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Hidden order in hexagonal RMnQO; multiferroics (R = Dy-Lu, In, Y, and Sc)
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Hexagonal RMnOj; manganites are improper ferroelectrics in which the electric polarization is a by-product of
the tripling of the unit cell. In YMnOs, there is a second transition at ~920 K whose nature remains unexplained.
We argue that this transition can be seen as a sort of hidden order in which a residual symmetry displayed by the
trimerization order parameter is spontaneously broken. This additional order gives rise to 12 structural domains

instead of six, and structural domain boundaries that can be either ferroelectric or nonferroelectric domain walls.
We also suggest a generic P6;cm <> P3cl < P3cl phase diagram, fully realized in InMnOs.
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Hexagonal RMnO; manganites, with R = Dy-Lu, In, Y,
and Sc, were discovered by Bertaut and collaborators half a
century ago [1]. Nowadays, these compounds are considered
as a distinguished class of multiferroic materials [2]. These
systems are multiferroics for two reasons. On one hand,
ferroelectricity appears at high temperature together with the
tripling of the unit cell [3]. The interplay between the corre-
sponding order parameters gives rise to remarkable features
such as clamped ferroelectric-structural domain walls [4]
with unusual transport properties [5]. On the other hand,
antiferromagnetic order emerges at low temperatures [6],
which fits out these systems with additional magnetoelectric
properties [7].

YMnO; is probably the most studied member of this
family. There is consensus that YMnOj is ferroelectric at room
temperature, while it has a centrosymmetric structure above
~1250 K. The symmetry of the ferroelectric phase has been
ascribed to the P63cm space group. As such, it is connected
to the high-temperature P63/mmc structure by the tripling
of the corresponding unit cell and the loss mirror symmetry
perpendicular to the ¢ axis. This is realized by the tilting and
distortion of the MnOs bipyramids and the displacement of the
Y atoms, which triggers the spontaneous electric polarization
of the system (see Fig. 1). The exact nature of this ferroelectric
transition, however, has been the subject of a debate that has
intensified during the last decade [8—11].

At present, it is reasonably accepted that trimerization
and polarization appear both at once. That is, the symmetry
changes in one single step from P63/mmc to Pbscm at
1250 K. Thus, the primary order parameter transforms ac-
cording to the K3 irreducible representation of the P63/mmc
space group, while the ferroelectricity is a by-product of
the structural transition [10,11]. The system is therefore an
improper ferroelectric [2,12]. Intriguingly, a second anomaly
has been repeatedly reported around 920 K whose origin
remains unclear [8,9]. The aim of this paper is to provide
an explanation that is, in fact, generally valid for any improper
ferroelectric and, in particular, for the hexagonal RMnO3
manganites, suggesting a generic P63cm <> P3cl < P3cl
phase diagram for these systems.

Conceptually, this type of secondary transition evokes the
discussed by Levanyuk and Sannikov in the early days of
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improper ferroelectrics [12,13]. Accordingly, it can be seen as
a kind of residual symmetry breaking. The point is that the
primary K3 order parameter can generate different types of
domains in which the symmetry can be broken at different
levels. Specifically, the trimerization can be less symmetric
than assumed so far (with electric dipoles neither totally
compensated nor maximally uncompensated, but somewhere
in between). The anomalies observed at ~920 K are likely
related to the breaking of this residual symmetry. We note
that the smoking gun for evidencing this phenomenon is not
necessarily the electric polarization, as this observable displays
only a part of the total symmetry that can actually be broken
in the trimerization (i.e., via K3).

In the case of YMnOs, the initial expression of the free
energy given by Fennie and Rabe [11] has been upgraded by
Artyukhin et al. [14] by taking into account the actual two-
component character of the corresponding order parameter
(¢1,¢2) = (pcos¢,psing). This upgrade is essential, for
example, for describing the topological defects that appear
in these systems. The upgraded expression reads[15]

F = Fyim + Fp + Fin. (1)
Here
Fiim = g,02 + é,o4 + £p6 + C—/,o6 cos 6¢
2 4 6 6
+ gradient terms, 2)

A
Fp = EPZ + gradient terms, 3)

represent independent contributions associated with the trimer-
ization and the electric polarization, respectively, while

