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Abstract We have investigated the role of the grain bound-
ary on the resistive magnetodielectric property of polycrys-
talline y-Fe,O3 through impedance spectroscopy measure-
ments. Depending on the sample preparation temperature,
the dielectric constant of y-Fe;O3 is significantly different
especially at low frequencies (<10* Hz) and high temper-
atures (>200 K). The value of the magnetodielectric effect
at a specific frequency and the resonance frequency for the
maximized magnetodielectric effect are different, although
polycrystalline y-Fe,O3 samples show a quite similar mag-
netoresistance. Through the experimentally obtained resis-
tance ratio between the grain and the grain boundary, we
can reproduce the magnetodielectric curves based on the
Maxwell-Wagner model and the measured magnetoresis-
tance.

PACS 75.50.Gg - 75.80.+q - 77.22.Ch

1 Introduction

The control of electrical properties of multiferroic materi-
als, where more than two ferroic order parameters can co-
exist and are coupled, by using an external magnetic field,
or vice versa, has drawn great attention due to its scientific
interest and technological importance [1-3]. For the change
of polarization (magnetoelectric effect) and dielectric con-
stant (magnetodielectric effect) upon a magnetic field, there
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have been lots of theoretical and experimental works on the
detailed mechanisms, such as the strong coupling between
piezoelectricity and magnetostriction [4, 5].

On the other hand, recently, Catalan reported that the
magnetodielectric effect can occur through a combination of
the Maxwell-Wagner effect and magnetoresistance, called
the resistive magnetodielectric effect, in single crystals with
large charge depleted interfacial layers, superlattices, and
polycrystalline samples, even without the magnetoelectric
coupling [6, 7]. Such an extrinsic origin of the magnetodi-
electric effect could be practically useful due to the scarcity
of magnetoelectric multiferroic single crystals [8, 9]. By
choosing a material with large magnetoresistance, several
experimental works have reported a large magnetodielectric
effect near room temperature [10, 11]. However, there are
few experimental works on the effect of the grain boundary
in the Maxwell-Wagner model for the resistive magnetodi-
electric property in polycrystalline samples.

In this paper, we investigate the effect of the grain bound-
ary on the resistive magnetodielectric property of polycrys-
talline y-Fe,O3 samples through impedance spectroscopy
measurements. Although the value of magnetoresistance is
quite similar, we have found that the value of the magne-
todielectric effect and the resonance frequency for the maxi-
mum magnetodielectric effect depend on the resistance ratio
between the grain and the grain boundary of the samples.
This work suggests that the control of the grain boundary is
one of the simplest ways to maximize the resistive magne-
todielectric effect for possible applications.

2 Experiments

High-quality polycrystalline y-Fe,O3 samples were pre-
pared through the conventional sonochemical method and
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subsequent heat treatment, as described elsewhere [12]. The
obtained powders were hydrostatically pressed (~200 MPa)
into a disk shape and fired at 200 and 250°C for 24 h in
atmosphere. Hereafter, we call y-Fe,O3 fired at 200 and
250°C y-Fey03 (I) and y-Fe, O3 (II), respectively. By us-
ing X-ray diffraction and optical absorption measurements,
we have confirmed the single phase of both samples. (Be-
low 150°C and above 350°C of the firing temperature, we
could find some Fe304 and «-Fe,O3 impurity phases, re-
spectively.) Based on Scherrer’s formula for the X-ray dif-
fraction (311) peak and independent transmission electron
microscope measurements, we found that the grain sizes of
both y-Fe,O3 (I) and y-Fe,O3 (II) were quite similar at
~25 nm.

The complex dielectric constant (€ = ] + igz) and im-
pedance (Z = Z| + iZ,) were obtained by an LCR meter
in the frequency range of 20 Hz to 1 MHz and an applied
voltage of 1 V. For these measurements, the samples were
cut into the form of a thin plate with a thickness of ~1 mm.
Silver electrodes with an area of ~14 mm? were evaporated
on both sides of the sample. By using a conventional four-
probe method, direct current resistivity was obtained. For
magnetoresistance and magnetodielectric measurements, we
applied an external magnetic field up to 9 T, by a supercon-
ducting magnet. Irrespective of a separate set of y-Fe,O3
(D and y-Fe,0O3 (II), we obtained quite reproducible exper-
imental data shown below.

