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ABSTRACT: Multiferroics have received a great deal of
attention because of their fascinating physics of order-
parameter cross-couplings and their potential for enabling
new device paradigms. Considering the rareness of
multiferroic materials, we have been exploring the
possibility of artificially imposing ferroelectricity by
structurally tailoring antiferromagnets in thin-film forms.
YbFeO; (YbFO hereafter), a family of centrosymmetric
rare-earth orthoferrites, is known to be nonferroelectric
(space group Pnma). Here we report that a YbFO thin-film
heterostructure fabricated by adopting a hexagonal
template surprisingly exhibits nonferroelastic ferroelectric-
ity with the Curie temperature of 470 K. The observed
ferroelectricity is further characterized by an extraordinary
two-step polarization decay, accompanied by a pro-
nounced magnetocapacitance effect near the lower decay
temperature, ~22S5 K. According to first-principles
calculations, the hexagonal P6;/mmc—P6;mc—P6;cm con-
secutive transitions are primarily responsible for the
observed two-step polarization decay, and the ferroelec-
tricity originates from the c-axis-oriented asymmetric Yb
5d,—O 2p, orbital hybridization. Temperature-dependent
magnetization curves further reveal an interesting
phenomenon of spontaneous magnetization reversal at
83 K, which is attributed to the competition between two
distinct magnetocrystalline anisotropy terms, Fe 3d and Yb

4f moments.
O ver the past decade, there has been a resurgence of
interest in understanding and applications of multiferroic
materials." '° Among numerous multiferroics currently under
investigation, rare-earth manganites have been most extensively

studied owing to their tendency toward strong magnetoelectric
(ME) coupling, in general. They are classified into two distinct
crystal classes depending on the radius of rare-earth cation.
ReMnOj;-type oxides with Re = La—Dy in the lanthanide series
belong to orthorhombic manganites,z’é'8 while ReMnOj;-type
oxides with Re = Ho—Lu belong to hexagonal manganites.'”"
Unlike orthomanganites, hexagonal manganites possess c-axis-
oriented ferroelectricity owing to the disappearance of a mirror
image on the a—b plane with a tilting of the MnOj bipyramid
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units. 27 '* They also exhibit an antiferromagnetic (AFM) order

below the magnetic ordering temperature, as Mn>" spins are
oriented parallel to the a—b plane with a so-called 120°
triangular spin structure.>~'

Contrary to the two distinct structural polymorphs observed
in rare-earth manganites, all of the ReFeO;-type oxides belong
to orthorhombic ferrites (orthoferrites) and are characterized
by corner-linked FeOy4 octahedra forming a three-dimensional
network in a centrosymmetric Pnma (or Pbnm) unit cell.'”'®
Accordingly, all of the rare-earth orthoferrites are known to be
non-ferroelectric at room temperature except for the recently
reported improper ferroelectricity in SmFeO;, which is caused
by the canted AFM spin ordering through a reverse
Dzyaloshinskii—Moriya interaction.'® Considering the c-axis-
oriented structural ferroelectricity observed in hexagonal
manganites, we have been exploring the possibility of artificially
imposing ferroelectricity and thus multiferroism by structurally
tailoring an AFM orthoferrite, ReFeO3, in a constrained thin-
film form. Indeed, Bossak and co-workers®® reported the
fabrication of epitaxially stabilized hexagonal orthoferrite
ReFeO; (Re = Eu—Lu) thin films on ZrO, (Y,0;) substrates.
However, their study was limited to structural characterizations.
Thus, it is of great scientific importance to clearly elucidate the
nature of ferroelectricity in hexagonal ferrites, if any, and to
identify the possible variation of magnetic responses arising
from the orthorhombic-to-hexagonal transformation.

In this study, we will demonstrate artificially imposed
hexagonal ferroelectricity using a YbFeO,; (YbFO hereafter)
thin film heteroepitaxially grown on a hexagonal substrate, Pt
(111)/sapphire. Interestingly, the observed ferroelectricity is
characterized by an extraordinary two-step polarization decay,
accompanied by a pronounced magnetocapacitance effect in
the vicinity of the lower decay temperature, ~225 K. On the
basis of first-principles calculations, we attribute the hexagonal
ferroelectricity to asymmetric Yb 5d~O 2p, orbital hybrid-
ization.

