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Giant dielectric and magnetoelectric responses in
insulating nanogranular films at room temperature

Nobukiyo Kobayashi!, Hiroshi Masumoto?, Saburo Takahashi® & Sadamichi Maekawa®

The electric and magnetic properties of matter are of great interest for materials science and
their use in electronic applications. Large dielectric and magnetoelectric responses of
materials at room temperature are a great advantage for electromagnetic device applications.
Here we present a study of FeCo-MgF nanogranular films exhibiting giant dielectric and
magnetoelectric responses at room temperature; with dielectric constant ¢ =490 and
magnetoelectric response A¢'/e o =3%. In these films, Fe-Co alloy-based nanometer-sized
magnetic granules are dispersed in a Mg-fluoride-based insulator matrix. Insulating nano-
granular films are a new class of multifunctional materials. The giant responses are caused by
spin-dependent charge oscillation between magnetic granules via quantum-mechanical
tunnelling. A possible application of such insulating nanogranular materials with giant
response is in the construction of a tunable device, in which impedance components such as
capacitance and inductance are tunable at room temperature.
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interest in physics!~® and its applications®. A number of

candidates have been reported as magnetoelectric systems
such as oxides®” and quantum dots®°. However, the magnetic
field response of these systems is too small at room temperature
from the viewpoint of applications. This is because the magnetic
transition temperature of reported oxide materials possessing the
magnetoelectric effect is much lower than room temperature or
the effect operates only at low temperatures.

Insulating nanogranular films consist of magnetic nanometer-
sized metal granules and an insulator matrix, and exhibit various
functional properties depending on the composition ratio of the
metal granules and the insulator matrix in the film!%!!, They
have significant E)ractical advantages of easy fabrication and

thermal stability!?> and have been applied in magnetic
13,14

Response of matter to electric and magnetic fields is of great

sensors

Magnetoelectric coupling shows great promise for achieving
tunable devices!'>1° where the impedance in a specific frequency
range can be changed according to the input signal. Recently,
such devices need to operate in a wide frequency band that
includes both digital and analogue broadcasts. Up to now, such
tunable devices have been prepared by combining two or more
materials of different properties. However, if a magnetoelectric
material with multifunctional properties can be utilized, the
device structures may become simplified and an expansion in
further applications of the devices can be expected.

In this work, we have studied the dielectric properties of
insulating nanogranular materials, reporting specifically on the
magnetoelectric effects in FeCo-MgF nanogranular films. Fe-Co
alloy has the largest magnetization, and good interface between
Fe-Co nanogranules and MgF, matrix is obtained'*. These
properties result in the giant dielectric and magnetoelectric
response in FeCo-MgF nanogranular films at room temperature.
The experimental results are well explained by spin-dependent
charge oscillation caused by quantum mechanical tunnelling
between magnetic granules.

Results

Structure of the FeCo-MgF nanogranular films. Figure la
illustrates a nanogranular structure, which consists of nanometer-
sized magnetic granules dispersed in an insulator matrix.
Figure 1b shows a high-resolution transmission electron micro-
scope image obtained from FeoCogMg,sFs; (Fe+ Co=17 at.%)
thin film, which is one of the samples produced in this study. In
this micrograph, many small dark and deformed circles
with diameters ranging from about 2 to 4nm are observed. In
addition, a bright network-like pattern covering the whole area is
identified. The dark deformed circles are Fe-Co alloy-based
granules, and the small bright section indicates the Mg-fluoride-
based matrix.

Dielectric properties and magneto-dielectric effects. Figure 2a
shows the dependence of the real part of the dielectric constant at
1kHz (¢'13) on the composition ratio of the Fe 4+ Co content in
FeCo-MgF films. &' of the Mg-F film produced in this experi-
ment is about 5.6. This value is in agreement with the value of
reference bulk MgF, (ref. 20). On the other hand, the value of &'y
of the films increases with the Fe + Co content, and attains 490 at
30 at.%. The frequency dependence of the real part of the
dielectric constant (¢') of the FeCo films at 14, 17, 21 and 29 at.%
is presented in Fig. 2b. The ¢’ increases with increasing Fe + Co
over the whole frequency range, and exhibits a sharp
decrease with increasing frequency. As discussed later, this
dielectric dispersion may be caused by dielectric relaxation
characterized by the relaxation time 7,. The dielectric relaxation
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Figure 1| Structure and electric polarization of a nanogranular film.