3 Results and discussion

Figure 1 shows the frequency-dependent dielectric constant
(e1) of y-Fe, O3 (1) (a solid line) and y-Fe, O3 (II) (a dashed
line) at 293 K. The values of &1 show strong frequency as

well as temperature (see the inset of Fig. 1) dependences.
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Fig. 1 The frequency-dependent dielectric constants of y-Fe,O3 (I)
(solid line) and y-Fe, O3 (1) (dashed line) at 293 K. In the inset, tem-
perature-dependent dielectric constants at 500 Hz are also shown
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For example, the ratio of &1 between 102 and 10° Hz is esti-
mated to be ~60 for a y-Fe, 03 (I) sample. While the values
of &1 at low frequencies (<10* Hz) and high temperatures
(>200 K) are quite different for the two samples, these val-
ues are quite similar at high frequencies and low tempera-
tures.

Such a large value of & even in non-ferroelectric
y-Fe, 03, and its strong frequency as well as temper-
ature dependences, have been explained by a possible
Maxwell-Wagner two-capacitor model [12, 13] as similar to
CaCu3TigO13 [14]. Due to the polycrystalline nature of our
y-Fe,03, the resistance and capacitance of the grain and
grain boundary could be different and depend on the sample
preparation temperature. According to the Maxwell-Wagner
model [13], the complex dielectric constant can be written
as

1 IG+TGB — T + a)2‘[(3‘EGB‘E
e = o S
Co(RG + RgB) I+ ot
1 1-— a)er‘EGB + a)zl’("-'G + 7GB) )
&= ’
27 wCo(RG + Rap) 1+ w2

where sub-indexes G and GB refer to the grain and the
grain boundary, respectively. Also, R = resistance, C =
capacitance, w = ac frequency, tg = RgCg, tGB = RgsCGB,
T = (tgRgB + 6B RG)/(RG + RgB), and Cy = capacitance
of vacuum. Especially, £; can be approximated at low and
high frequencies, respectively, as

R2CG + R2,C
e1(w—> 0) = 0~ "GB B
Co(RG + RgB)
3
CsCgn
e1(w— 00) = — 9B
Co(Cg + CiB)

From (3), it is quite clear that the dielectric constant at
low frequency should depend on Rg and Rgg, while that at
high frequency is just the sum of Cg and Cgp in parallel.
Therefore, the dielectric constant of the two y-Fe, O3 sam-
ples at low frequency could be different, depending on the
values of Rg and Rgg even with the same values of Cg and
CgB.-

To estimate the values of Rg, Rgg, Cg, and Cgg of our
y-Fe;03, we have performed an impedance spectroscopy
analysis.! Figure 2 shows the complex impedance plot (Z,
vs Z1) of y-Fe> 03 (I) (open circles) and y-Fe, O3 (II) (open
squares) at 293 K. For the frequency range of our measure-
ment, i.e. 20 Hz to 1 MHz, the impedance plot clearly shows
the two semicircles for both samples. The value of Z; at
20 Hz for y-Fe, 03 (I) is around two times larger than that

IComplex impedance and complex dielectric constant are interrelated
as Z=1/(iwCy?).
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Fig. 2 Complex impedance spectroscopy plots of y-Fe,O3 (I) (open
circles) and y-Fe, O3 (II) (open squares) at 293 K. Note that the scales
of Z1 and Z; axes are different. The dotted and dashed lines represent
the contributions of each semicircle and the sum of two semicircles,
respectively. In the inset, an equivalent circuit is schematically shown

for y-Fe,03 (I), and that at 10® Hz is nearly zero for both
samples.

For the Maxwell-Wagner model, the impedance of a ma-
terial has been modeled by two leaky capacitors in series,
as schematically shown in the inset of Fig. 2. According
to the general expression for impedance analysis [15], the
semicircle on the left (at high frequency) is assigned as the
contribution of the grain, while the semicircle on the right
(at low frequency) is the result of the grain boundary. Also,
the intercept of the semicircles on the real axis gives the re-
sistance of the corresponding component contributing to the
impedance of the sample.

