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A new measurement method for magnetoelectric effect in pulsed magnetic fields has
been developed. The pulsed field system generates in a bore of 25 mm fields up to 10.0 T
with a typical pulse duration of 20 ms. Besides the magnetization, the system allows the
measurement of the magnetoelectric effect in both transversal and longitudinal modes.
The magnetoelectric effect on well known cobalt ferrite/ barium titanate composites and
single-phase materials was measured as a function of the temperature. A maximum
magnetoelectric coefficient of 1.5 mV/(cm-Oe) was obtained for a composite with a compo-
sition of 50 mass % ferrite sintered at 1200 °C. A model to explain the results obtained
by this measurement method is discussed.

Paspaboran HOBBLIII MeTO] HM3MEPEeHHS MATHUTOIJIEKTPUUECKOro sdeKTa B MMIIYIbCHBIX
MArHATHBIX moasAx. CucreMa MMIIYJIBCHOIO IIOJS TeHepupyer B 25-MM OTBEPCTHH IIOJIA 0
10,0 T ¢ TunmuHOM AauMTEeAbHOCTHIO mMHOyabca 10 mc. [ToMuMoO HamMarHMYMBAHUA, CHCTEMA
IO3BOJISIET U3MEPATh MATHUTORJEKTPUUYECKUl o((MEeKT KaK B IIOIEPEYHOM, TAK U B IIPOLOJIb-
HOM HAIIPABJEHUAX. VI3MepeH MarHuTOJeKTPUUYEeCKUi o(@MEeKT AJisd XOPOII0 M3BECTHBIX KOM-
mos3uToB (peppur Kobasbra/TUTaHaTA O0apUs M AJS OTHOMDASHBIX MATEPHUATIOB B 3aBUCHUMOCTH

oT Temmeparypbl. MaKcHMaJabHBIH MArHuTodJeKTpuuecKuili Koodduuuent 1.5 mV/(cm-Oe)

moJIyueH mIJs KoMIlo3uTa, cozepskamero 50%

Mac. (pepputa, crnedennoro mpu 1200 °C.

HpelmomeHa MoOgeJIb OJIfA 00'bsICHEHU A pe3yabTaToB, IIOJYUYEHHBIX OIIMCAHHBIM METOIOM.

Magnetoelectric materials is one of the
research areas in multifunctional materials
which has centered the attention of scientist
around the world due to its potential appli-
cations, such as, transducers, actuators,
sensors, and new and improved data-storage
media [1-83]. The primary magnetoelectric
materials, as a kind of multiferroic materi-
als, become magnetized when placed in an
electric field and polarized when placed in a
magnetic field. The induced polarization P
is related to the field H by P = oH, where

o is the second rank ME-susceptibility ten-
sor in SI units (s/m). The magnetoelectric
voltage coefficient oy = dE/dH which is re-
lated to o by o =eggeap (where g, is the
relative permittivity of the material), as a
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result of a product property [2], can be con-
sidered as the product of the piezomagnetic
deformation dr/dH and the piezoelectric
charge generation d@/dr. This idea leads
not only to the search for single phase ma-
terials, but also for two-phase composites
which can be a coupling either of magne-
tostrictive / piezoelectric, piezomagnetic /
piezoelectric, or pyromagnetic / pyroelectric
phases [4]. Since the magnetoelectric effect
in two-phase composites is more than a hun-
dred times that of the single phase materi-
als, more intensive research on this kind of
compounds has been conducted [2, 5, 6].

To measure the magnetoelectric (ME) ef-
fect, the most established method consists
in determining the voltage Vj between the
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Fig. 1. Block diagram of the pulsed field magnetoelectric setup.

plated surfaces of a sample as a function of
an applied low amplitude AC magnetic field
H,c, superimposed on a DC bias magnetic
field. This voltage is recorded using a high
impedance amplifier or a charge amplifier
and a lock-in amplifier taking as reference
the signal of the AC magnetic field. Here the
magnetoelectric voltage coefficient o is related
to this voltage by oy = Vg/(H, AC%E) [2, 5].

In this work we present a method for
measuring the ME voltage coefficient using
pulsed magnetic fields. This new method re-
sults not only suitable for measuring the
ME coefficient, but also could be useful to
study the relaxation and hysteresis behavior
of the ME materials as a function of the
applied field.

The system for measuring magnetoelectric
properties is built on top of a tailored pulsed
field magnetometer developed at CIMAYV,
with a field coil of 25 mm bore and typical
pulse duration of 25 ms. The block diagram
of the whole system is shown in Fig. 1.

