-x?) for

Mn2-2, and [3y%-r?) and |z2-y?) for Mn2-3. In addition, the phase of the orbital
modulation differs by +2/3r on these three symmetry-related sites (see fig. S5
for more details). (D) Oxygen-oxygen bond distances, used to characterize the

anisotropy of the Mn30g octahedra, as a function of the lattice translation R, along
¢ axis in the trigonal phase. (E) Orbital states of the Mn3 site, defined by the
mixing angle  (tan & = V3[dozz-042 — doz3-043]/[2do31-041 — dosz-042 — doza-043])
(green circles), and the displacement of Bi in the ab plane, defined by angle ¢
(angle between the Bi displacement and projection of the x axis on the ab plane)
(blue circles) for different values of the lattice translation R,. To reduce the
experimental uncertainty, we exploit the relation do.o = 2(dg-0) for B-O bonds
on either side of a given B site. (F) Chiral orbital density wave localized on the Mn3
site (transparency represents the probability of electronic occupation, with lower
transparency corresponding to higher probability), and modulated displacements
of Bi in the trigonal phase.

similarity between noncollinear electric and
magnetic dipole orderings demonstrates that
the formation of chiral incommensurate
structures is a universal mechanism that al-
lows a coexistence of competing degrees of
freedom.

An immediate implication of the presently
observed chiral electric dipole and orbital tex-
tures lies in our understanding of ferroelectric
domain walls, whereby a growing number
of experiments have shown that the ordering
phenomenon in ferroelectric domain walls is
far more complicated than previously believed
(39-42). In this sense, the BiCu,Mn;_,0Oy, helical
dipole phase can be thought of as the extended
version of a ferroelectric Bloch domain bound-
ary. In addition, by analogy with magnetism,
more complex but closely related chiral ob-
jects such as electric skyrmions are likely to be
feasible as well. The magnetic skyrmion lat-
tice is often described as a multi-k phase repre-
sented by the superposition of three helical
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spin textures and induced from a single-k state
by an external magnetic field (43). Electric
skyrmions can be expected to also be stabi-
lized by external stimuli or found in the domain
boundaries of the BiCu,Mn; ,0Oy, helical phase
where three single-k states merge together.
Crucially, the formation of chiral electric di-
pole textures has previously been discussed
only in the context of complex artificial nano-
structures (44-46) or domain walls (39-42),
with specific electrostatic boundary conditions
or a delicate balance between electrostatic,
elastic, and lattice-mismatch strain energies.
Our work demonstrates a distinct approach
to stabilizing these textures via competing
electronic instabilities that is equally efficient
for both bulk and low-dimensional struc-
tures. This perspective opens an additional
dimensionality in the design of materials and
suggests architectures for heterostructures,
photonic crystals, and superlattices that com-
bine traditional ingredients with components
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that comprise layers of chiral electric and or-
bital textures.
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