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Abstract Triggered by the revival of multiferroic materials, a lot of effort is presently undergoing as to
find a coupling between a capacitance and a magnetic field. We show in this report 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 percent for a magnetic field of
90kOe. 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.
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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 the 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 polarisabilities is still to be found. This is why integrated [4] and bulk [5]
composites have been designed as to increase the density of interfaces between ferroelectric and
ferromagnetic materials. In piezoelectric-based devices, the generation of a ac current at the piezo
resonance is readily achieved [6]. Very recently this effect driven by elastic deformation has been
found in very standard Multi Layer Ceramic Capacitors [7] which opens 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 non-linear resistance at interfaces
can be the right way to find such an effective coupling [8]. In this report, we apply this concept to
several and very different materials. In a first step, we recall that non-linear resistance of diodes is of
everyday use to sense magnetic field. In the blocking regime, it is thus very easy to observe room
temperature 15% magnetocapacitance in 1cent diodes provided the operating frequency is set in the
right range. We will then move to so-called “giant permittivity” materials [9-12] which include
charged interfaces [13-15]. Setting the temperature, in the right range a magnetocapacitance is
observed in the case of CaCusTisO4,, an archetype of giant permittivity materials. At last, we focus on
more mesoscopic interfaces which are charged ferroelectric domains walls in Fe doped BaTiOs;. A
magnetocapacitance is clearly seen in the temperature and frequency range where the domain walls
are relaxing. With this collection of results in many different materials we demonstrate that effective
magnetocapacitance is a very general trend of charged interfaces materials.

Before describing the bulk of our experimental result, we should make a point as to the
technical observation of magnetocapacitance. Indeed, the application of strong magnetic field onto
dielectric cells needs some caution. In very standard equipment, we have observed a temperature
change of 0.01K when the magnetic field was raised from 0 to 90kOe. Even being small, such an
electronic disturbance may lead to artificial magnetocapacitance all the more in temperature ranges
where the samples dielectric parameter change very quickly versus temperature. For example we
have probed ferroelectric samples which neither include 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<100K. Under isothermal conditions we achieved artificial
magnetocapacitance of several percent which, using a differentiation process, could be ascribed to
temperature fluctuations of about 0.01K. This will thus be taken at the resolution limit in the
following: if the observed magnetocapacitance at a given temperature could stem from a 0.01K
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 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. On
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figure 1, we plotted the capacitance and the dielectric losses versus time at several spot frequencies;
the magnetic field run is sketched on figure 1a. In a way which is shifted versus frequency f, a change
of capacitance AC(f)/C(f)=(C(9kOe,f)-C(00e,f))/C(00e,f) which we will call magneto capacitance in the
following is observed. The maximum magneto capacitance is about -11% for f=1MHz. The dispersion
of AC(f)/C(f) versus frequency is a signature of the dispersive behavior of the diode capacitance. The
dielectric losses tg(d) also experience more than 10% variation under 90kOe also depending on the
operating frequency. Both the magneto capacitance and the dielectric losses variations may be
ascribed to the conducting charges in the semi-conductors. Interface charges are dynamically
recombining at the p-n interfaces and the external magnetic field which changes the free charges
trajectories through the Hall effect alters the dynamical capacitance [16]. The diode magneto
capacitance 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
the CaCusTi;04, ceramics, a balance between the inner grain conductivity and grain boundaries
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 Deye type behavior at low temperatures [9]. In these ceramics, we performed a
magnetocapacitance experiment at room temperature without any sign of coupling in the limit of the
above mentioned temperature fluctuation. When however, the sample temperature was fixed in the
relaxation range of 100K, a magnetocapacitance AC(f)/C(f) is recorded (figure 2a). At all
temperatures, a maximum magnetocapacitance is observed whose frequency increases with
temperature exactly in the same way as the relaxation frequency. In the same time, the dielectric
losses tand displayed a variation Atand (f)/ tand (f) evolving as a S-shape on increasing the operating
frequency (figure 2b). This is nothing but the Kramers Kronig transform of the AC(f)/C(f) curves of
figure 2a. To exclude the possible thermal fluctuation as the source of these variations, we simulated
a temperature variation of 0.01K and found AC(f)/C(f) and Atand (f)/ tand (f) at least 10 times smaller
than the one plotted on figure 2. Temperature fluctuations are thus not the origin of the observed
magneto-capacitance. We thus conclude that the magneto-capacitance in CaCusTi;O1, ceramics is
observable in the temperature and frequency range of their dielectric relaxation. Since this dielectric
relaxation was ascribed to grain boundary layer acting as dielectric barrier between the conducting
grains [13], we propose that the magneto capacitance originates from a similar process as in the
diode. Free charges accumulated at the grain boundary barrier are interacting with the magnetic
field. Since the dielectric relaxation is observed when the temperature and frequency are tuned as to
probe the dynamical motion of these charges among these interfaces, the magneto capacitance is
maximal right at the dielectric relaxation. We note that a similar magneto-capacitance at the
relaxation frequency was already reported in LuFe,04 another example of effective giant permittivity
material [14]. Since this material is also belonging to the broad family of grain-boundary layer
dielectrics [15], a similar magneto capacitance as in CaCusTi;O;, is not a surprise.