Fine = —g Pp® cos 3¢ + %pw )

describes the interplay between these variables. Furthermore,
Artyukhin e al. obtained the parameters of this expression
from ab initio calculations. Interestingly, the energetics of the
trimerization is dominated by the interplay (4) as the bare
anisotropy ¢’ is positive and much weaker than the eventual
anisotropy &’ = ¢/ — z(a%;pz) < 0 obtained after minimization
over P. The free energy (1) is illustrated in Fig. 2(a). It
generates six different low-symmetry states characterized by
the discrete values ¢, = nm/3 (n = 1,2, ...,6) for the phase
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FIG. 1. (Color online) Atomic rearrangements associated with
improper ferroelectricity in YMnOs, in which the spontaneous
polarization P appears along the c axis.

of the trimerization order parameter. Since P ~ p3 cos 3¢,
there is a finite electric polarization associated with each of
these domains that has equal magnitude for even and odd
values of n but opposite signs.

In the following we extend this framework in order to
reproduce the possibility of a second transition. We note
that the above states minimize the free energy by providing
the maximal reduction of the anisotropy term (cos 6¢, = 1).
Accordingly, these states can be seen as the most symmetric
trimerization states that can be realized in the system. In
particular, the new unit cell contains two unequal Y atoms
according to their displacements along the ¢ axis, while in
general there can be three (see below). It thus exhibits a
sort of accidental symmetry. No term in the free energy
Eq. (1) penalizes this symmetry, which automatically excludes
other types of solutions with further reduced symmetry. This
contingent situation is actually unphysical according to that
observed in Ref. [16] (see below). The simplest way to correct
it is by supplementing (1) with the symmetry-allowed term

F = %plz cos*3¢. 5)

If f > 0, the role of this term is to spoil the preference for
symmetric solutions as the trimerization amplitude increases.
Thus, the extended free energy eventually describes an
additional phase in which the six initial domains are split into
12 different states. This is shown in Figs. 2(b) and 2(c). These
domains can be characterized by the phases of the trimerization
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FIG. 3. (Color online) Schematic phase diagram for the
model (1) and (5). As the temperature decreases, the paraelectric
phase is replaced by a ferroelectric phase with residual symmetry
that can be further broken if f > 0. The arrow indicates the path
likely followed in YMnOs.

order parameter,
Gt = ¢p £, (6)

where 6 is such that sin3(¢, £4) = (1 —
resulting phase diagram is sketched in Fig. 3.

Similar to the sixth-order anisotropy term, Eq. (5) can have
different origins. It can be due to the intrinsic anharmonicity
of the K3 phonons or due to their coupling to other variables.
For instance, if the coefficient ¢’ changes with P as ¢ =
¢y + ¢y P?, then a term of the form (5) with f — 2¢|g*/a?
is generated similarly to the sixth-order term obtained via
the interaction (4). In principle, these terms can also be
determined from first-principles calculations by extending
the procedure reported in Ref. [14]. We emphasize that
the Ginzburg-Landau theory constructed otherwise fails at
reproducing all the possible ground-state symmetries that can
actually be obtained via the primary K3 order parameter. In this
respect, such high-order functionals introduced by Levanyuk
and Sannikov [12,13] have also been discussed in relation to
the Higgs problem in high-energy physics [17], ferroelectric
ferroelastics such as Tb,(MoQOy); [18], and, more recently, the
magnetic phases of multiferroic CuO [19].

Alternatively, the secondary transition in YMnOj; can
be seen as driven by the additional order parameter Q
that transforms according to the I') representation of the
P63/mmc space group—without the necessity of the term (5).
At the lowest order in Q, the coupling between this variable
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FIG. 2. (Color online) (a) Contour plot of the free energy (1). The parameters are taken from Ref. [14], which gives rise to six minima (in
red). (b) The incorporation of the term (5) results in 12 minima (f = 3 eV A~12 for the sake of illustration). (c) Illustration of the transition
from six to 12 domains as a function of the trimerization amplitude within the model (1) and (5). The lines represent the position of the different
minima of the free energy. In all cases there are only two polarization domains since P ~ cos 3¢.
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and trimerization order parameter is
F|, = 1Qp"sin3¢. (7)

Thus, according to (1) and (7), the emergence of Q also implies
the stabilization of additional trimerization states. In this case
~

