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A charge order-driven ferroelectricity, a novel mechanism completely different from conventional types such
as lattice distortion observed in a typical ferroelectric, has been expected for a series of compounds RFe,0,

(R =Ho ~ Lu and Y, In), but a real problem has been still unsolved whether or not the compounds are truly
ferroelectric. Here, we demonstrate that TmFe, Oy, one of the RFe, O, family, is a true ferroelectric and piezoelec-
tric compound with noncentrosymmetric structure (space group: Cm) at room temperature by using switching
spectroscopy piezoelectric force microscopy, laser interferometry, scanning nonlinear dielectric microscopy,
x-ray diffraction, selected-area electron diffraction, nano-beam electron diffraction, convergent-beam electron
diffraction, and high-angle annular dark-field scanning transmission electron microscopy for single-crystalline
TmFe,04. We have also found that TmFe,O, exhibits an electric field induced phase transition between
ferroelectric and conductive states. We propose that the charge ordering of Fe?* and Fe*" ions accompanied
by an ordered displacement of Tm>* ions lead to the ferroelectricity and piezoelectricity.
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I. INTRODUCTION

Ferroelectrics are important materials extensively utilized
as a sensor, a capacitor, an actuator, and so forth. As for
the mechanism of ferroelectricity, a displacive type found
in BaTiOs;, a prototype of ferroelectric, is very common. A
hybrid improper type, another mechanism of ferroelectricity,
has attracted much attention recently [1-11]. A charge order
driven ferroelectricity, completely different from those two
mechanisms, has been proposed for RFe,O4 (R = Ho ~ Lu
and Y, In). From such a point of view, RFe,0, is called an
electronic dielectric. The compounds comprise two adjacent
Fe layers, where the Fe ions form a planar triangular lattice.
One conceivable arrangement of equal numbers of Fe’* and
Fe?* ions occupying the triangular lattice is that one layer
contains excess Fe’' and the other excess Fe*'. Such an
arrangement can generate electric dipoles between the two
adjacent layers and the dipoles can induce ferroelectricity.
In 2005, Ikeda et al. [12] found that a pyroelectric current,
the direction of which could be switched by an external
electric field, flowed in single-crystalline LuFe,0y4, leading
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to the conclusion that LuFe,O4 exhibits room-temperature
ferroelectricity due to the charge ordering among Fe ions. In
contrast, some reports deny the ferroelectricity of RFe;Qy.
X-ray scattering measurements by de Groot et al. [13] on
single-crystalline LuFe, O, indicate that the dielectric ground
state of LuFe,O4 is antiferroelectric. Also, attempts were
made to obtain a polarization-electric field hysteresis loop to
prove the ferroelectricity via macroscopic techniques [14-17],
but they resulted in failure. This is mainly because RFe;04
shows rather high electrical conductivity, and it is hard to
avoid a leakage current during the measurements of dielectric
polarization.

Thus, an issue as to whether the RFe,Qy is ferroelectric
or not remains unsolved. In the present study, we clarify the
crystal structure as well as dielectric properties of single-
crystalline TmFe,O4, one of the RFe,O4 family, to find an
answer to this not yet settled question. A choice of TmFe,O4
comes from the fact that there are few data about structure
and properties of TmFe,O4 reported thus far [18,19]. This
is partly because single-crystalline TmFe,O,4 is less easily
prepared when compared with LuFe,Oy; it is thought that the
RFe,0,4 phase becomes more unstable with a larger R>* ion
because R** must occupy an oxygen octahedral site which
is too small for a larger cation. In addition, as described
above, the dielectric ground state of LuFe,0, still remains
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unclear, but RFe, 0,4 phases other than LuFe,O4 may give us
unambiguous answer to this controversial issue. Our detailed
structural analysis employed in the present work demonstrates
that the room-temperature structure of TmFe,O,4 is noncen-
trosymmetric. As for the dielectric properties, we have utilized
switching spectroscopy piezoelectric force microscopy (SS-
PFM) and scanning nonlinear dielectric microscopy (SNDM).
Yang et al. [20] performed electrostatic force microscopy
(EFM) and PFM on single-crystalline LuFe,O4 and found
that the dielectric domain structure was observed in the EFM
image but never by the PFM. They concluded that LuFe,O4
was not piezoelectric but ferroelectric with electronic ori-
gin. In this study, however, we verify that TmFe,O4 is both
ferroelectric and piezoelectric at room temperature. We also
quantitatively determine the piezoelectric coefficient by using
laser interferometry. To corroborate the experimental results,
first-principles calculations were performed to verify whether
polar or non-polar structure of TmFe,O, is more stable (see
the Supplemental Material [21].

