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Abstract. Magnetoelectric composites of Cufg€ry,04,—Bay gPhy 2 TiO3 were prepared using high temperature
solid-state reaction technique. X-ray structural analysis of these composites confirms the presence of both the phases
in the composite. Detailed studies of dielectric properti¢sans ando,c) as a function of frequency (100 Hz to

1 MHz) and temperature (3Q to 250 C) show that these compounds exhibit diffuse ferroelectric phase transitions.
Results of ac conductivity, dc resistivity and thermoelectric power measurements show that conduction occurs by
hopping of charge carriers. The magnetoelectric effect has been studied as a function of intensity of magnetic field.
The electrical polarisation was induced in piezoelectrico@dBdy, 2 TiO3) phase as result of strain induced in the

ferrite (CuFe gCr204) phase by the applied magnetic field. The Jahn-Teller distortion caused in the ferrite lattice

by Jahn-Teller ions like Cdr and C?+ is also responsible for the elastic coupling of strain to thggBiy ,TiO3

phase.
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Introduction the ferroelectric phase; (2) the piezoelectric coefficient
of ferroelectric phase should also be high and its resis-
The possibility of existence of magnetoelectric effect tivity should be at least of the order of A@-cm and
was first discussed by Landau and Lifshitz [1]. In ma- (3) the mechanical coupling between ferrite and ferro-
terials having both electric and magnetic ordering, an electric phase must be perfect. Hence, with all these
application of magnetic field induces electrical polari- stringent requirements, search for a suitable combina-
sation, while an external electric field causes change in tion of ferrite and ferroelectric leads to hardly a handful
magnetisation. Such a phenomenon is called as magne-number of such materials that can be put to the study of
toelectric (ME) effect [2-5]. It occurs due to the inter- ME effect and the calculation of ME conversion factor
action between electric and magnetic dipoles [2]. ME (dE/dH) in them. The ME conversion factor is a mea-
effect in composites is due to the strain, induced in sure of changes in the resulting electrical field in the
piezomagnetic (ferrite) phase by the applied magnetic magnetoelectric composite due to the applied external
field, being mechanically coupled to stress induced in magnetic field, as measured on the flux of the constant
the piezoelectric (ferroelectric) phase; the coupling re- magnetic field [6]. This first order derivative results
sulting in an electrical voltage [5]. However, a selection from the terms proportional t&.H in the expression
of suitable combination of piezoelectric and piezomag- for the free energy of the crystal [6]. As aforesaid, the
netic material with a view to achieve ME effect itself ME effect being a product of piezomagnetic and piezo-
is a challenging task. The reasons being: (1) the ferrite electric effect of the constituent phases, the ME conver-
phase is required to have high piezomagnetic coeffi- sion factor is obviously the product of piezomagnetic
cient and its resistivity must be comparable to that of coefficient and the piezoelectric coefficient.
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Mathematically (dE/dH)composite
= (dl/dH)compositeX (dE/dl)composite
= (dl/dH)ferrite,bulk x fx (dE/dI)ferroelectricbqu

where f is the volume fraction of ferrite. But this is

same route starting with BaO, PbO, and Ti@ken in
appropriate molar proportion and presintered at850
for 4 hrs also prepared BgPhy2TiO3 phase. After
presintering, the constituent phases were thoroughly
mixed together and the mixtures were presintered at
900°C for 12 hrs to prepare magnetoelectric compos-

true only in the ideal case, i.e., when there is a prefect ites of varying compositions of BaPlky,TiO3 and
coupling between the phases. In reality, the two phasesCuFg gCrg,04. The CuFggCry 04, taken in 15, 30
may make a poor mechanical contact, so that a slip mayand 45 mole percent, was dispersed in the matrix of
occur at the interfaces and energy may be dissipated in85, 70 and 55 mole percent of gk, 2 TiO3 respec-

friction [3].
Suryanaryana and his group investigated k®g-
BaTiOs, NiFe,0,—BaTiO; and CoFgeO,—BaTiO; sys-

tively to prepare composites labeled as 85% BPT, 70%
BPT and 55% BPT respectively. The pure ferroelectric
phase was abbreviated as 100% BPT. These composites

tems prepared by ceramic method and have reportedwere then shaped to cylindrical pellets and subjected

that no ME signal was observed in the first of these
while in the other two the ME signal was of the order
of uV/(cm Oe) [6]. It is rather surprising that though

to final sintering at 105 for 24 hrs to yield the final
materials.
Powder X-ray diffraction patterns of the samples

the ferrites phases in these composites have high resiswere recorded using Phillips X-ray diffractometer

tivity and giant magnetostriction, the resulting ME sig-

(PW 1710 model). For the measurement of dielectric

nal was weak. We have reported ME conversion factor properties, the pellet surfaces were polished and silver

of the same order of magnitude in CykEry404—
BaTiO; and CuFgO,—BaTiO; systems, though our
chosen ferrites were less magnetostrictive but still

coated for electroding the samples. Capacitance and
dielectric loss were measured as a function of tem-
perature (25-22%) in the frequency range 100 Hz—

preferred, as they could produce larger Jahn-Teller 1 MHz using LCR meter (HP 4284A). AC conductiv-