(a) A schematic of a nanogranular film with nanometer-sized granules
dispersed in an insulator matrix. The right-side figure in a represents a
schematic of the electric potential profile of two granules in an ac electric
field that generate oscillating transition of an electric charge carrier
(electron, hole) between them via quantum-mechanical tunnelling through
the thin insulating barrier. The oscillating transition of the charge-carrier
with spin depends on the relative orientation of the magnetization of the
granules. This spin-dependent charge oscillation is the origin of the
dielectric and magnetoelectric (magneto-dielectric) responses of the
nanogranular films. (b) A high-resolution transmission electron microscope
image (in plain) of FegCogMgyeFs7 (Fe +Co =17 at.%) film of a typical
sample (scale bar, 10 nm).

frequency f, = 1/7,, at which ¢’ sharply decreases, is shifted to the
higher frequency side with increasing Fe 4 Co. As seen in Fig. 2,
FeCo-MgF nanogranular films have a giant dielectric constant of
around 490, and f, shifts to the higher frequency side with
increasing Fe + Co. Films having giant dielectric constant and
high f, have high potentials for applications.

Figure 3 shows the magnetization curves of the Fe + Co films at
14, 17 and 21 at.%. It is understood that the films are in the
superparamagnetic state, that is, their magnetization (M) versus
magnetic field (H) curves follow the Langevin function and the
coercivity is nearly zero?!=23, This behaviour indicates that the
nanogranules are uniformly dispersed. They possess
magnetization at 0.1 T above room temperature.

Figure 4 represents the change in the dielectric constant (Ag’)
of FegCogMgyeFs; (Fe+ Co=17 at.%) film at applied magnetic
field 800kAm~!. The dielectric constant increases by the
application of magnetic field over the whole frequency range,
indicating a positive magnetoelectric effect. The ratio of A¢’ and
the dielectric constant in zero magnetic field &'y (A¢'/¢) is plotted
as a function of H for FegCosMgyeFs; film at 10kHz in Fig. 5.
This electromagnetic effect has been observed at room
temperature.

Mechanism of dielectric and magnetoelectric responses.
Dielectric and magnetoelectric responses in insulating nano-
granular films may be explained by transition of the thermally
activated electric charges between neighbouring granules throu§h
an insulating barrier via quantum-mechanical tunnelling?*?°.
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Figure 2 | Dielectric properties of the FeCo-MgF nanogranular films.
(a) Dielectric constant at 1 kHz (¢'y) measured using an LCR meter vs the
composition ratio of Fe + Co in FeCo-MgF films. The value of €' is 5.6 at O
at.%, and increases with increasing Fe + Co content, attaining 490 at 30
at.%. (b) Dielectric constant € vs frequency f of FeCo-MgF films for

Fe + Co=14,17, 21, and 29 at.% measured in the frequency range of 1 kHz-1
MHz. The red dots represent the experimental results, and the blue solid lines
represent the theoretical results obtained from calculations based on the
spin-dependent dielectric relaxation model calculations (see formula (15)).

The transition rate depends on the charging energy, the
separation between granules, the tunnel barrier height and the
relative orientation of magnetization of the granules. When
thermally activated charge carriers (electrons, holes) in a granule
are subject to an ac applied electric field, the electric potentials of
neighbouring granules become time-varying as schematically
shown in the left side of Fig. 1a. This potential oscillation gives
rise to tunnelling of charge carrier back and forth through the
intervening thin insulator barrier. Therefore, the oscillation of
charging states between granules in the ac electric field induces
electric polarization. This is the origin of the dielectric response of
nanogranular films.

By incorporating the spin-dependent tunnelling process
between a pair of granules into the Debye-Fréhlich mode
and taking into account a broad distribution of dielectric
relaxation around the characteristic relaxation given by the
spin-dependent tunnelling rate (1/2t,), which is proportional
to 14 P3(M/M,)? (refs 22,25), where Py is the tunnelling spin
polarization and Mj is saturation magnetization, we obtain the
complex dielectric constant of granular films
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where Ae is the dielectric strength, &, is the high-frequency
dielectric constant and f is an exponent (0 < f< 1) representing a
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Figure 3 | Magnetic property of FeCo-MgF nanogranular films.
Magnetization curves of FeCo-MgF films for Fe + Co=14, 17 and 21 at.%
measured up to an applied magnetic field of 1,200 kAm ~ .
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Figure 4 | Magnetoelectric response of FeoCogMg,¢Fs; nanogranular
film. Change in the dielectric constant A¢’ due to the application of
magnetic field H==800kA m " versus frequency f of the applied electric
field for the FegCogMgaeFs7 (Fe + Co =17 at.%) film. The dielectric change
A =&y — & is the difference between the dielectric constants at
magnetic field H and zero field H=0. The red dots represent the
experimental results, and the blue solid lines represent the theoretical result
obtained from calculations based on the spin-dependent dielectric-
relaxation model (see equations (2) and (15)), where the tunnelling spin
polarization3'! Pr=0.44 and the magnetization normalized by the
saturation magnetization M/M,=0.62 are used.