The main part of the measurement sys-
tem is a specially designed sample holder,
which contains the fixed electric contacts
for measuring the voltage across the sam-
ple, two special coils (compensation coils) to
compensate the induced signal on the con-
tacts wiring during the field pulse, and a
pick up coil for sensing the field amplitude.
Special care was taken in the design of con-
tacts in order to warranty the reproducibil-
ity of the measurements and to avoid an
excessive pressure, which could pre-stress
the samples. The holder is built as a part of
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a measuring inset which also contains a pair
of Helmholtz coils for applying a high fre-
quency, low amplitude AC magnetic field on
top of the main pulse, a small furnace and
a temperature sensing device for measuring
the ME voltage coefficient as a function of
the temperature.

Two insets with two different sample
holders were made, one for measuring the
transversal ME effect, and the other for the
longitudinal ME effect. Additionally, a bal-
ance bridge with an impedance matching
circuit was built in order to improve the
zero signal and to match the sample imped-
ance with the input impedance of the meas-
uring electronics. The AC Helmholtz coils
are driven by a AC current power supply
with an input protection circuit to avoid
damage in the supply due to the large in-
duced voltage on the coils resulting from
the main field pulse.

The output voltage from the sample is
amplified and filtered with a high imped-
ance pre-amplifier, and can be measured
either i) directly with a DAQ Card (NI PCI-
6110E) or ii) as the output of a fast analog
lock-in XY module in the case of an AC
field measurement. Here, the reference sig-
nal from the AC current supply is used as
reference signal for the lock-in module. In
both cases, after setting all devices, the
measurement is triggered and controlled by
the PC computer of the pulsed field magne-
tometer. To warranty the reproducibility of
the measurements a zero signal is always
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taken and then subtracted to the signal
from the sample.

With this system, the ME voltage coeffi-
cient can be measured by two different
methods, i.e: i) during the application of a
magnetic field pulse the voltage appearing
on the sample is directly recorded, and ii) as
a function of a high frequency (f= 1-
10 kHz) AC field superimposed to the main
field pulse, as in the case of the well estab-
lished method based on AC and DC bias
field [2, 5]. In the first case (direct
method), the measured voltage is propor-
tional to the current in the circuit which is
the first derivative of the charge (dQ/d¢)
generated by the induced polarization due
to the deformation caused by the magnetic
field pulse. Considering that the impedance
of the sample is much bigger than the im-
pedance of the matching circuit, the charge
can be obtained from Eq. 1:

1
Q-] Vot W

where Z;, is the input impedance of the
electronic circuitry, and V,,; is the voltage
measured on the sample. Considering the
sample as a plane parallel capacitor with an
area A, the electric field will be:

Ty Al Vs @
in®0%r

where ¢, is the relative permittivity of the
material, and A is the area of the plated
surface of the sample. Then the magne-
toelectric voltage coefficient can be obtained
from Eq. 2 and the magnetic field H(?), tak-
ing the time as a parameter, according to
the relation:

3
“E = d<{ nE0Er AI ’”dt}' ©)

The above derivative should be done nu-
merically using the data obtained from the
sample and from the field pick-up coils.
Here a fast, highly accurate and sensitive
electronics is desirable, in order to obtain a
smooth experimental data to minimize the
numerical noise generated in the mathe-
matical procedure. In this simple model, an-
other problem could arise from the fact that
in some samples during poling, there is a
possibility of charges gets accumulated at
the grain boundaries, which will move to-
wards the electrodes during the measure-
ment [7].
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Fig. 2. ME voltage coefficient for the sample
CoTi50 measured by direct method, curve 1. For
comparison the curve obtained by DC method,
curve 2 (DC values were measured in a static
system at TU Wien University with [y, =
1.2 kHz, H,, = 4.7 Oe) is also included.

In the case of AC measurements (AC
pulsed method), an AC voltage appears in
the sample which is proportional to the
charge change AQ = Qysin(wt + ¢). Using a
lock-in amplifier, the ME voltage coefficient
can be obtained in the same way as in the
well established method based on AC and
DC bias magnetic fields (DC method):

Vour/ Hyc % £,)- (4)

Where V,,, is the output voltage from
the lock-in amplifier, H - is the amplitude
of the AC magnetic field, and ty is the
thickness of the sample [2, 4, 5].

The system was tested with well known
composites of cobalt ferrite and barium ti-
tanate. Composites, consisting of a mixture
of magnetostrictive and piezoelectric
phases, were obtained starting from copre-
cipitated cobalt ferrite (CoFe,O,) and sol-
gel barium titanate (BaTiOz). Samples were
sintered at 1200°C for 12 hours. Silver
paint was coated on the sintered pellets to
provide electrical contacts. Finally, the sam-
ples were poled in an electric field of
6 kV/cm at 110°C for 30 minutes.

Piezoelectric dg3 constant was measured
with an APC model 8000 piezo dgg tester.
The relative permittivity was calculated
from the data obtained with an HP 4192A
impedance analyzer.

