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Magnetic field tunable dielectric dispersion in successive field-induced magnetic phases

of the geometrically frustrated magnet CuFeO, up to 28 T
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We find magnetic-field-dependent dielectric dispersions specific to successive field-induced magnetic phases
of a geometrically frustrated magnet CuFeO, up to 28 T. The dielectric dispersions in the three field-induced
collinear-commensurate magnetic phases are well described by the superposition of Debye-type relaxations, and
the number of contributions to the Debye-type dispersions differs in these phases. In contrast, the dielectric
dispersions in the noncollinear-incommensurate phase, known as a spin-driven ferroelectric phase, cannot be
simply described by the Debye-type relaxations. In addition, we find that the temperature dependence of the
Debye relaxation frequencies follows the Arrhenius law, and that the activation energies derived from the
Arrhenius equation also depend on the magnetic field. Considering the magnetostriction effect in combination
with elongation/contraction of spins resulting from the application of a magnetic field, we show that the number
of Debye relaxation components is equivalent to the number of states of local Fe;O clusters determined by oxygen
displacement within a triangular Fe lattice. Based on this correspondence, we propose a possible explanation that
excess charges resulting from a lack of stoichiometry hop over the double-well potentials within each local Fe;O

cluster, like small polarons.
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I. INTRODUCTION

The first discovery of so-called type-II multiferroics, in
which magnetic ordering breaks the inversion symmetry of
the system and generates ferroelectric polarization, resulted
in a number of attempts to develop multifunctional electronic
devices and to understand the underlying novel physical con-
cepts [1-3]. Recently, there has been increasing interest in the
dynamical aspects of the interplay between the magnetic and
dielectric properties of solids. Dynamical coupling between
magnetism and dielectricity not only has the potential to
produce switching devices based on rapid manipulation of
multiferroic states, but could also result in novel phenomena
such as electromagnon excitation [3] and x-ray-induced phase
transitions [4].

In this paper, we report a unique dynamical magnetocapac-
itance effect, in which an external magnetic field changes the
complex permittivity (that is, the ac dielectric constant) of the
geometrically frustrated magnetic delafossite CuFeO, (CFO),
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a known type-II multiferroic. Remarkably, the dielectric dis-
persions in CFO are modified in successive field-induced mag-
netic phases up to 28 T, indicating that the magnetic structure
of CFO has a definite relationship with the dispersions.

The magnetic Fe** ions (S = 5/2) in CFO with antifer-
romagnetic interactions form triangular lattice layers stacked
along the ¢ axis, and this compound has been intensively
investigated as a model material of geometrically frustrated
magnets. As shown in Fig. 1, various studies have determined
ahighly rich temperature, 7', vs. magnetic field, ;1o H , magnetic
phase diagram for CFO [5-9]. Each of the magnetic orderings
in Fig. 1 has a magnetic modulation wave vector (q,q,3/2).
Note that hexagonal notation is used throughout this paper
for convenience, although the magnetic phase transitions in
CFO are accompanied by small spontaneous monoclinic lattice
distortions [10-12]. In zero H and with decreasing T from
a paramagnetic (PM) phase, the system enters a partially
disordered (PD) phase at Tn; = 14 K and then a collinear
4-sublattice (4SL) phase at Ty, = 11 K. In the PD phase,
the amplitude of spins along the ¢ axis is sinusoidally mod-
ulated while, in the 4SL phase, the magnetic moments are
oriented along the ¢ axis in a two-up, two-down sequence
[13,14]. When H is applied along the ¢ axis below Ty,, CFO
exhibits successive magnetic phase transitions: a ferroelectric-
incommensurate magnetic (FE-ICM) phase (7 T < uoH <
12 T) and a collinear 5-sublattice (5SL) phase with magnetic
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FIG. 1. Schematic H-T magnetic phase diagram for CuFeO,,
with H parallel or perpendicular to ¢ axis. Although region I has
been studied based on magnetization measurements, little is known
about this phase (see Ref. [9]).