measure of the distribution of relaxation time?’. The dielectric
constant ¢ is the real part of equation (1), and is analysed in
Fig. 2b by setting f =0.75 and &, = 10 and adjusting parameters
Ag and t,. The fitting values are Ae =185 and 7, =1.2 X 10~ 4s,
Ae=195and 1,=1.65x 10~ >s, A¢=270 and 7,=55x 10"
and Ae =430 and 7,=2.2 x 10 ~ 85 for Fe + Co of 14, 17, 21 and
29 at.%, respectively. We find excellent agreement between the
experimental and theoretical data over the entire frequency range
as seen in Fig. 2b. The strong decrease in 7, with increasing
Fe + Co content is consistent with the reduction of tunnel barrier
thickness, which enhances the tunnelling rate 1/(27,) and explains
the strong dependence of the dielectric response on the Fe 4 Co
content shown in Fig. 2a. In addition, Ae increases with the
Fe + Co content because of the increase in the number density of
granule pairs (see equation (11) in Method section for details).
Furthermore, using 1/t,=(1/7,0)[1+ PA(M/M,)?], we can
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Figure 5 | Magnetization dependence of the magnetoelectric effect of
FeoCogMg,¢Fs7 nanogranular film. Magnetodielectric ratio A¢'/¢' versus
applied magnetic field H in the FegCogMgoeFs7 (Fe + Co =17at.%) film. The
solid blue curve represents the values of (M/M1,200)2 as a function of
magnetic field H, where the magnetization curve in Fig. 3 is used

and M 00 is the magnetization at the maximum measured magnetic field
of 1,200kAm ~". The DC resistivity of the film is beyond 100 uQm.

reproduce both frequency and magnetic-field dependences of the
magnetoelectric effect Ae'/e/y as shown in Figs 4 and 5. These
results further support our model for the magnetoelectric effect in
nanogranular films.

These insulating nanogranular FeCo-MgF films are a new class
of multifunctional materials. These films have giant dielectric and
magnetoelectric responses at room temperature with dielectric
constant ¢ =490 and magnetoelectric response A¢'/¢'o = 3%. Our
results suggest that the granular films can be used at higher
frequencies. Our preliminary experimental results show that our
films work in the digital broadcast frequency range (0.3-3 GHz)
as well. Although tunable devices combining two or more
materials with different properties have been proposed, these
materials may be replaced with these newly discovered insulating
nanogranular materials, thus producing more compact and
functional devices.

Methods

Preparation of the thin film samples. The thin films investigated were prepared
by a tandem deposition method®® using a conventional rf-sputtering apparatus.
The sputter deposition was performed on a 50 x 50 mm? glass (Corning eagle
2000) substrate in an argon atmosphere with 1.3 Pa pressure during deposition,
using a FegpCoyg alloy disk target with 76 mm diameter and a MgF, powder target
compacted in the form of a disc with 76 mm in diameter. To obtain a uniformly
composed granular state, the substrate holder was rotated so that it alternately
faced the FesoCoyo alloy target and the MgF, target. The speed of rotation was kept
constant at 11.54 r.p.m. for each preparation.

Composition and structural analysis. The composition ratio of Fe + Co (granule)
and Mg+ F (matrix) was controlled by changing the radio frequency (RF) power
applied to each target. The chemical composition of Fe, Co, Mg and F in the thin
films was analysed by wavelength dispersion spectroscopy. For the structural ana-
lysis, transmission electron microscopy was performed on selected several thin films.

Measurements of the dielectric and magnetoelectric responses. The dielectric
properties were measured by inductance, capacitance and resistance (LCR) meter
with measurement range 1kHz-1MHz and 0-800 kA m ~! in magnetic field. The
magnetization curves were measured by an alternating gradient magnetometer. All
the measurements reported in this paper were carried out at room temperature.

Derivation of the dielectric constant. We derive the dielectric constant of a
granular system composed of ferromagnetic granules of nanometer size in an
insulating matrix. In a granular system, the transport is governed by thermally
activated charge carriers that move from granule to neighbouring granule by
tunnelling through an insulating barrier. Depending on the separation and tunnel
barrier height, a charge carrier activated in one granule may tunnel to another. A
simple model for a pair of granules 1 and 2 and the double potential well is
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Figure 6 | Derivation of the dielectric constant. (a) Ferromagnetic metal
granules 1 and 2 embedded in insulating matrix. (b) A double potential
wells illustrating an electric polarization due to tunneling of charge
(electron) through the barrier from one well to the other back and forth
under the ac electric field E(t). () The real parts of the dielectric constant
are calculated from the equation (1) for three different values of f. The lines
show the results of fitting values of f=0.6, 0.75, and 0.9, (A,=185
(es=195, ¢, =10), 1,=1.65 x 10 =5 s), and the circles represent the
experimental results.