II. EXPERIMENTAL

A single-crystalline TmFe,O4 was grown by a floating
zone melting method. The crystallinity, defined as a linewidth
at half maximum of rocking curve of x-ray diffraction, was
0.024° [36], suggesting that we obtained a high crystallinity
sample, although the present sample contains oxygen va-
cancy as clarified by our previous measurements using the
thermogravimetry [36]. The composition was estimated to be
TmFe,0393. The nonstoichiometry was reflected in the spin
glass transition observed for the sample [37]. However, for
convenience, we express the composition as TmFe, Oy in the
text. The relationship of crystallographic axes between the
paraelectric and ferroelectric phases is illustrated, as shown
in Figs. S4(c) and S4(d) of the Supplemental Material, which
will be described later, where the two sets of crystallographic
axes (an, by, cp) and (am, b, cn) are for the hexagonal and
monoclinic systems, respectively.

The ferroelectric and piezoelectric properties were mea-
sured by using SS-PFM (Oxford Instruments, MFP-3D
Classic). The single crystal obtained by the floating zone
melting method was cleaved so that the surface was the Cy
plane, and the plate-like sample with their surfaces being the
Cy plane was fabricated by polishing the cleaved surfaces.
We also prepared a plate-like sample the surface of which
was parallel to the ¢, axis (perpendicular to the C, plane)
by cutting the single-crystalline TmFe,O4. For these samples,
one of the surfaces was coated with silver paste and attached
to a flat electrode made of stainless steel in the measurement
system. The thickness of these samples is 1 mm. A cantilever,
the resonance frequency of which was 305 kHz, was contacted
to one surface of the sample, and both ac and dc voltages were
applied by following the method proposed by Jesse et al. [38].
The dc voltage was varied within a range of £8.5 V. The
ac voltage, whose magnitude and frequency were 1.5 V and
305 kHz, respectively, was simultaneously applied to detect
the direction or phase of the polarization generated by the dc
voltage. At the same time, the displacement of the cantilever,
which involved the strain of the sample and varied depending
on the dc voltage, was evaluated by measuring the intensity

of laser that was incident on and reflected from the cantilever.
We measured the phase of polarization and the displacement
while the dc voltage was kept constant. Also, we carried out
similar measurements after turning off the dc electric field
to evaluate the residual polarization. The measurements were
performed at 303 to 363 K. Here, it should be noted that
the frequency of the ac electric field is coincident with the
resonant frequency of the cantilever in the present system,
which enables us to obtain efficiently data with high signal-to-
noise ratio. Also, the present SS-PFM machine possesses the
ability of tracking so that the resonance state can be quickly
recovered even if the phase of vibration of the cantilever be-
comes out of the resonance due to the roughness of the sample
surface. It is considered that the electric field is not uniform in-
side the bulk TmFe,O,4 sample in the SS-PFM measurements
because one of the two electrodes is a stainless steel plate but
the other is a tip which has point contact with the surface of
the single-crystalline sample. The distribution of the electric
field applied to TmFe,O4 was evaluated by using the finite
element analysis (see Fig. S2 in the Supplemental Material).
The inversion of the spontaneous polarization parallel to the
cp axis of TmFe,O4 was also verified by SNDM (Hitachi
High-tech Corporation).