The 6—26 X-ray diffraction patterns indicate that the YbFO
film grown on a Pt(111)/sapphire (0001) substrate by pulsed
laser deposition is highly c-axis oriented. Both ®-scan spectra
and pole figures further reveal that the YbFO film (thickness of
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~60 nm) is not orthorhombic but is grown epitaxially with six-
fold hexagonal symmetry [Figure S1 in the Supporting
Information (SI)]. Accordingly, the YbFO film is expected to
exhibit ferroelectricity along the c-axis of a noncentrosymmetric
hexagonal cell. As presented in Figure la, the polarization—
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Figure 1. (a) Polarization—field (P—E) hysteresis loops obtained at 15
and 300 K. The 60-nm-thick YbFeOj; thin film used in the P—E
hysteresis measurement was heteroepitaxially grown on a Pt(111)/
sapphire (0001) substrate. (b) Temperature-dependent spontaneous
polarization curve of the epitaxial YbFeO; thin film, showing a
characteristic two-step polarization decay.

electric field (P—E) curves demonstrate that the hexagonal
YbFeO, (h-YbFO) thin film is ferroelectric at room temper-
ature. Both the remanent polarizarion (P,) and the squareness
in the P—E curve are enhanced with decreasing temperature:
from P, = 4.0 uC/cm? at 300 K to 10.0 uC/cm? at 15 K. The
spontaneous polarization (P,) was determined by measuring
the temperature-dependent pyroelectric current and subse-
quently integrating this current as a function of temperature
(Figure S3). Interestingly, the temperature-dependent P, is
characterized by an extraordinary two-step polarization decay
(Figure 1b). From this curve, one can clearly conclude that the
ferroelectric Curie temperature is ~470 K (T.;) and the onset
of the second ferroelectric transition (T,) is ~225 K.

We then examined a possible phase-transition path that
would lead to this extraordinary two-step polarization decay.
According to group theoretical analysis,”"*> we have three
possible transition paths that connect the high-temperature
paraelectric P6;/mmc phase to the ground-state P6;cm phase.
The first allowed path denotes a phase transition sequence of
P6;/mmc—P63mc—P6ycm with decreasing temperature. Thus,
this path involves an intermediate ferroelectric phase, P6;mc.
On the other hand, the second possible transition route
involves an intermediate paraelectric phase of P6;/mcm with
the unit-cell tripling. In this case, a phase transition sequence of
P6;/mmc—P6;/mcm—P6ycm is expected. The third possible
path refers to a direct transition to the ferroelectric ground
state, ie., P6;/mmc—P6scm. Thus, among the three possible
paths that satisfy a group—subgroup relation, only the first path
involves an intermediate ferroelectric phase. In this case, one
would expect a two-step polarization decay caused by the P6,/
mmc—P6;mc transition at T, and the P6;mc—P6;cm transition
at T,,. This sequential mechanism satisfactorily accounts for the
observed stepwise polarization decay (Figure 1b). It is
interesting to note that the constrained h-YbFO is non-
ferroelastic since the P6;/mmc—P65mc—P6ycm ghase transitions
do not induce any change in the crystal class.”

Having resolved the phase-transition path responsible for the
two-step polarization decay, we have then examined (i)
variations of the crystal structure associated with these
sequential transitions and (ii) the electronic origin of the
ferroelectricity by performing density-functional theory (DFT)
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calculations. In the paraelectric P6;/mmc phase, all the ions are
confined to the planes that are parallel to the a—b plane, with
the mirror plane perpendicular to the c-axis (marked in blue in
Figure 2a). On the other hand, upon the transition to P6ymc,

Figure 2. (a) Computed crystal structures of P6;/mmc, P6ymc, and
P6ycm phases. The two-dimensionally projected structure on the
hexagonal a—b plane is shown in the upper panel, where the dotted
blue lines denote the mirror-plane symmetry parallel to the c-axis. On
the other hand, three-dimensional crystal structures are compared in
the lower panel. (b) The three-dimensional electron-density contour
of the paraelectric P6;/mmc phase is compared with those of the two
ferroelectric phases, P6;mc and P6;cm.