moments along the ¢ axis in a three-up, two-down sequence
(12 T < uoH <20 T)[6]. In the FE-ICM phase, a screw
helical magnetic structure, in which the screw axis is parallel
to the [110] direction, is realized [15]. Because this helical
magnetic structure breaks the spatial inversion symmetry of
the system and generates ferroelectric polarization along the
[110] direction through d-p hybridization [16,17], CFO is
also known as the type-II multiferroics. Above uoH =~20T,
a 1/3 plateau of the saturation magnetization phase appears
[9]. Although the magnetic structure in this phase has not
yet been directly determined, magnetization measurements
strongly suggest that it has collinear 3-sublattice ordering in a
two-up, one-down sequence [9]. Therefore, we refer to the 1/3
plateau phase as the 3SL phase. In contrast, when H is applied
perpendicular to the ¢ axis below Ty», the 4SL phase persists
up to 25 T [9].

A previous study observed magnetically tunable dielectric
dispersions in the 4SL phase [18], and demonstrated that
the relaxation frequency of these dielectric dispersions show
anisotropic magnetic field dependence. It has been proposed
that this phenomenon can be attributed to magnetic domain
wall motion specific to the 4SL state and the corresponding
displacement of oxygen ions near these walls. However, our
own research has found that dielectric dispersions are also
present in the other magnetic phases described above. Because
the proposed magnetic domain wall motion is specific to the
4SL magnetic ordering, this model does not suitably account
for dispersions in the other phases. In this study, instead of
the magnetic domain wall motion model, we shed light on
the origin of the magnetic-field-tunable dielectric dispersions
in terms of the magnetostriction effect. Our proposal scenario
can explain all of the field-dependent dielectric dispersions in
successive field-induced magnetic phases of CFO.

II. EXPERIMENTS AND ANALYSES

Single crystals of CFO prepared by the floating zone
method [19] were cut into thin disks (typically 20 mm? x
0.3 mm), with the widest surfaces perpendicular to the ¢
direction or the [110] direction. The electrodes consisted of
silver paste painted onto these surfaces. Complex permittivity

€*(w) = €/(w) — i€”’(w) was measured using a precision
impedance analyzer (Agilent4294A) or an LCR meter (Agilent
E4980A). H || ¢ was applied using a 15 T superconducting
magnet or a hybrid magnet installed at the Tsukuba Magnet
Laboratory in the National Institute for Materials Science.
H 1 c (along the [110] direction) was applied using the same
15 T superconducting magnet.

As described below, dielectric dispersions in the 4SL, 5SL,
and 3SL phases are well fitted by a superposition of broadened
Debye-type relaxations described by

A
* — / n , 1
() 6“+2;TIEZE?:Z M

where w, 7, and « are the angular frequency, the relaxation
time and an empirical constant accounting for a distribution
of relaxation times (¢ = 0 corresponds to the Debye model),
respectively, and n represents the number of contributions
to the superposition, which differs in each of the phases.
For simplicity, we introduce A, = €, — €., where €, and

€. are the static- and high-frequency limiting values of the

oo
dielectric constant, respectively. Note that Eq. (1) produces
a semicircular arc in the €’-¢” plane, which is known as a
Cole-Cole plot [20].
We analyze the temperature dependence of 7 according to

the Arrhenius law:
T = t9exp(E,/kpT), 2

where 19, kg, and E, are a coefficient, the Boltzmann constant
and the activation energy. The latter equals the height of the
double-well potential barrier separating two local minima.

III. RESULTS

A. The 4SL phase

Figures 2(a) to 2(f) show the typical dielectric dispersions
in the 4SL phase at selected temperatures. At zero H, the
dispersion is well described by only one component of the
Debye-type dispersion. When puoH || ¢ = 4 T is applied, the
dispersion spectra drastically change [Figs. 2(c) and 2(d)]. The
Cole-Cole plot for oH || ¢ =5 T shown in Fig. 2(g) clearly
indicates that the dispersions in H || ¢ can be characterized as
the superposition of two kinds of Debye-type contributions.
In fact, as shown in Figs. 3(a) and 3(b), the dispersions under
H || ¢ 24T are well fitted by the two component Debye-type
relaxations. In contrast, in the case of H L ¢ up to 15 T, no
splitting of €” was observed [Figs. 2(e) and 2(f)]. These results
demonstrate that the dielectric dispersions in the CFO exhibit
significant anisotropy with respect to the external magnetic
field. These features are consistent with previously reported
results [18].