The piezoelectric coefficient was measured at 303 K by
using laser interferometry (aixACCT Systems GmbH, aixD-
BLI) for the single-crystalline sample of TmFe,O4 with the
surface being perpendicular to the ¢, axis. Au thin films were
deposited on both sides of the single-crystalline sample as
an electrode. The laser’s luminance undergoes changes be-
cause the optical path length changes due to the piezoelectric
response. The change of luminance based on the change of
the thickness caused by the external dc electric field ap-
plied perpendicular to the sample surface, i.e., parallel to the
cp axis was explored. Similar measurements were carried out
for w-quartz as a reference and the piezoelectric coefficient
of the TmFe,O4 was calculated from the laser’s luminance
and thickness values of «-quartz. The capacitance and the
dielectric loss were measured at 303 K by using an LCR
(inductance — capacitance — resistance) meter equipped with
the laser interferometry system. For the measurements, dc
and ac electric fields were simultaneously applied parallel
to the ¢y axis of single-crystalline TmFe,O4. The magnitude
and the frequency of ac electric field were set to 1 V and 1
kHz, respectively. The capacitance and the dielectric loss were
evaluated as a function of dc electric field.

The x-ray diffraction (XRD) data were collected using a
single crystal x-ray diffractometer, D§ VENTURE (Bruker)
equipped with complementary metal-oxide-semiconductor
(CMOS) detector and Mo K« x-ray tube (50 kV, 1 mA). A
piece of single crystal was shaped sphere and mounted on
a borosilicate glass rod. Lattice constants were determined
using the program SAINT [39] and multi-scan absorption
correction was carried out by using the program SADABS
[39]. The initial structure model was calculated using the
program Superflip based on the charge-flipping algorithm
[40]. The crystal structure analysis was carried out using the
software JANA2006 program package [41], and the crystal
structure thus obtained was visualized by the VESTA program
[42]. A thin sample for transmission electron microscopy
was obtained by the conventional Art ion milling technique.
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FIG. 1. Ferroelectricity and piezoelectricity in TmFe,O,. dc voltage dependence of (a) phase of polarization and (b) strain along the
¢y, axis of TmFe, O, as a function of temperature obtained by applying the dc electric field parallel to the ¢, axis of TmFe,Oy. (c) Inversion of
spontaneous polarization along the ¢, axis of TmFe,O4 demonstrated by SNDM measurements at 303 K. The left and right figures show the
domain structures before and after the application of dc voltage of 10 V parallel to the ¢, axis in the area surrounded by the dotted lines (right

figure). The red and blue regions represent the domains where the directions of the spontaneous polarizations are opposite to each other.

The selected-area electron diffraction (SAED) patterns and
dark-field images were observed with JEM-2010HR (JEOL),
operated at 200 kV. Moreover, nano-beam electron diffraction
(NBED) and convergent-beam electron diffraction (CBED)
measurements were carried out to obtain the local struc-
tural symmetry by using JEM-ARM200F (JEOL), operated
at 200 and 80 kV, respectively. High-angle annular dark-
field (HAADF)-scanning transmission electron microscopy
(STEM) was used for direct observation of the crystal struc-
ture, operated with JEM-ARM200F (JEOL) at 200 kV. The
HAADF-STEM image was processed by the image process-
ing software DeConvHAADF (HREM Research Inc.) [43],
which enables deconvolution of a raw STEM image with a
probe function.

III. RESULTS AND DISCUSSION

The SS-PFM measurements were carried out to evalu-
ate the direction of polarization and the strain induced by
external dc electric field in the single-crystalline TmFe,Qy.
Figures 1(a) and 1(b) show, respectively, the phase of polar-
ization and the displacement of the cantilever, the latter of
which corresponds to the strain along the ¢, axis induced in
TmFe,0y4 at varied temperatures from 303 to 363 K. The dc
voltage was applied parallel to the ¢, axis of TmFe,O; in this
case. A hysteresis loop is unambiguously observed at 303 K

