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Abstract
Triggered by the revival of multiferroic materials, a lot of effort is presently underway to find a
coupling between a capacitance and a magnetic field. We show in this paper that interfaces are
the right way of increasing such a coupling provided free charges are localized on these
two-dimensional defects. Starting from commercial diodes at room temperature and going to
grain boundaries in giant permittivity materials and to ferroelectric domain walls, a clear
magnetocapacitance is reported which is all the time more than a few per cent for a magnetic
field of 90 kOe. The only tuning parameter for such strong coupling to arise is the dielectric
relaxation time which is reached on tuning the operating frequency and the temperature in many
different materials.

(Some figures in this article are in colour only in the electronic version)

Following the ‘revival’ of multiferroic materials [1], many
research groups are looking for a coupling between a magnetic
field and the dielectric permittivity of materials. Not
only applications but also reaching a basic understanding is
the driving force for such an extended effort. Since the
number of materials which display simultaneously ferroelectric
polarization and magnetic order at room temperature is rather
limited [2, 3], one is looking for alternative routes. More
specifically, concerning the magnetocapacitance, a direct
room temperature coupling of an external magnetic field
with microscopic polarizabilities is still to be found. This
is why integrated [4] and bulk [5] composites have been
designed so as to increase the density of interfaces between
ferroelectric and ferromagnetic materials. In piezoelectric-
based devices, the generation of an ac current at the
piezoresonance is readily achieved [6]. Very recently this
effect, driven by elastic deformation, has been found in very
standard multilayer ceramic capacitors [7], which opens up a
broad range of applications. Nonetheless room temperature
magnetocapacitance, i.e. the change of a capacitance by a
magnetic field, is still an open question. Recently, Catalan
has shown that nonlinear resistance at interfaces can be the
right way to find such an effective coupling [8]. In this paper,
we apply this concept to several very different materials. In

a first step, we recall that nonlinear resistance of diodes is
of everyday use in sensing magnetic fields. In the blocking
regime, it is thus very easy to observe room temperature 15%
magnetocapacitance in one-cent diodes provided the operating
frequency is set to the right range. We will then move to
so-called ‘giant permittivity’ materials [9–12] which include
charged interfaces [13–15]. Setting the temperature to the
right range a magnetocapacitance is observed in the case of
CaCu3Ti4O12, an archetype of giant permittivity materials.
Finally, we focus on more mesoscopic interfaces which are
charged ferroelectric domains walls in Fe-doped BaTiO3.
A magnetocapacitance is clearly seen in the temperature
and frequency range where the domain walls are relaxing.
With this collection of results from many different materials
we demonstrate that effective magnetocapacitance is a very
general trend in charged interface materials.

The samples were inserted in a Quantum Design PPMS
set up at the end of a modified holder using four coaxial
cables linked to an HP4194 impedance analyzer through BNC
connectors and cables. The samples were held freely by
two soft wires at the center of the superconducting coil to
avoid any spurious strain contributions. For fixed temperature
runs, the impedance was recorded at given time intervals in
the frequency range 1 kHz–1 MHz while the magnetic field
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Figure 1. Room temperature capacitance (a) and dielectric losses (b)
of a commercial diode in the blocking regime at several frequencies
versus time. The slopes and central dwell time mark the magnetic
field ramping and stabilization, respectively. The maximum
magnetocapacitance is 15% for H = 90 kOe at f = 1 MHz.

was raised at a rate of 200 Oe s−1 from 0 to 90 kOe and
then reduced back to 0 after a stabilization dwell time at
the maximum field. Such a magnetic field run is sketched
by arrows in figure 1(a). For temperature experiments, the
magnetic field was fixed while the sample temperature was
swept at a rate of 0.1 K min−1 up to 1 K min−1 and the sample
impedance recorded at several spot frequencies.

Before describing the main part of our experimental result,
we should make a point as to the technical observation of
magnetocapacitance. Indeed, the application of a strong
magnetic field to dielectric cells needs some caution. In
very standard equipment, we have observed a temperature
change of 0.01 K when the magnetic field was raised from
0 to 90 kOe. Even though small, such an electronic
disturbance may lead to artificial magnetocapacitance, all
the more serious in temperature ranges where the sample’s

dielectric parameter changes very quickly against temperature.
For example we have probed ferroelectric samples which
include neither any magnetic component nor do they have
charged interfaces. High purity potassium tantalate was one
of these which undergoes a strong divergence of its dielectric
permittivity at T < 100 K. Under isothermal conditions
we achieved artificial magnetocapacitance of several per cent
which, using a differentiation process, could be ascribed to
temperature fluctuations of about 0.01 K. This will thus be
taken as the resolution limit in the following: if the observed
magnetocapacitance at a given temperature could stem from a
0.01 K fluctuation, it will simply be discarded.