this mirror plane disappears while the mirror planes parallel to
the c-axis remain invariant. Consequently, the c-axis-oriented
ferroelectricity appears in the P6smc phase. The transition to
the ferroelectric ground state of P6icm follows, with an
additional tilting of the FeOj bipyramid cages. Consequently,
all the in-plane and out-of-plane mirror images except for
[110], disappear in the P6;cm phase. The DFT polarizations
obtained using the Berry phase method** are 4.0 uC/cm? for
the P6ymc phase and 10.5 4C/cm? for the P6;cm phase. These
values agree well with the experimentally obtained values
(Figure 1b).

Let us now examine the bonding nature of the hexagonal
ferroelectricity. For this purpose, we first compare the
computed electron localization function (ELF) of the para-
electric P6;/mmc phase with those of the two ferroelectric
phases, since the ELF (i.e., electron density contour) is known
to be an informative tool to distinguish different bonding
interactions in solids."**> As shown in Figure 2b, the electron
density between the Yb ion and the axial oxygen (O,) is
negligible for both P6;/mmc and P6smc phases, which
demonstrates a dominant ionic bonding character in the Yb—
O, bond. Upon the transition to the P6;cm ground state,
however, there occurs a strong asymmetric covalent bonding
interaction between the Yb ion and one of the two O, ions
along the c-axis (marked with red arrows in Figure 2b). This
asymmetric covalent bonding is responsible for the observed
large polarization of 10 #C/cm® Thus, one can conclude that
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the ferroelectricity in the intermediate P6ymc phase is ionic,
while the ferroelectricity in the P6ycm phase is predominantly
covalent in nature.

We now address the following important point: What kinds
of orbital interactions are involved in the asymmetric Yb—O,
bonding which is responsible for the c-axis-oriented ferroelec-
tricity? To resolve this question, we have considered two
distinct possibilities of the Yb—O, bonding interaction: (i)
empty 5d,2(Yb)—2p,(O,) interaction and (ii) empty 6s(Yb)—
2p,(0,) interaction. As schematically depicted in Figure 3a, the
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band top). Thus, the 5d,2(Yb)—2p,(O,) hybridization is

considered to be the electronic origin of the ferroelectricity.
As presented in Figure 4a, zero-field cooling (ZFC) and FC

curves of the c-axis magnetization are separated from each other
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Figure 4. (a) Temperature-dependent magnetization curves (ZFC and
FC) showing spontaneous magnetization reversal at T*. (b)
Magnetization—field hysteresis curves obtained at various temper-
atures. (c) Schematic representation of the stable ground-state spin
configuration in the hexagonal YbFeOs. The spins at the Yb* ion
sublattice are marked with blue arrows (antiparallel to the c-axis),
whereas the spins at the Fe>* ion sublattice are denoted by red arrows.
(d) Temperature-dependent relative dielectric permittivity obtained
with and without applying an external magnetic field of 9 T at a
measuring ac frequency of 1 MHz. (Inset) Percent change in the
relative dielectric permittivity (at 1 MHz) plotted as a function of the
bias magnetic field showing a pronounced magnetodielectric effect at
T,
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Figure 3. (a) Schematic diagrams of the two distinct possibilities of the
Yb—O, orbital interactions, 5d,2(Yb)—2p,(O,) and 6s(Yb)—2p,(O,).
(b) Comparison of the orbital-resolved partial density of states for
5d2(Yb), 6s(Yb), 2px,y(OA), and 2p,(0,) orbitals of the paraelectric
P6;/mmc phase with those of the ferroelectric P6;cm phase.