in both figures. Figures S1(a) and S1(b) indicate the existence
of residual polarization at 303 K, when the dc voltage is off.
Also, the phase of polarization is almost saturated at around
a voltage of £2 V, and the phase of saturation polarization at
+2 V differs by about 180° from that at —2 V. The difference
in phase of saturation polarization suggests that the direc-
tion of dielectric polarization can be reversed by the external
electric field. The inversion of the spontaneous polarization
parallel to the ¢, axis of TmFe,O, was also verified by
SNDM, as shown in Fig. 1(c). The initial state of polariza-
tion is illustrated in the left figure. The red and blue regions
are domains containing spontaneous polarizations along the
cp axis, the directions of which are opposite to each other.
The right figure is the domain structure after a dc voltage of
10 V is applied to the area surrounded by the dotted lines.
It is found that the polarization is reversed by the external
field as indicated by the change in color. This fact clearly
suggests that TmFe,O, is ferroelectric at 303 K. It is also
seen from Figs. 1(a) and 1(b) that both hysteresis loops be-
come unclear as the temperature is increased and eventually
disappear at 363 K, indicating that TmFe,O4 undergoes a
transition from ferroelectric to paraelectric states at around
this temperature. In particular, the dc voltage dependence of
strain exhibits parabolic behavior at 363 K. This indicates that
the electrostrictive effect emerges in the paraelectric phase
[Figs. S1(c) and S1(d)]. Here, it should be noted that the
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FIG. 2. Evaluation of the dielectric properties in TmFe,Oy. (a) dc electric field dependence of piezoelectric coefficient, d33, a component
corresponding to a strain along the ¢, axis with a dc electric field parallel to the ¢, axis of TmFe,O4. (b) dc electric field dependence of
capacitance and dielectric loss at 303 K. The electric field was applied parallel to the ¢, axis.

hysteresis loop observed in SS-PFM measurements some-
times has an origin different than the ferroelectricity [44].
Nonetheless, the results of SNDM measurements as well as
the hysteresis loop shown in Fig. 1(a) clearly confirm that
TmFe, 0y is ferroelectric at room temperature.

It should be noted that the SS-PFM is not suitable for the
quantitative estimation of the piezoelectric coefficient. Since
the size of the tip of the cantilever is much smaller than the
metallic plate electrode in the present case, the electric field
is not homogeneous especially at around the surface of the
material with which the tip is in contact [Figs. S2(a) and
S2(b)]. In other words, an accurate value of electric field
cannot be evaluated from the applied voltage and the sample
thickness. Thus, we quantitatively determined the piezoelec-
tric coefficient of TmFe,Oy4 by using the laser interferometry
instead of the SS-PFM. Figure 2(a) depicts the dc electric field
dependence of the piezoelectric coefficient ds3, a component
corresponding to a strain along the ¢, axis of TmFe,O4 caused
by a dc electric field applied parallel to the ¢, axis. The
voltage was varied in a range —4.5 to 4.5 V, and the piezo-
electric coefficient was determined at each voltage. The same
measurements were performed for o quartz as a reference
material, the piezoelectric coefficient of which was used to
evaluate the value of ds; for TmFe,0,. Figure 2(a) indicates
that the piezoelectric coefficient is almost independent of the
electric field in a range —2.5to + 2.5V mm~!, whereas it
rapidly decreases as the strength of electric field exceeds about
2.5V mm~™!. The constant value of piezoelectric coefficient is
64 pm V™!, The rapid decrease in the piezoelectric coefficient
as the strength of electric field is intensified suggests that the
charge ordered state of Fe> and Fe?" ions collapses and the
electronic structure is converted from ferroelectric to conduc-
tive states by the application of intense electric field. Also, this
conversion reversibly takes place. A similar phenomenon, that
is, a reversible conversion between insulating and conductive
states depending on the external electric field, was reported for
single crystal, polycrystal, and thin film of LuFe,O4 [45-48].
Cao et al. [48] confirmed that an intrinsic current-driven re-
sistivity switching takes place at room temperature, although
the additional Joule heating effect contributes to the change
in temperature dependence of resistivity as well when the

electric field exceeds a critical value at which an abrupt
increase of current density is observed. It is reasonable to
conclude that a similar intrinsic electric field driven transi-
tion between ferroelectric and conductive states occurs for
the single-crystalline TmFe, Oy, although additional effect of
Joule heat cannot be thoroughly ruled out at this moment.