Sin3¢,e = —— 0, @®)
o

where Q ~ %|T — T.|'/? within the Ginzburg-Landau frame-
work. From the point of view of symmetry, that obtained via
the high-order term (5) is equivalent to this scenario. The
physical interpretation, however, is rather different. In the
first case, there is no need to invoke any additional order
parameter, while the second possibility suggests that there
is a sort of hidden I'j order behind the second transition in
the ferroelectric phase of YMnO3;. We note that no I'-point
phonon corresponds to the FI symmetry in RMnOj [20].
Consequently, the Q variable itself is associated with orbital
degrees of freedom rather than with atomic displacements.
More microscopically, this scenario can therefore be linked
to a charge ordering mechanism such as the one proposed by
Khomskii and collaborators [21]. Experimentally, this can be
verified by means of advanced synchrotron x-ray analyses [22]
or scanning electron microscopies [23].

In both scenarios the additional transition implies a
reduction of the nominal magnitude of the polarization since
|P| ~ |cos3¢,+| < 1. This is in tune with experimental
observations [9]. The fact that P eventually reaches a con-
stant value can be understood as the saturation of both the
trimerization order parameter and Q. The residual symmetry
breaking describes a P6scm to P3cl transition in which
both P ~ cos3¢ and Q ~ sin3¢ are nonzero. This is in
fact the maximal symmetry breaking that can be obtained
via the primary K3 order parameter. It is worth noting that
the x-ray diffraction patterns seem to be compatible with
such maximally reduced symmetry [1,24,25]. We note that,
in general, the temperature evolution can be such that P
disappears completely even if the primary K3 order parameter
is nonzero. In that case, one recovers six structural domains
but with a different P3c1 space group symmetry. Interestingly,
this would have been the case in YMnOj in the absence of
the coupling (4) given that the bare anisotropy coefficient ¢’
is positive, which favors sin3¢ = %1 [14]. This possibility
seems to be realized in InMnO3 according to the first-principles
calculations reported in Ref. [25]. It would be very interesting
to study the effect of the (Y,In) substitution, as the complete
sequence of P6scm <> P3cl <> P3cl transitions between
trimerized states could be realized as a function of this doping.

We have seen that the trimerization can give rise to six
or 12 different structural domains, depending on whether
or not a residual symmetry is preserved. In both cases
nontrivial topological defects such as the vortex/antivortex
pairs observed in Ref. [4] and the topological stripes discussed
in Ref. [14] can be created. If the residual symmetry is
preserved, the topological stability of these defects implies
that the change in the trimerization angle across the domain
walls is A¢ = £7/3. However, if the residual symmetry
is broken, these walls lose their topological stability and
each of them will decay into a pair of different walls with
A¢p = £(r/3 —25) and A¢ = £25. We note that in both
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FIG. 4. (Color online) Structural domain boundaries expected in
YMnOs;. (a) If the residual symmetry of the primary K3 order
parameter is preserved, the change in the trimerization angle is
A¢ = +m/3 and structural and ferroelectric domain walls are
interlocked. (b) If the residual symmetry is broken, the change in the
trimerization angle can be either A¢ = (/3 — 25) or A¢p = £26,
which generates ferroelectric and nonferroelectric domain walls,
respectively. § is determined by the amount of residual symmetry
that is broken (either by the specific energetics of the trimerization or
via a hidden I'} order).