We now start with the first example which is again not
new but which will fix the experimental conditions for the
following. First, care was taken so as to keep the diode
in its blocking regime. In this case, the equivalent circuit
of the diode is a capacitor with a given level of losses. In
figure 1, we plotted the capacitance and the dielectric losses
versus time at several spot frequencies; the magnetic field
run is sketched in figure 1(a). In a way which is shifted
versus frequency f , a change of capacitance �C( f )/C( f ) =
(C(9 kOe, f ) − C(0 Oe, f ))/C(0 Oe, f ), which we will
call magnetocapacitance in the following, is observed. The
maximum magnetocapacitance is about −11% for f =
1 MHz. The dispersion of �C( f )/C( f ) versus frequency is
a signature of the dispersive behavior of the diode capacitance.
The dielectric losses tan(δ) also experience more than 10%
variation under 90 kOe, also depending on the operating
frequency. Both the magnetocapacitance and the dielectric
losses’ variations may be ascribed to the conducting charges
in the semiconductors. Interface charges are dynamically
recombining at the p–n interfaces and the external magnetic
field, which changes the free charge trajectories through the
Hall effect, alters the dynamical capacitance [16]. Indeed,
the Lorentz force on the p and n carriers leads to a common
bending of these carriers because of their alternating charge
and trajectories. As a consequence, recombination of free
carriers is favored and the space charge localization is
decreased. Translated into terms of capacitance in the blocking
regime, a decrease of space charge accumulation results in a
decrease of C and that is what was observed in figure 1(a).
Obviously, because a commercially available diode was used
for the sake of generality, more elaborate structures should
be designed in order to get a more comprehensive insight
into such an effect. The diode magnetocapacitance may thus
be described as resulting from the interaction of the external
magnetic field with the free charges accumulated at the p–n
interface.

Next, we turn to materials where interfaces are much
less defined than in p–n junctions. In CaCu3Ti4O12

ceramics, a balance between the inner grain conductivity
and grain boundary barriers is the source of an effective
giant permittivity [13]. The very specific feature of this
huge permittivity is that it is frequency-and temperature-
independent at room temperature while it relaxes following
a Debye-type behavior at low temperatures [9]. In these
ceramics, we performed a magnetocapacitance experiment
at room temperature without any sign of coupling in the
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(a)

(b)

Figure 2. Relative variation under a magnetic field of 90 kOe of the
capacitance (a) and dielectric losses (b) of a CaCu3Ti4O12 ceramic in
the temperature range of its dielectric relaxation. The maximum of
magnetocapacitance, which can be up to 15%, follows the dielectric
relaxation frequency which increases when the temperature is raised.
At room temperature T = 300 K no magnetocapacitance is found.

limit of the above-mentioned temperature fluctuation. When,
however, the sample temperature was fixed in the relaxation
range of 100 K, a magnetocapacitance �C( f )/C( f ) is
recorded (figure 2(a)). At all temperatures, a maximum
magnetocapacitance is observed whose frequency increases
with temperature exactly in the same way as the relaxation
frequency. At the same time, the dielectric losses
tan δ displayed a variation � tan δ( f )/ tan δ( f ) evolving as
an S-shaped curve on increasing the operating frequency
(figure 2(b)). This is nothing other than the Kramers–Kronig
transform of the �C( f )/C( f ) curves of figure 2(a). To
exclude the possible thermal fluctuation as the source of
these variations, we simulated a temperature variation of
0.01 K and found �C( f )/C( f ) and � tan δ( f )/ tan δ( f )

at least 10 times smaller than the one plotted in figure 2.