Moreover, we find that the T dependence of the peak
positions, t,, follows the Arrhenius law, as shown in Figs. 3(c)
and 3(d). This result allows us to introduce an activation energy,
E,, for each dispersion. It was determined that the E, value
derived from 71| increases with increasing H, while the E,
derived from 1, is almost independent of H. In the case of
H 1 ¢, E, moderately increases with increasing H.

It should be noted that the difference in €'(w — 0) between
mwoH =0 T and poH || ¢ =5 T is not attributed to the
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FIG. 2. Typical dielectric dispersions in the 4SL phase at selected temperatures for (a-b) zero H, (c—d) uoH || ¢ =5 T, and (e—f) uoH L
¢ = 10 T. Cole-Cole plots at the lowest temperatures for (g) H || c and (h) H L c.

application of H but rather to variations in the experimental
conditions, such as the electrodes employed, or possibly
differences in the samples. Conversely, 7, is independent of
the experimental conditions and essentially constant between
samples. In the following sections, therefore, we primarily
focus on T dependence of t and H dependence of E,. The
values of A,, €, obtained by the fitting are summarized in
Sec. A.

B. The S5SL phase

Figures 4(a) and 4(b) demonstrate the typical temperature
dependence of the dielectric dispersions in the 5SL phase.
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FIG. 3. (a-b) Typical results of fitting to Eq. (1) (n =2, T =
1.89K, uoH || ¢ = 5T). Arrhenius plots for (c) H || cand(d) H L c.

These dispersions are characterized by a superposition of three
Debye-type contributions, as evidenced by the fitting results
[Figs. 4(a) and 4(b)] and the Cole-Cole plot [Fig. 4(c)]. The
Cole-Cole plot for the results in the SSL phase does not exhibit
a series of clear semicircles, in contrast to the results obtained
for the 4SL phase. This is attributed to the overlap of spectra
and we were able to obtain reasonable values by fitting using
Eq. (1) (n = 3) (see Sec. A). As in the 4SL phase, all three ©
obtained by the fitting conform to the Arrhenius relationship,
as shown in Fig. 4(d).

(C) uH=14T

(b)
3t
T,
) 2 3 \\\ L iy
5 ) iy
\\\\\\\\ = Y

T (sec)

108 02 03 04 05
T(K")

10°
Frequency (Hz)

0 L
108 10*

FIG. 4. (a-b) Typical dielectric dispersions in the SSL phase at
selected temperatures under poH || ¢ = 14 T. The solid black curves
are fitting results (n = 3). (¢) Cole-Cole plots at selected temperatures
for poH || ¢ = 14 T. (d) Arrhenius plot for uoH || ¢ = 14 and 15 T.
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FIG. 5. (a-b) Typical dielectric dispersions in the 3SL phase
at selected temperatures under poH || ¢ = 25 T. The areas shaded
gray indicate frequency ranges disturbed by noise from the hybrid
magnet (primarily the low-frequency region) and the long coaxial
cable (primarily the high frequency region). (c) Cole-Cole plots at
selected temperatures for woH || ¢ =25 T. (d) The Arrhenius plots
for data in the 3SL phase. The values indicated by open symbols were
obtained by fitting with certain fixed parameters (see Sec. A).

C. The 3SL phase

In Figs. 5(a) and 5(b), we show the typical temperature
dependence of dielectric dispersions in the 3SL phase. To
access the 3SL phase (H > 20 T), we employ the hybrid
magnet and a long coaxial cable (~10 m). Because the complex
permittivity measurements were extremely sensitive to noise
from these devices, the usable frequency region was quite
limited compared to the data range for the 4SL and 5SL
phases. However, despite this limited range, we were able to
characterize the dispersions in the 3SL phase as Debye-type
with a single component, based on the symmetric spectra and
the Cole-Cole plot [Fig. 5(c)]. Model fitting could also be
performed [Sec. A]. As shown in Fig. 5(d), t in the 3SL phase
obeys the Arrhenius law, similar to the case for the 4SL and
5SL phases.