Figure 2(b) depicts the capacitance and the dielectric loss
as a function of dc electric field at 303 K. The measurements
were carried out by using an LCR meter equipped with the
laser interferometry system while applying both dc and ac
fields parallel to the ¢y axis. The amplitude and the frequency
of ac voltage are 1 V and 1 kHz, respectively. It is clearly
found that the capacity drastically decreases as the dc electric
field is above 34V mm~!, and accordingly, a rapid increase
in the dielectric loss is observed around the same electric field.
This change is reversible, similarly to the dc electric field
dependence of piezoelectric coefficient as shown in Fig. 2(a).
Thus we have demonstrated that the ferroelectricity is closely
related to the charge ordering in RFe;QOy.

The room-temperature structure was refined by single-
crystal XRD data [Figs. S3(a)-S3(h) and S4(a)-S4(d)], based
on the noncentrosymmetric space group Cm. To determine the
superstructure unit cell for a structure analysis using XRD
data, we performed NBED, as well as XRD precession im-
ages. The diffraction spots in NBED patterns were represented
as threefold superstructure reflections with the modulation
wave vector of ¢ = (1/3)b* in the monoclinic basis [Figs.
S3(c) and S3(d)]. In the XRD patterns, the superstructure
reflections were particularly strong at the position of 0k/31/3
rather than that of 0 k/31/6 in the diffuse streaks [Figs. S3(a)
and S3(b)]. This indicates that the modulation wave vector
is essentially not ¢ = (1/3)b* + (1/2)c*, but g = (1/3)b*.
Considering these comprehensively, the superstructure unit
cell of TmFe, O, was determined to be monoclinic with
the lattice parameters of a = 6.0269(2) A, b = 10.4388(3) A,
c= 8.5898(3)/0% and B = 103.534 (2)°. Figure 3(a) depicts
the bright field pattern (BP) of CBED. Since CBED pat-
terns contain the dynamical diffraction effects, we can obtain
detailed crystallographic information such as a point group
and presence of inversion symmetry. By analyzing [001]-
zone whole pattern (WP), + dark field patterns (DPs),
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FIG. 3. Crystal structure of TmFe,0,. (a) [001]-zone axis bright-field pattern of CBED. (b) Crystal structure model for the ferroelectric
phase of TmFe,0O,. (c) [100]-zone HAADF-STEM image. Inset shows the crystal structure refined by using single crystal XRD data.

as well as BP, we determined that the point group is m
[Figs. S3(e)-S3(h)]. From the point group and extinction
rules obtained by CBED and XRD patterns, we uniquely
determined that the space group is Cm [Figs. S3(e)-S3(h)].
We integrated the diffraction intensity based on the above-
mentioned unit cell by optimizing the region to obtain only
intensity of integer reflections and refined the crystal struc-
ture, taking account of a rotational twin structure with six
twin variants. The twin structure must be formed due to
breaking of threefold and inversion symmetries during the
structural phase transition from trigonal R3m to monoclinic
Cm [Figs. S4(a) and S4(b)]. The twin fractions obtained by the
analysis were approximately one-sixth: 0.18(3), 0.150(12),
0.158(12), 0.159(11), 0.171(12), and 0.182(12). A refined
crystal structure model in the ferroelectric phase is shown in
Fig. 3(b), and crystal data, structure parameters, and bond
lengths are summarized, respectively, in Tables S1-S3 of
the Supplemental Material [21]. The relationship of crys-
tallographic axes between the paraelectric and ferroelectric
phases is illustrated in Figs. S4(c) and S4(d), where the two
sets of crystallographic axes (ay, by, cn) and (am, bm, cm)
are for the hexagonal and monoclinic systems, respectively.
As shown in Fig. 3(b), we adopted the split-atom model
at two Tm sites. In this case, the split-atom model denotes
that large atomic displacement almost along the ¢y, axis and
plural stable sites for Tm. Figure 3(c) shows the [100]-zone
HAADF-STEM image. The brightest dots and less bright dots
correspond to Tm and Fe atomic columns, respectively. We
clearly observed that the Fe double layer is sandwiched in
between two single layers of Tm. The bright dots correspond-
ing to Tm ions show an ellipsoidal shape elongated along the
cp axis in contrast to spherical shape images for Fe ions. This
suggests that Tm ions manifest the structural fluctuation from
the average position along the ¢y, axis, which is compatible
with the split-atom model in the structure analysis by XRD.
This result is completely consistent with the refined crystal
structure model. TmFe,O,4 exhibits characteristic displace-
ments of Tm ions and structural distortions. We should note
that the present structure refinement is incomplete, because
we approximately dealt with the superstructure diffuse streaks
as diffraction spots (Figs. S5 and S6). However, the structural
model is consistent with the other experimental results, espe-
cially piezoelectricity, qualitatively, as shown below.