The last example of interface related magneto-capacitance 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 loop fully analogous to the ferromagnetic loops [17]. However, unlike
ferromagnetic domain walls, ferroelectric domain walls carry a strong elastic energy which depends
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on the exact crystalline symmetry of the ferroelectric phase. Because of this energy, the motion of
the domain walls can have macroscopic contributions to the overall dielectric permittivity of
ferroelectrics. In BaTiOs, joint elastic and dielectric experiments clearly evidenced this dynamical
contribution resulting in a relaxation with about 1eV activation energy [18]. Moreover, the pining 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 magneto capacitance. This is why we investigated Fe doped BaTiO; single crystals
where the charged defects originate from the heterovalent substitution of Ti*" cations by Fe**
impurities associated to charged oxygen vacancies. These crystals have been deeply investigated
because of their interesting optical properties [19]. The dynamical contribution of domain walls to
the dielectric properties was however little investigated. On figure 3a, the dielectric loss of a BaTiOs;
crystal containing 0.75 atomic percent of Fe are plotted versus temperature between 300K and 4K.
Starting from the high temperature side, we can see two sharp and frequency independent
anomalies at about 270K and 170K signing the tetragonal to orthorhombic and the orthorhombic to
rhomboedral phase transition respectively. Next, a broad maximum is evidenced whose temperature
of occurrence is shifted from 140K to 220K as the frequency is scanned from 1kHz to 1MHz. This
relaxation process has activation energy of about 1eV and it is not affected by the ferroelectric
transition occurring at 170K. These both features are in full agreement with previous reports on
undoped BaTiO; ceramics showing that it originates from domain wall motion [17]. The magnetic
field influence on this relaxation is shown on figure 3b for a single frequency (f=100kHz) at two
similar cooling runs, one for H=0 Oe and the other for H=90kOe (figure 3b). 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 3c) and heating (figure 3d) runs. One can
see that the 15% magneto-capacitance is restricted to the temperature ranges where domain wall
relaxation occurs. If the operating frequency is changed, the occurrence of magneto-capacitance
shifts following the trends of figure 3a. Away from domain wall relaxation, no magneto-capacitance
was observed. Again, the charge localization at interfaces model holds for this magneto dielectric
coupling. Indeed, we already stressed that the domain wall relaxation is pinned by charged defects.
In 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 magneto
dielectric coupling.

In all the materials that we have investigated, the localization of free charges at interfaces is the
common driving source for the magneto-capacitance coupling. The free charges may be of different
origin and the interfaces of different shape and nature, whenever free charge localization contributes
to the effective dielectric permittivity a magneto capacitance 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 magneto-capacitance coupling. The observation of magneto-
capacitance in ferroelectric crystal doped with heterovalent impurities may also lead to novel routes
towards the coupling between an external magnetic field and ferroelectric polarization.



hal-00273452, version 1 - 15 Apr 2008

Methods

The samples were inserted in a PPMS Quantum Design set up at the end of a modified holder using 4
coaxial cables linked to a HP4194 impedance analyzer through BNC connectors and cables. The
samples were hold freely by 2 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
interval in the frequency range 1kHz-1MHz while the magnetic field was raised at a rate of 2000e/s
from 0 to 90kOe and then decreased back to 0 after a stabilization dwell time at the maximum field.
Such a magnetic field run is sketched by arrows on figure 1a. For temperature experiments, the
magnetic field was fixed while the sample temperature was swept at a rate of 0.1k/min up to 1K/min
and the sample impedance recorded at several spot frequencies.
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Figure Captions

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 mark the magnetic
field ramping and stabilization respectively. The maximum magneto-capacitance is 15% for H=90kOe

at f=1MHz

Figure 2: relative variation under a magnetic field of 90kOe of the capacitance (a) and dielectric losses
(b) of a CaCusTi;04, ceramic in the temperature range of its dielectric relaxation. The maximum of
magneto-capacitance which can be up to 15% follows the dielectric relaxation frequency which
increases when the temperature is raised. At room temperature T=300K no magneto-capacitance is

found.

Figure 3: (a) dielectric losses of a BaTiOs:Fe single crystal versus temperature for several frequencies.
The two sharp anomalies at 170K and 270K 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 90kOe. On
cooling (c) and heating (d), a 15% magneto-capacitance is observed still in the temperature range of

domain wall relaxation.
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