D. The FE-ICM phase

Figures 6(a) and 6(b) demonstrate the typical frequency
dependence of the complex permittivity in the FE-ICM phase.
We observed rather broad dispersions that are dependent on
T and H, as is also the case for the other collinear phases. In
contrast to the collinear phases, however, the dispersions in the
FE-ICM phase cannot be simply described by the Debye-type
relaxations. In fact, the Cole-Cole plots for the results in the
FE-ICM phase do not show a semicircular arc [see Fig. 6(c)].
These results suggest that collinear magnetic structures are
an essential prerequisite for Debye-type dispersions in CFO.
Although the dispersions in the FE-ICM phase can not be
fitted by Eq. (1) with two or more components, we find that

20 L | LR | LR | R |
(@) uH=10T o 1.89K
18 [ e 211K ]
I e 229K
_ 16 ;!""'m."mm:% ]
w [ .\3'3\:&.%
14 [ R
12 [
10 L e e ,
25L ) 7= ]
2105 :
W i A
1.5 - ol * . . | ]
. 10* 10® 10* 10° 10° ]
n f(Hz) ]
[ POt il 1 oee) ]
r R
0.5¢ .//'.,,::::?
9% oo o0 °
pRtes

0 a it

102 10°  10*  10°  10°
Frequency (Hz)
2 107 e ,
——10T,1.84K F
r——8T,1.84K 7 i (d) MoH=10T
——11T,1.84K 6\
w $ 109, *
.
= s
,»..
10_6--.;-| ......... T
0.4 0.5
e T (K"

FIG. 6. Frequency dependence of (a) real and (b) imaginary parts
of €* in the FE-ICM phase at selected temperatures under poH || ¢ =
10 T. The insets to (a) and (b) show Cole-Cole plots at several T
and H for the FE-ICM phase and the frequency dependence of the
imaginary part at several H and the lowest temperature, respectively.

the temperature dependence of frequencies where €” shows a
maximum follows the Arrhenius law.

We also note that no dielectric dispersions were observed
in the PD phase for any value of H (not shown).

IV. DISCUSSION

Let us discuss the origin of the field-dependent dielectric
dispersions. In a previous study [18], as mentioned in Sec. I,
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FIG. 7. Magnetic field dependence of activation energy values
obtained using Arrhenius law. Note that, although the 5SL phase
beyond 15 T could be accessed using the hybrid magnet, it was
extremely difficult to perform the Debye model fitting with three
components due to the limited frequency range.

the authors proposed a naive scenario for the appearance of
magnetically tunable dielectric dispersions in the 4SL phase.
In this mechanism, the magnetostriction effect [21] causes an
oxygen ion at the center of the triangular lattice to move so as to
gain superexchange energy, resulting in an “antiferroelectric”
three-dimensional alignment of dipole moments. The induced
electric dipole moments near sequence domain walls, at which
the 4SL magnetic ordering sequence is broken and another se-
quence starts, can oscillate in space under an applied ac-electric
field and generate the dielectric dispersions if accompanied by
a back-and-forth movement of the walls.

To consider the back-and-forth movement of the domain
walls in terms of an activation energy, we show the magnetic
field dependence of E, values obtained using the Arrhenius
law in Fig. 7. These values range from 1 ~ 10 meV. Since
E, =15 meV at H=0 T, for example, corresponds to
~17 K, at which CFO exhibits no magnetic ordering, we
can consider that the back-and-forth movement of the domain
walls should not occur down to 2 K. These results strongly
suggest that the dielectric dispersions in CFO does not originate
from the domain wall motion. Moreover, the original naive
scenario does not explain the anisotropic H dependence of the
relaxation frequencies in the 4SL phase.