Temperature fluctuations are thus not the origin of the
observed magnetocapacitance. We thus conclude that the
magnetocapacitance in CaCu3Ti4O12 ceramics is observable
in the temperature and frequency range of their dielectric
relaxation. Since this dielectric relaxation was ascribed
to a grain boundary layer acting as a dielectric barrier
between the conducting grains [13], we propose that the
magnetocapacitance originates from a similar process as in
the diode. Free charges accumulated at the grain boundary
barrier are interacting with the magnetic field. Since dielectric
relaxation is observed when the temperature and frequency are
tuned so as to probe the dynamical motion of these charges
among these interfaces, the magnetocapacitance is maximal
right at the dielectric relaxation. We note that a similar
magnetocapacitance at the relaxation frequency was already
reported in LuFe2O4, another example of effective giant
permittivity material [14]. Since this material also belongs
to the broad family of grain-boundary layer dielectrics [15],
a similar magnetocapacitance as in CaCu3Ti4O12 is not a
surprise. We suggest here a model for this magnetocapacitance
in CaCu3Ti4O12 ceramics. Within the model of Catalan [8], the
observed magnetocapacitance needs a magnetoresistive part
whose nonlinear behavior translates in capacitance through an
appropriate equivalent circuit. We, however, need to go beyond
this model to explain why the maximum magnetocapacitance
is observed right at the relaxation frequency of CaCu3Ti4O12

ceramics. Within the space charge model, the observed
dielectric relaxation occurs when the operating parameters are
set at the point where the space charge relaxation time τ

coincides with the inverse frequency 1/2π f . In the simple
space charge model of Coehlo [17, 18], the relaxation time τ is

τ = d

√
σ

εD
(1)

where d is the thickness and ε the dielectric permittivity
of the space charge material; σ is the conductivity and D
the diffusion coefficient of the free charges which localize
at interfaces. In CaCu3Ti4O12 the conducting electrons are
thought to arise from incomplete compensation of Cu-related
defects, the interfaces are grain boundaries and the free
charges are moving inside the grains and localizing at grain
boundaries. This model is supported by the similarities
between the activation energies of inner grain conductivity,
which is 80 meV [13], and of the dielectric relaxation, which is
90 meV [15]. Using equation (1), one can then understand why
the magnetocapacitance is large at the relaxation frequency.
Indeed, the applied magnetic field interacts with the mobile
free charges thus tuning σ and D and altering τ . As a
result of this shift of τ , the dispersion of the capacitance and
that of the dielectric losses undergo a shift which is shown
as derivatives in figures 2(a) and (b). Following the Debye
model [17], the frequency dispersion of the capacitance is an
S-shaped decrease whose derivative is a parabolic-type curve
(figure 2(a)) and the frequency dispersion of the dielectric
losses is a parabolic maximum whose derivative is an S-shaped
curve (figure 2(b)). To further quantify this magnetic-field-
induced dielectric dispersion, one should thus need the τ (H )

variation, which is not known but can be estimated. Using
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Figure 3. (a) Dielectric losses of a BaTiO3:Fe single crystal versus temperature for several frequencies. The two sharp anomalies at 170 and
270 K mark the ferroelectric phase transitions while the diffuse and shifted maximum stems from the relaxation of domain walls. (b) In the
temperature range of the domain wall relaxation the dielectric losses are strongly depressed by a magnetic field of 90 kOe. On heating (c) and
cooling (d), a 15% magnetocapacitance is observed still in the temperature range of domain wall relaxation.

the temperature variation of τ without a magnetic field, one
can compute the equivalent temperature variation that would
lead to the dispersion of figure 2 and find �T = 0.1 K
(�τ/τ = 3% at 110 K). We recall that the actual variations
of T are less than 0.01 K over the whole temperature range
and thus the effective variation of τ should come out of
the three parameters in equation (1). Since CaCu3Ti4O12 is
not an intrinsic magnetodielectric material the variation of ε

versus H can be neglected and the whole change of τ is
to be ascribed to σ or D. Under the assumption of only a
magnetoconduction effect, a change of σ of a few per cent
under 90 kOe is enough to recover the observed shift of τ

and the effective dielectric tuning. There is at present no
evidence for such a bulk magnetoconductivity of CaCu3Ti4O12

but, because of its heterogeneity, it is a highly nonlinear

material. Within such a rough and preliminary model, it is
the accumulation of free charges which is the source of our
observations. Such interaction between space charges and the
external magnetic field thus explains why magnetocapacitance
occurs in CaCu3Ti4O12 ceramics with no need for direct
coupling to the dielectric permittivity. These results are in
full agreement with the interface model of Catalan [8]; only
the observed shift of τ is much smaller than the computed one
because, in this latter case, a large magnetoresistance of 90%
was used.