schematically shown in Fig. 6a,b. In the absence of applied ac electric field, the
transition rate between the two granules is determined by the charging energies and
the tunnelling process>>2%:

1 E
== (14 Pim?) exp( — 2Ks12 — kﬁ") (2)
where s, is the distance between the granular surfaces along the line connecting
their centres, m = M/M; is the magnetization of the granular system normalized to
the saturation magnetization, k is the decay rate of the electron wave function in
the insulating barrier region of the matrix, kg is the Boltzmann constant, T is the
temperature and Ej; is the thermal activation energy involved in the tunnelling

process”:

1
Ep =z(|Ec1—Ec2‘ +Eq +Ea), (3)

where E.;~e%/(god;) (i=1, 2) is the charging energy of granule i, & is the dielectric
constant and d; is the diameter of granule i.

When an ac electric field E(#) is applied, the chemical-potential shifts Ay, (¢) and
Ap(t) of granule 1 and 2 become time-varying according to

Bt (1) = = Apa(t) = 3 B0z (@

where d, is the distance between the centres of the two granules: dy, = (d,/2) +
(d»/2) + s1,. The time-varying electrochemical potentials give rise to the oscillation
of the charging state back and forth between the granules via tunnelling of an
electron. Based on the Debye-Frohlich model?®3(, the rate equations for the
occupation probabilities, P;(t) and P,(t), of the thermally activated electron in
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granules 1 and 2 are given by

d
EPI = — WuPi + WPy, (5-a)
d
EPZ = — WP+ Wy Py, (5-b)
where Wj; are the transition probabilities:
1 Ay 1 Aw,
Wy =— - —\1-) 6-
A 2".'r CXP( kBT> Z‘Er ( kBT i ( a)
1 Au, 1 Au,
Wi =-— -2 = —(1-"=). 6-b
12 Z‘L'r exp( kB T) Z‘Er ( kBT ( )

Taking the difference of (5-a) and (5-b),

d 1 1 [eE(t)d,

—(Pr—=P,) = — — (P, —P — " |(P1+P,). 7
R R R A R () [LEE SO
It is highly probable that a charging state is activated in either granule 1 or

granule 2, for which P, + P, is independent of time and may be given by
P, +P, :e*En/ksT+e*ELz/ksT‘ (8)
For the applied electric field E(t) = E(w)e'®!, the electric polarization of the two
granules is given by

(ed2)’ V[ g jiur - E(w)e™
1) = edy, [P (1) — P (1)] = - o /Ky o /ks T . 9
PUt) = eduaPr(6) = Pa(0)] = T [ RT e e ©
from which we can calculate the electric polarization a(w) = p(w)/E(®w) and
therefore the dielectric constant &(w) =¢, + 4mo(w) is obtained as

Ae

g(w) =tx+ —1),
(@) %+1+i‘:rw

(10)

with

— _ 1 (edi)* Ea Eq
Asfssfamfélnnpi ey exp T kT + exp )| (11)

where Ag = ¢, — &, is the dielectric strength, &= ¢(0) and ¢, = &( 00) are the static
and high-frequency dielectric constants, respectively, and n, is the number density
of granule pairs, which is roughly equal to the granules’ density.

The Debye-Frohlich equation (10) above is derived from a particular pair of
granules with a single relaxation time 7,. In the granular system, there are so many
pairs of granules with different size and separation that the relaxation time for
different granular pairs is distributed over a wide range, in which case the electric
polarization may be written as

a(w) = acs/lj_:_(;jordlnr, (12)

where f(7) is the relaxation time distribution satisfying [ f(r)dInt = 1. In the
case of the Debye-Frohlich equation, the distribution function is taken as
fr)=06((t/t,) — 1).

An empirical model for dielectric relaxations that takes into account the effect
of a distribution of relaxation times is the equation (1) (ref. 27), where 7, depends
on the magnetization as

1 1
—=—(1+Pim?). 1
o Tro(+lm) (13)
The distribution function of the Cole-Cole equation is given by?”
1 sin(nf3)
flo = 2m cosh[1n(t/1,)] + cos(np)’ (14)

which shows that the distribution becomes broader with decreasing f value.
The real part ¢(w) of the dielectric constant in equation (1) is

sinh[f In(wr,)]
cosh[fIn(wt, )] + cos(fr/2)|
Figure 6¢ shows the real part of the dielectric constant as a function of
frequency of applied ac electric field for §=0.6, 0.75 and 0.9, Ac =185 (g,= 195,
£, =10) and 7,=1.65 x 10 ~7s. It is clearly seen that f# = 0.75 provides an
excellent fit to the experimental results of FegCogMg,sFs; granular film.

(o) =sm+%As 1— (15)
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