To confirm the charge ordering model, we estimated the
charges of four independent Fe sites based on the bond va-
lence sum. These sites show a little charge disproportionation
as 2.5+ § and 2.5—6. The observed charge ordering pattern
is the same as that reported by Ikeda et al. [12] in a broad
sense [Fig. 4(a)]. Figure 4(b) illustrates the weighted average
model, that is the sum of multiplication of occupancy and
coordination of split sites, for the positions of cations. The
weighted average positions of two independent Tm** ions,
of which the Wyckoff positions are 2a and 4b, are drawn.
Actually, Tm** ions exhibit down-up-up displacements as
indicated by the black and red arrows in Tm>* ions denoted
by the green and orange circles. The difference along the
cn axis between the green and orange circles, of which
positions are 2a and 4b, respectively, is 0.0680 A. Tt should
be noted that the ordered displacements of Tm ions coincide

with the arrangements of Fe? % and Fe>5*? jons. We believe
that the charge ordering of Fe ions is accompanied with
atomic displacements of Tm ions cooperatively. The charge
ordering and Tm displacement in our experimental crystal
structure model are qualitatively in good agreement with those
deduced from the first-principles calculations for a polar state
by Mundy et al. [49]. We also performed first-principles
calculations based on density-functional theory within the
generalized gradient approximation. The result suggests that a
polar state with Cm symmetry is the most stable for TmFe, Oy,
although the difference in energy between polar and antipolar
states is rather small (Figs. S7 and S8). Furthermore, we
calculated the spontaneous polarization induced by the ionic
displacements (P,,) and charge ordering (P.) parallel to
the ¢, axis by the point charge model. P, is due to the
ionic displacement from the position of the centrosymmetric
structure. As seen in Fig. 4(b), displacements of Tm ions
along the ¢y, direction break the centrosymmetry, leading to
a conventional polar structure. The present result, therefore,
suggests that rare-earth ions in RFe,O4 play an important
role for spontaneous polarization. On the other hand, P is
calculated from the electric dipole formed by the charge of
Fe ions, that is an electronic ferroelectricity. Py, and P, are
estimated as 10.5 and 3.5uC/cm?, respectively. Although
these values are not strictly quantitative due to the assumption
of the point charge model, these results indicate that the main
contributions to the spontaneous polarization are both atomic
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displacements of Tm** ions and the charge ordering among
Fe ions. We consider that the ordered arrangement of Fe?*™
and Fe’*, i.e., the charge ordering, causes the zigzag structure
of Tm** displacement through the electrostatic interaction
between Tm>" and Fe ions with different valence states,
leading to the spontaneous polarization.

IV. CONCLUSION

In summary, we focused on TmFe,O,, one of the com-
pounds thought to be an electronic dielectric, in the present
study. We experimentally demonstrated that the compound
is ferroelectric as well as piezoelectric at room tempera-
ture. The SS-PFM revealed that spontaneous polarization
of TmFe,0, is present and that these spontaneous polar-
izations can be reversed by applying electric fields. The
piezoelectric coefficient ds; was evaluated to be 64 pm V~!
by using laser interferometry. Moreover, we found a phase
transition between ferroelectric and conductive states induced
by an electric field due to the conversion between charge
ordered and disordered states of Fe ions. A detailed struc-

tural analysis based on XRD and HAADF-STEM indicates
that an ordered displacement of Tm>* ions accompanying
charge ordering among Fe ions takes place at room tem-
perature. We propose a model of electronic dielectric that
the charge ordering among Fe ions and the displacement of
Tm>* ions lead to the ferroelectricity and piezoelectricity
of TmFe204.
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