The last example of interface-related magnetocapacitance
will be taken within ferroelectric single crystals. Indeed, in
these materials, sharp domain walls are separating macro- or
micro-domains of homogeneous polarization. The dynamics of
these domain walls is at the origin of the ferroelectric hysteresis
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loops fully analogous to the ferromagnetic loops [19].
However, unlike ferromagnetic domain walls, ferroelectric
domain walls carry a strong energy which depends on the
exact crystalline symmetry of the ferroelectric phase. Because
of this energy, which is of polar origin, the motion of the
domain walls can have macroscopic contributions to the overall
dielectric permittivity of ferroelectrics. In BaTiO3, joint
elastic and dielectric experiments clearly show this dynamical
contribution resulting in a relaxation with about 1 eV activation
energy [20]. Moreover, the pinning of this motion by charged
point defects was pointed out many times. In our present
experiment, we want to take advantage of this interaction
between domain wall dynamics and charged defects to induce
an artificial magnetocapacitance. This is why we investigated
Fe-doped BaTiO3 single crystals where the charged defects
originate from the heterovalent substitution of Ti4+ cations
by Fe3+ impurities associated with charged oxygen vacancies.
These crystals have been deeply investigated because of
their interesting optical properties [21]. The dynamical
contribution of domain walls to the dielectric properties was,
however, little investigated. In figure 3(a), the dielectric
loss of a BaTiO3 crystal containing 0.075 at.% of Fe is
plotted versus temperature between 300 and 4 K. Starting
from the high temperature side, we can see two sharp and
frequency-independent anomalies at about 270 and 170 K,
showing the tetragonal to orthorhombic and the orthorhombic
to rhombohedral phase transition, respectively. Next, a broad
maximum is seen whose temperature of occurrence is shifted
from 140 to 220 K as the frequency is scanned from 1 kHz
to 1 MHz. This relaxation process has an activation energy of
about 1 eV and it is not affected by the ferroelectric transition
occurring at 170 K. Both these features are in full agreement
with previous reports on undoped BaTiO3 ceramics showing
that it originates from domain wall motion [20]. The magnetic
field influence on this relaxation is shown in figure 3(b) for
a single frequency ( f = 100 kHz) at two similar cooling
runs, one for H = 0 Oe and the other for H = 90 kOe
(figure 3(b)). Only in the vicinity of the relaxation maximum
does the dielectric loss depend on the magnetic field. The same
coupling features are observed in the capacitance for cooling
(figure 3(c)) and heating (figure 3(d)) runs. One can see that
the 15% magnetocapacitance is restricted to the temperature
ranges where domain wall relaxation occurs. If the operating
frequency is changed, the occurrence of magnetocapacitance
shifts following the trends of figure 3(a). Away from domain
wall relaxation, no magnetocapacitance was observed. Again,
the charge localization at the interface model holds for this
magnetodielectric coupling. Indeed, we already stressed that
the domain wall relaxation is pinned by charged defects. At
the same time, the Fe-related charged defects are increasing
the conductivity of these single crystals. We thus have again
the two ingredients—interfaces and free charges—leading to a
magnetodielectric coupling. Linking these observations with
the above model drawn for CaCu3Ti4O12 will require further
experimental investigation. In particular, as seen in figure 3(b),
the relaxation temperature is not altered by the magnetic field.
This was confirmed by a full fitting of the Arrhenius law of
the domain wall relaxation which shows no influence of the

magnetic field. Unlike CaCu3Ti4O12, the relaxation time is not
shifted by the magnetic field while the relaxation amplitude
undergoes a sizable change seen in both the dielectric losses
(figure 3(b)) and the capacitance (figures 3(c) and (d)). We
have thus to assume that the density and the moment of
relaxing dipoles are affected by the magnetic field. Further
investigations are underway to better understand this on tuning
the density of domain walls and of point charges so as to tune
the effective magnetocapacitance.

In all the materials that we have investigated, the
localization of free charges at interfaces is the common
driving source for the magnetocapacitance coupling. The
free charges may be of different origins and the interfaces
of different shapes and nature: however, whenever free
charge localization contributes to the effective dielectric
permittivity a magnetocapacitance is observed close to the
space charge relaxation frequency. We thus conclude that
any device including at the same time interfaces and free
charges may lead to strong magnetocapacitance coupling. The
observation of magnetocapacitance in ferroelectric crystals
doped with heterovalent impurities may also lead to novel
routes towards the coupling between an external magnetic field
and ferroelectric polarization.

This work is taking place within the FAME European Network
of Excellence and the STREP project MACOMUFI.
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