5d2(Yb)—2p,(O,) interaction induces asymmetric covalent
bonding along the c-axis. In this way, the central Yb ion is now
able to make an asymmetric covalent bond with one of the two
neighboring O, ions (not simultaneously with two neighboring
O, ions), which results in a spontaneous breaking of the
centrosymmetric state. Similarly, the 6s(Yb)—2p,(O,) inter-
action is also capable of forming asymmetric covalent bonds
along the c-axis of P6;cm (Figure 3a). We then examined
orbital-resolved partial density of states (PDOS) to elucidate
the covalent bonding mechanism truly responsible for the
hexagonal ferroelectricity. As shown in Figure 3b, the degree of
the overlapping between the Yb 6s orbital PDOS and the O,
2p, orbital PDOS in the paraelectric P6;/mmc state is little
changed upon the transition to the ferroelectric P6;cm state.
Contrary to this, the degree of the overlapping between the Yb
5d.2 orbital PDOS and the O, 2p, orbital PDOS is remarkably
enhanced upon the transition to the P6,cm state (especially for
the energy range between —1.0 and —0.3 eV below the valence-
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beginning at 120 K. The onset of the ZFC—FC separation can
be considered as a magnetic ordering temperature (Ty &~ 120
K). The c-axis magnetization—field (M—H) hysteresis curves
measured at various temperatures show that the magnetic
remanence increases while the coercive field decreases with
decreasing temperature (Figure 4b). Our DFT calculations of
h-YbFO predict that Fe’* spins in the ground-state form a so-
called 120° triangular spin structure on the a—b plane. This
configuration is largely consistent with a typical spin structure
for triangular AFM spins in frustrated magnetic systems such as
hexagonal manganites.13_16 Thus, one would expect a nearly
zero residual moment along the in-plane direction. According
to the present DFT calculations, however, Fe** spins are
slightly canted with a non-zero moment along the c-axis, which
is in contrast with a zero in-plane magnetization. The red
arrows in Figure 4c denote these canted Fe®* spin moments.
Upon cooling to 83 K (called a compensation temperature,
T*), h-YbFO further shows an interesting phenomenon of
spontaneous magnetization reversal (Figure 4a). This suggests
a long-range ordering of the Yb** moment (spin + orbital) at
T*. In this case, the direction of the net Yb*>" moment (—c)
should be opposite to that of the canted Fe**-spin moment
(+c). Our DFT calculations support this proposition and
further predict that the magnitude of the orbital and spin
moment of Yb* is much bigger than that of the Fe**-spin
moment with the net spontaneous magnetic moment of —0.511
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ug per formula unit (fu.). This prediction is nearly consistent
with the experimental value of —0.473 pg/fu. at 3 K (measured
under a weak field of 100 Oe). Thus, the spontaneous
magnetization reversal at T* can be attributed to the
competition between two distinct magnetocrystalline aniso-
tropy terms, namely, the ordered Yb*" moment along —c versus
the canted Fe®" spin moment along +c of the P6ycm unit cell.
We have further assessed the degree of the ME coupling by
examining the magnetodielectric (MD) effect of the h-YbFO
film with and without applying an external magnetic field along
the c-axis. Interestingly, the dielectric permittivity curve is
characterized by two distinct dielectric anomalies in the absence
of the external field (Figure 4d). Comparing these MD data
with the temperature-dependent polarization curve (Figure 1b),
one can readily identify that the lower dielectric anomaly point
(~220 K) nearly coincides with the second ferroelectric
transition temperature, T., (~225 K). As shown in the inset
of Figure 4d, the MD effect is very pronounced at this
temperature: about 12.3% change in the relative dielectric
permittivity under a bias magnetic field of 9 T. This reflects (i)
a strong biquadratic order-parameter cross-coupling between P
and M* and (ii) a magnetic-field-induced nonzero magnet-
ization, M(H), above Ty (see SI). The dielectric anomaly at T
(~240 K) is thus not related to the rapid increase in the
polarization at the onset of the P63mc—P6cm transition (~225
K). According to the DFT calculations, the polarization change
associated with the P6;mc—P6;cm transition is accompanied by
a large variation in the tilting degree of the FeOjg bipyramid
unit, from 0.68° (with respect to the c-axis) for P6;mc to 6.32°
for P6;cm. Thus, the dielectric anomaly at T, (240 K) can be
attributed to the variation in the degree of the FeOjs unit tilting
as a presage of the displacive P6;mc—P6;cm transition at T,
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