Here, we propose an alternative explanation for the appear-
ance of field-dependent dielectric dispersions. Taking into ac-
count the elongation/contraction of spins upon the application
of H, we develop the above idea that the oxygen ion moves
from the original center position due to the magnetostriction ef-
fect, although we do not associate this oxygen ion displacement
with the domain wall motion. As shown in Fig. 8(a), at zero H,
there are two kinds of spin arrangement on the triangular lattice
in the 4SL 1] | ordering. Since the oxygen moves from the
parallel-spin side toward the antiparallel-spin corner according
to the magnetostriction effect [21], the oxygen ion displace-
ment within the triangular lattice is equivalent in both types of
Fe;O clusters. Taking into account that there are suppression
of the magnetic moments by the geometrical frustration even
in the 4SL ground state [22], the application of H || ¢ would
cause the suppressed moments parallel (antiparallel) to the H
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' /equivalent ~ l |
0 e - Hll ¢
S B S GO aan
(b) 4SL | (f) FE-ICM
1 ;on-equwaleit ‘ /
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(d) 5SL
l * |
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FIG. 8. (a) Two different Fe;O clusters with spin arrangements
on the triangular lattice in the 4SL phase. Due to the magnetostriction
effect [21], the oxygen ion moves from the parallel-spin side toward
the antiparallel-spin corner. States of the Fe;O clusters in the 4SL
phase under (b) H || c and (c) H L c. The solid orange arrows in (b)
indicate the expected direction of oxygen displacement in response to
H || c. Fe;0 clusters in the (d) SSL, (e) 3SL, and (f) FE-ICM phases.
The bottom panel of (f) shows a [001]-[110]-plane-projection of the
magnetic moments with a helical arrangement in the FE-ICM phase.

direction to elongate (contract). This elongation/contraction
of the moments leads to further movement of the oxygen ions
[Fig. 8(b)]. As a result, the displacements of the oxygen ions
within the triangular lattice become nonequivalent. Note that,
for the sake of simplicity, we assume that only the oxygen ions
are displaced [23]. In contrast, in response to the application
of H L c, the magnetic moments incline toward the direction
of H because magnetization linearly increases with increasing
H 1 ¢ [9,12]. This indicates that the state of the two Fe;O
clusters remain equivalent in energy, although the oxygen ions
are further moved [Fig. 8(c)]. In the case of the SSL and
3SL phases, three and one states appear for the Fe;O clusters
under H | c, respectively [Figs. 8(d) and 8(e)]. Therefore,
the number of Debye relaxation components (or E,) in each
collinear phase directly corresponds to the number of local
Fe3O cluster classes. On the basis of this correspondence, we
speculate that each local Fe;O cluster generates double-well
potentials within itself, and some excess charges resulting from
nonstoichiometry, such as oxygen vacancies, hop over the
double-well potentials owing to the applied ac-electric field.
Thatis, these magnetic orderings provide the local environment
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that determines the response to an applied ac-electric field,
while the respondents are common to these magnetic phases.

This classification of the state of the Fe;O clusters under
H || ¢ is also applicable to the FE-ICM phase. Because two
of the three spins are parallel within the Fe;O clusters, the
direction of oxygen ion displacement in the FE-ICM phase is
the same as that in the 4SL phase [Fig. 8(f)] [21]. However, as
shown in Fig. 8(f) lower panel, the elongation/contraction of
spins upon the application of H in the FE-ICM phase varies
with the spin orientation relative to H. Therefore, in contrast
to the 4SL phase, the state of the Fe;O clusters in the FE-ICM
phase cannot be divided into two classes, meaning that the
Fe;O clusters may exist in many states. This results in the non-
simple Debye-type dispersions in the FE-ICM phase which,
nevertheless, may be regarded as continuously distributed
Debye-type broad dispersions. This would also be consistent
with the facts that the temperature dependence of the peak top
frequencies in €” obeys the Arrhenius law even in the FE-ICM
phase, and that the £, value in the FE-ICM phase is comparable
to those in the other phases. Moreover, the above scenario is
consistent with our experimental observation that no dielectric
dispersion was observed in the PD phase because uniform
oxygen displacement has not been reported in this phase [21].