The magnetoelectric voltage coefficient
as a function of the magnetic field for the
sample CoTi50 (weight fraction of 0.5 of
cobalt ferrite / 0.5 barium titanate) meas-
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Fig. 3. ME voltage coefficient for the sample
CoTi50 as a function of the magnetic field

pulse.

ured at room temperature using the longi-
tudinal holder by the direct method up to
the maximum positive field is shown in Fig. 2.
For comparison the ME voltage coefficient
measured by the DC method for the same
sample is also included. Table summarizes the
values of the maximum ME voltage coeffi-
cients obtained by the different methods.
The values for the maximum ME coeffi-
cients are found very similar, and also the
shape of the curves in Fig. 2 are very close.
The higher values in the case of the direct
method can be related to the impedance
matching. These values are in good agree-
ment with those reported for ball-milled, and
sintered BaTiO;/CoFe,O, composites [2, 8].
The ME coefficient, measured by the di-
rect method using the longitudinal holder
for the sample CoTi50 for the whole field
pulse is shown in Fig. 3. The curve shows a
complex hysteresis behavior. At low fields,
o shows a good linearity with the field,
reaching a maximum around 5 kOe, and
then decreasing for higher fields. At high
fields the magnetostriction gets saturated,
producing almost no charge change and
nearly constant electric field in the BaTiOs,
thereby causing a decrease in ap [9]. The
behavior shown by the curve when the field
is returning to zero could be related to hys-
teresis and relaxation effects on both mag-
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Fig. 4. ME voltage coefficient measured at
150 K in transversal mode by direct method
for a single phase sample of BigTizFeO,s.

netic and piezoelectric components of the
sample and is presently a subject of an in-
tensive research by the authors.

Fig. 4 shows the transversal ME voltage
coefficient as a function of the magnetic
field for a single phase sample of
BisTisFeO,5 measured at 150 K by the di-
rect method. As can be noted the behavior
of this single phase materials is quite dif-
ferent from the composites. Up to fields of
20000 Oe there is no saturation, neither a
decrease in o suggesting a different origin
of the magnetic order.

A new kind of system to measure the
magnetoelectric voltage coefficient using
pulsed magnetic fields has been setup. Be-
sides the ME voltage coefficient, the system
could be used to study the hysteresis and
relaxation behavior of the magnetoelectric
materials. Direct and AC based measure-
ments, in transversal and longitudinal
modes can be made from low up to room
temperature. The system was tested with
core shell particulate composites of
BaTiO3/CoFe,0, and single phase materials.
Values measured by the different methods
were very close, with a maximum for the
direct measurement of 1.50 mV/cm-Oe for a
composition of 50 % of BaTiOj.

Table. Maximum ME voltage coefficient obtained by different methods

Sample €, dgs (PC/N) oz (mV/(ecm-Oe))
long.direct AC pulsed DC*
CoTi50 1165 18 1.51 1.47 1.52
* DC values were measured in a static system at TU Wien University with frgac = 1.2 kHz,
H,,=4.7 Oe.
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HoBuii MeTOx BUMipIOBAHHS MATrHITOEJIEKTPUUIHOTO
edeKTy B iMIyJbCHHUX MATHITHHUX IOJAX

A .Byeno-Bakec, X.Mamymec-Axéino, B.Koppane-Pnopec,
M.Bomenno-3yb6iame, J].Pioc-Xapa, P. Uhjcbyuth

Po3pobiieno HOBuil MeTOs BHMipPIOBAHHA MArHITOEJIEKTPUYHOro eeKTy B IMOyJIbCHHUX
MargiTHnx moasix. Cuerema iMIIyJabCHOrO moJid reHepye y 25-mm orBopi moas go 10,0 T 3
TUIIOBOIO TpuBaJicTio iMmyabcy 10 mc. Oxpim HamarmiuyBauHs, cuCTeMa JO3BOJIIE BUMIipIO-
BaTW MATrHITOEJEKTPUUYHHUN dPPEKT HAK y IIOIIEePeYHOMY, TAK i Y IO3IO0BIKEHHOMY HAIIPSIM-
Kax. BumipsHo mar"itroenmekTpuuHuii eperT mjs modpe BioMHX KOMMIO3UTIB (pepuUT K00aJb-
Ty/TUTaHaT Oapiro Ta AJsa omHOMASHMUX MaTepiasiB B s3aseKHOCTi Bix Temmeparypu. Makcu-
MaJbHHI Mar"iroemekTpmunuii xKoedimiernr 1,5 mB/(cm-E) omep:kaHo qis KOMIIOSUTY, IO
micturs 50 mac % @epury, cueuernoro npu 1200 C. 3ampomoHoBaHO MOJeNb A MOSCHEHHS

pe(iyJII)TaTiB, OoJepXaHUX 3ragjaHUM MeTOJOM.
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