Based on this approach, we fit the experimental data and
obtain the values of Rg (Rgg) as ~1.17 MQ (~1.64 MQ)
for y-Fe,O3 (I) and ~3.03 MQ (~3.42 MQ) for y-Fe,03
(IT). Note that the centers of the two semicircles of our
y-Fe,03 are on axes down below the real Z; axis. There-
fore, instead of the relation of wRgCg = wRgeCg = 1 for
the peak positions of two semicircles, we obtain the values
of Cg and Cgg from the values of Rg and Rgg in (1), and
also by fitting the magnetodielectric curves (see below), i.e.
Cg (Cgp) as ~4.6 pF (~6 pF) for both samples. (For a sep-
arate set of y-Fe,O3 (I) and y-Fe, O3 (1), we have obtained
nearly the same values of Rg, Rgg, Cg, and Cgp within 5%
error bar.)

Figures 3a and b show magnetodielectric (Agj/e; =
{e1(H) — £1(0)}/21(0)) and magnetoresistance (AR/R =
{R(H) — R(0)}/R(0)) curves, respectively, for y-Fe,O3 (I)
(open circles) and y-Fe,O3z (II) (open squares) at 293 K.
While the resistance decreases with the increase of the ex-
ternal magnetic field, i.e. negative magnetoresistance, the di-
electric constant increases with the increase of the external
magnetic field, i.e. positive magnetodielectric effect. How-
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Fig. 3 (a) Measured (open dots) and calculated (solid lines) magne-
todielectric curves at 5x 103 Hz and (b) magnetoresistance of y-Fe,O3
(D) (open circles) and y-Fe, O3 (II) (open squares) at 293 K. In the in-
set of (a), we also show the values of the magnetodielectric effect at
9 T for selected frequencies

ever, one may clearly notice that while the values of the mag-
netoresistance are similar for the two samples, i.e. ~—1.3%
at 9 T, those of the magnetodielectric effect are different, i.e.
~0.91% for y-Fe;03 (I) and ~0.63% for y-Fe,O3 (II) at
5x103 Hz. As shown in the inset of Fig. 3a, the magnetodi-
electric effect at 9 T seems to be maximized near 5 x 10° Hz
for y-Fe,O3 (I), while it is maximized near 1x 103 Hz for
y-Fe, 03 (ID).

The main reason for the deviation of the magnetodielec-
tric curves for the two y-Fe, O3 samples, even with the quite
similar values of magnetoresistance and capacitance, should
come from the different values of the resistance ratio be-
tween the grain and the grain boundary, i.e. Rgg/Rg ~1.40
for y-Fe, O3 (I) and Rge/Rg ~1.13 for y-Fe 03 (II). Ac-
cording to (1), the value of Ag; /e should depend on the val-
ues of AR/R, Rge/Rg, and Cgp/Cg. To directly show the
effect of Rgp/Rg in our y-Fe;03, we calculated the magne-
todielectric curves by inserting the experimentally obtained
AR/R,2 RgB/Rg, and Cgp/Cg in (1). As shown clearly
in Fig. 3a, the calculated Ag¢;/e; (a solid line for y-Fe,O3
(D) and a dashed line for y-Fe,O3 (II)) fit the experimental
Aeg1 /e curves well for both samples.

2We assumed that magnetoresistance should occur only in the grain,
since it is difficult for tunneling magnetoresistance through the grain
boundary to occur at high temperatures like 293 K.
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Enhancement of the magnetodielectric effect through the
increase of the resistance ratio between the grain and grain
boundary in y-Fe,O3 might imply the possible tunability of
the resistive magnetodielectric effect through grain bound-
ary control. It is well known that the resistance of the grain
boundary is easily controlled by changing the annealing
temperature and/or environment [16]. Therefore, we may in-
fer that polycrystalline ferromagnetic insulators with large
resistance ratio between the grain and the grain boundary,
besides large magnetoresistance, could be one of the good
candidates for the possible device application by using the
resistive magnetodielectric effect.

4 Summary

In summary, we showed that the resistance ratio between
the grain and the grain boundary is one of the key fac-
tors to control the magnetodielectric effect in polycrystalline
y-Fe,03 samples through impedance spectroscopy mea-
surements. Our result suggests that the control of the grain
boundary through the annealing environment and/or temper-
ature should be quite useful for possible magnetodielectric
devices.
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