cases there are only two types of polarization domains.
Thus, while in the first case the structural domain walls are
also ferroelectric domain walls, in the second case we have
both ferroelectric [A¢ = £(r/3 — 2§)] and nonferroelectric
domain walls (A¢ = £26) (see Fig. 4). This implies that
different Cg and C3 vortex/antivortex pairs, for example, can
look the same if they are probed by means of a technique
that reveals the electric polarization only. Nevertheless, these
topological defects will interact differently with electric and
strain fields, which can bring additional functionalities to the
system. Specifically, ferroelectric domain walls are expected
to react to the application of an electric field while the
nonferroelectric ones are expected to remain passive. This can
qualitatively modify the ferroelectric switching demonstrated
in Ref. [26], for example. In the case of a topological vortex
containing both walls, the motion of the ferroelectric walls
will be stopped at the nonferroelectric ones since they cannot
be annihilated due to the conservation of the corresponding
topological charge. Thus, the eventual switching is expected to
be controlled by both electrostatic and nonelectrostatic factors.
As regards strains, they can also exert a force on this type
of multiferroic walls due to the coupling Fi,y = Ao [(Uyy —
Uyy)0x P — 2u,,0,¢] [14,27]. Given a certain strain, this force
basically depends on the variation of the trimerization angle at
the domain wall. This variation is A¢ = =£/3 if the residual
symmetry is preserved, while it becomes A¢ = £(r/3 — 26)
and A¢ = £2§ if it is broken. Consequently, not only can the
direction of the force change at different walls, but also its
magnitude can be inherently different depending on whether
or not the wall is ferroelectric. These types of long-range
field-induced forces are known to be an important factor for
the mutual interaction between topological defects [28]. Thus,
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FIG. 5. (Color online) Schematic representation of the different
ferroelectric R unit cells along the [001] and [100] directions.
(a) The residual symmetry of the trimerization order parameter
implies two types of R atoms according to their shift, upwards
(yellow) or downwards (blue), with respect to their original positions
in the paraelectric phase (along the dotted line). The origin of the unit
cell determines the structural domains, frequently labeled as o, B+,
and y. (where = stands for the direction of the electric polarization).
(b) The breaking of the residual symmetry generates three inequiva-
lent R atoms, indicated by the additional circled symbols. The number
of different unit cells becomes 12, and the corresponding domains
could be labeled oy, Bis, and yi., where the extra £ stands for
the deviation %4 of the trimerization angle fromnw /3 (n =1, ...,6)
according to (6).

this interplay resulting from the residual symmetry breaking
can substantially modify the Kibble-Zurek-like mechanisms
proposed for their formation in RMnO3; manganites [29].
Next, we discuss the atomic patterns associated with the
different ferroelectric domains that can appear in RMnOs.
These are illustrated in Fig. 5. If the residual symmetry
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is preserved, there are two types of R atoms within the
[001] layers. The electric polarization is due to the relative
displacement of these atoms along the c axis, which generates
two ferroelectric domains. The structural domains, in their
turn, are determined by the different origins of the unit
cell. In contrast, if the residual symmetry is broken, the
number of inequivalent R atoms becomes three. This increases
the number of structural domains, while keeping the two
possible directions for the electric polarization. We note that
the atomic positions observed in Ref. [16] by means of
scanning transmission electron microscopy (STEM) reproduce
the second pattern, which confirms that the residual symmetry
is broken in YMnQOj3. More precisely, the STEM images reveal
that the Y atoms are indeed placed at three different positions
along the ¢ axis. These positions are such that the sixfold
symmetry axis of the supposed P63cm structure is lost, while
there is still a net polarization. This means that the actual
symmetry of these domains is P3c1, as predicted in our model.
We note also that similar STEM experiments in InMnOj3
have revealed P3¢l domains, in which the displacements of
the three nonequivalent In atoms compensate each other to
produce a zero net polarization [30]. These domains eventually
transform into P63cm domains by lowering the temperature.
Interestingly, this has been observed to occur via an “unusually
sluggish transition.” We conjecture that this transition actually
occurs via the P3c1 phase. This would be another confirmation
of our model which, in contrast to previous proposals, naturally
predicts such a P63cm <> P3cl <> P3cl phase diagram.

In summary, we have pointed out that the secondary
transition systematically observed in YMnOs is likely related
to a residual symmetry breaking of the trimerization order
parameter. This can be driven either by the specific energetics
of the trimerization or by a hidden I'j order. In both cases,
12 different structural domains are obtained out of the six
initial states of the system, while the number of ferroelectric
domains remains two. Thus, the structural domain boundaries
can be either ferroelectric or nonferroelectric domain walls,
which is expected to modify their interaction with the external
fields. This enriches the physics of the topological defects
characteristic of this type of multiferroics, which can reveal
additional functionalities that deserve further studies. The
proposed model is based on symmetry arguments and therefore
valid for all the members of the hexagonal RMnO; family.
Accordingly, a generic P63cm < P3cl <> P3cl phase di-
agram is proposed for these systems. We have argued that,
in addition to the secondary transition in YMnOs, the un-
usual sluggishness of the paraelectric-ferroelectric transition
observed in InMnOs is due to the emergence of the additional
P3cl phase displaying full symmetry breaking. Our work
emphasizes that, more than 50 years after their discovery,
hexagonal RMnO3; manganites keep showing unique physics
and therefore is expected to motivate future studies.

I thank A. Levanyuk, D. Meier, and M. Pollet for useful
discussions, and S.-W. Cheong for pointing me to Ref. [30].
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