There are several compounds that exhibit H-dependent
Debye-type dielectric dispersions [24-27]. The dielectric dis-
persions in DyMnO;, whose magnitude can be controlled by
varying H, show the greatest strength in a spin flop transition
magnetic field. These can be well explained by the local motion
of the multiferroic domain walls between bc-plane spin cycloid
(P || ¢) and ab-plane spin cycloid (P L ¢) domains (where
P is the ferroelectric polarization) [24,25]. Y3FesO1; (yttrium
iron garnet, YIG) exhibits dielectric relaxation due to quantum
paraelectricity, and the magnitude of this relaxation can be
enhanced by the application of H [26,27]. Although E, in
DyMnO; and YIG is not explicitly described in the literature,
we can estimate values from the Arrhenius plots that have been
reported. The resulting values are ~0.75 meV for DyMnO;
[24] and ~0 eV for YIG, because the relaxation frequencies in
YIG are almost independent of T (~100 Hz) [26]. As shown
in Fig. 7, the E, values for CFO are much higher than those
for DyMnO; and YIG. Therefore, the dielectric dispersions in
CFO are much more thermally active than those in DyMnO;
and YIG. This result would corroborate our proposed mech-
anism in which dielectric dispersions in CFO originate from
the hopping of excess charges like small polarons, and not
from local domain wall motions as in DyMnO; nor quantum
tunneling as in YIG. To further confirm our scenario, complex
permittivity measurements using precisely carrier-controlled
samples would be helpful.

Our proposed scenario has the advantage of reasonably
explaining the anisotropic H dependence of the relaxation
frequencies in the 4SL phase, and is also applicable to
the nonsimple-Debye-type dispersions in the FE-ICM phase.
However, there are several fundamental questions in this
phenomenon and in our scenario. In our analyses of the
relaxation processes, instead of looking at the H variation of
7, values itself at fixed temperatures, these are characterized
by the the H variation of E, and 1y through the Arrhenius
law. Even though we obtained the systematic H dependence
of E,s using the Arrhenius law, it is also difficult to discuss

why E,; and E,; in the 5SL phase increase with increasing
H, whereas E,; is almost independent of H (see Fig. 7),
and to discuss the H variation of 7y. Similar features are
also seen in the 4SL and 3SL phases [Figs. 3(c), 3(d), 5(d),
and 7). In addition, our proposed scenario leads us to ask
which E, branches correspond to modes of the double-well
potentials generated in each local Fe;O cluster. Moreover, as
noted above, the frequency range of the measurements was
limited, especially in the case of the 3SL phase. To completely
understand this phenomenon, further investigations including
theoretical calculations should be performed.

V. SUMMARY

We investigate dielectric dispersions in successive field-
induced magnetic phases of the geometrically frustrated mag-
net CuFeO,, up to 28 T. The dielectric dispersions in the 4SL,
5SL, and 3SL (collinear-commensurate) phases under applied
H || ¢ are well characterized by Debye-type relaxations with
two, three, and one components, respectively. In contrast, the
dielectric dispersions in the 4SL phase under applied H L ¢
are described by a single Debye-type relaxation. The dielectric
dispersions in the FE-ICM (noncollinear-incommensurate)
phase cannot be simply described by the Debye-type re-
laxations. These results indicate that collinear-commensurate
magnetic structures are essential for the dielectric dispersions
in CFO to exhibit Debye-type relaxation. We also find that the
temperature dependence of the Debye relaxation frequencies
follows the Arrhenius law, and that the activation energies
E,, derived from the Arrhenius relationship depend on the
magnetic field.

Considering the magnetostriction effect, in combination
with the elongation/contraction of spins in response to an
applied H, the number of Debye relaxation components
(or E,) completely corresponds to the number of states of
local Fe;O clusters. We suggest that some excess charges
that appear due to nonstoichiometric conditions hop over the
double-well potentials within each local Fe;O cluster, like
a small polarons hopping. Although this scenario provides
a reasonable explanation of the anisotropic H dependence
of the relaxation frequencies in the 4SL phase, and is also
applicable to the non-Debye-type dispersions in the FE-
ICM phase, the relationship between E, and the double-well
potentials generated in each local Fe;O cluster should be
clarified. The unique dynamical magnetocapacitance effect in
CFO evidently provides an opportunity to investigate coupling
between magnetic ordering and electric dipole fluctuations
without spin-driven ferroelectricity.
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APPENDIX A: FITTING RESULTS

The typical values obtained from the fitting procedure are
summarized in Figs. 9(a) to 9(f). In the case of the 4SL and
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FIG. 9. Typical values of €4, and A obtained by a fitting procedure for the (a—b) 4SL, (c—d) 5SL, and (e—f) 3SL phases. Solid lines in (d)
are visual guides and open symbols indicate fixed values used in fitting. (g—h) Typical fitting results for the 3SL phase (n = 1, T = 5.69 K,

woH || ¢ =25T).

5SL phases, we did not restrict the parameters used in fitting.
Although the temperature dependence of A, exhibits some
scatter due to the correlation between A,s and €., we can
say that A, is almost independent of 7 [Figs. 9(b) and 9(d)].
For the 3SL phase data, we partly use fixed values, which
are estimated based on values obtained by fitting with all the
free parameters because of the limited frequency range noted
in the main text. Typical fitting results for the data in the 3SL
phase are shown in Figs. 9(g) and 9(h). Here, o ranges from
0.2 t0 0.5, from 0.15 to 0.4, and from 0.15 to 0.3, in the 4SL,
5SL, and 3SL phases, respectively.

At this point, we wish to suggest an appropriate interpreta-
tion of €/ and A,. As shown in Figs. 9(a), 9(c), and 9(e), the

0 kHz
100 kHz

800

600

400

200

300

200 [
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60 80
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FIG. 10. Temperature dependence of (a) ¢’ and (b) €”. Insets show
magnifications of these data in the low-temperature region.

6/

4o =11 of sample 1 in the 4SL phase is comparable to those
in the 5SL and 3SL phases. Because €/ should reflect only the
lattice dynamics of this compound [with no contribution due to
the response of (induced) dipole moments or excess charges],
we consider that €., =~ 12 is essentially independent of 7 and
H.However, €/ and A,, appears to vary from sample to sample
in the 4SL phase [Figs. 9(a) and 9(b)]. We believe that this
discrepancy originates from the condition of the silver paste
electrodes. Moreover, there is the possibility that A,, satisfies
the sum rule in each phase, and the summation value, ~8, is
preserved across the successive field-induced magnetic phases
since A should depend on the density of the (induced) dipole
moments. The summation value of A,, in the SSL phase may be
larger than those in the other phases because of the condition

1200 on heating 102
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FIG. 11. Frequency dependence of (a) €” and (b) €” determined
by heating trials in high-temperature region. (c¢) Arrhenius plots for
Debye-like dispersions in the high temperature.
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of the electrodes. Although the above interpretation of €/ and
A, agrees with our proposed mechanism, these points should
be confirmed using a more precise technique for fabricating
the electrodes.

APPENDIX B: TEMPERATURE DEPENDENCE OF €¢* AND
DIELECTRIC DISPERSIONS IN A HIGH-TEMPERATURE
REGION

The temperature dependence of €* at selected frequencies
in the high-temperature region is summarized in Figs. 10(a)
and 10(b). We find that ¢ exhibits large, steep step-like
variations in conjunction with a high degree of hysteresis over
~20 K, and the characteristic temperature shifts to higher
temperatures with increasing frequency. €” also shows a peak
at the characteristic temperature.

Figures 11(a) and 11(b) show the frequency dependence
of €’ and €” in the high-temperature region. Both exhibit
Debye-like behavior, except for the 1/w contribution to €”,

which originates from conductivity (since CFO is an intrinsic
semiconductor). We attempt to analyze the frequency depen-
dence of the Debye-like dispersions using Eq. (2), and obtained
an activation energy of 143.7 meV. Also, we confirm that
the dielectric dispersions in the high-temperature region are
independent of H (data not shown).

The characteristic temperature and the activation en-
ergy varied in each experiment. These results suggest that
the Maxwell-Wagner effect is the origin of the tempera-
ture/frequency dependence of €* in the high-temperature
region [28,29]. The Maxwell-Wagner effect originates from
grain boundaries and/or the interface between a sample and an
electrode, and results in Debye-like dispersions. Therefore, the
dielectric dispersions in the high-temperature region may not
be intrinsic to CFO. Conversely, the temperature dependence of
€* in the low-temperature region is almost sample-independent
[see the insets to Figs. 10(a) and 10(b)]; therefore, the di-
electric dispersions in this study are undoubtedly intrinsic
to CFO.
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