distortion in the ferrite lattice, which will in turn

induce more mechanical coupling between the ferro-

electric and ferrite phases (since®wand CF* being

Jahn-Tellerions)[7, 8]. Inthe present study we commu-

nicate the ME effect in CukhgCr204—BaTiO; sys-
tem. In addition, we report the study of effect of tem-

ity was derived from the dielectric data. Thermoelectric
power of these samples was measured by producing a
thermal gradient4 T = 25°C) across the sample by a
small heater attached to the end of one of the hard elec-
trodes of the sample holder. Sufficient time was let for
thermal stabilization. The thermoen E) was mea-

perature, frequency and composition on the dielectric sured at different ambient temperatures of the samples.
properties of the system; temperature dependence ofThe thermoelectric power was determined by using the
dc resistivity and thermoelectric power. As such, the relation:
system is considered here to provide an unique oppor-

tunity for the study of properties of materials when

a=AE/AT 1)

in composite form. Moreover, it is learnt that magneto-
electricinteractions introduce a number of peculiarities
in ferroelectric phase transition besides exhibiting ME
effect and the study on electro-physical properties in
two-phase systems is relatively scant.

To realise ME signal in composites, the samples were
poled electrically and magnetically separately follow-
ing Boomgaard et al. [4]. ME coefficient was mea-
sured as a function of static magnetic field. For this a

specially designed sample holder having two perspex
sheet of an area nearly 17 émwere used in which
two copper electrodes were brazed to the electrical
leads separately and were kept on the either side of
These composites contain two individual phases, one the poled sample. The whole sample holder assem-
ferroelectric and the other ferrimagnetic. The ferrimag- bly was then kept between the two pole pieces of a
netic phase chosen is Culg€ry20,. It was prepared  DC electromagnet. All stray pick-ups were avoided by
through normal solid state reaction taking CuQ, @y proper grounding of experimental set-up. The leads
and FeOs in appropriate molar proportion. The fer- from the two ends of the sample were connected to
rite was presintered at 800 for 10 hrs. Similarly, the multimeter (Kiethley) through a shielded cable. The

Experimental
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resulting voltage was then measured as a function of ~ The variation of dc resistivity with temperature is
intensity of magnetic field. The ME conversion fac- shown in the Fig. 2. The values of activation energy
tor was then obtained at different values of magnetic (AE,) calculated in the ferroelectric region and fer-
field by calculating the slopes at different points on the roelectric transition temperaturegJ are given in Ta-
curve of voltage(electric field) versus magnetic field ble 1. These plots are similar to those of the doped
[6]. ferroelectrics [9]. Plots depict that resistivity decreases

with increase in temperature suggesting semiconductor

type of behaviour. The linear variation in the ferroelec-
Results and Discussions tric phase suggest that Arrhenius law:

Figure 1 indicates the XRD of 55% BPT composite. 0 = po eXP(AEa/KT) 3)
From the XRD, it is clear that both CufEgCrg20,

and Ba gPhy 2 TiO3 phases are present. Both the phases is obeyed in the present ceramics, wherg,. is the
have tetragonal type of crystal structure. The lattice activation energy required for hopping of charges. The

constants for Cuf_@Cro_204 phase ar@=8.0337A values of AE,. greater than 0.2 eV in the present
andc=28.62554A (c/a=1.073) and for BagPhy - ceramics suggests that conduction is due to hopping
TiO3 phase, the values ar@=3.9787 A and c= of charges [9]. Variation of the Seebeck coefficient

4.345 A (c/a=1.092). Particle size in all the com- («) with temperature for the composites is shown in
posites were calculated using a few reflections widely the Fig. 3. The figure reveals that decreases with
spaced in 2 range according to Scherrer’s formula: temperature in the ferroelectric phase as the transi-
tion point is approached and becomes negative in the
Phii = (KA)/(B1/2 COSOhia ) (2) paraelectric state. In the paraelectric phaseemains
fairly constant. The transition temperatures are noted in
wherek =0.89 andg,» = half peak width. The av-  Table 1. Sincex is positive in the ferroelectric region
erage particle size for CulcgCry 204 phase is 0.0569  the majority charge carriers are holes and is negative

um and for Bg gPhy 2 TiO3 phase is 0.0674m. in the paraelectric state indicating electrons are the
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Fig. 1. XRD of 55% Ba gPhy 2 TiO3 composite.
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Fig. 3. Variation of Seebeck coefficient with temperature.

majority charge carriers. The results are similartothose  In the present composites of Cul€ry204—
obtained for the other ferroelectrics [10]. The conduc- BaygPhy 2 TiO3, p-type conductivity increases with in-
tion mechanism in the present case can be explainedcrease in CukgCry204 content (Fig. 3). This is
on the basis of the following reaction mechanism due to release of holes as a result of transform
[11]: of CU?" « Cutt. It is also well known that oxido-

reduction process appears in air atmosphere in ac-
Cuy™ +CUu" & C + Cuy" (4)  cordance with the following reactions, where all the

Table 1 Electric data on composites.

For 1 kHz Pdc(10°Q2 — cm)

ERT Emax Te y From o pRT Eac dE/dH
Composition Oac- S (mVIK) (102 —cm) (ev) (nV/(cm*Oe))
100%BPT 173.4 323.32 160 13 0.43 1.04 20.36 0.695 -
85%BPT 352.3 4134 165 14 0.76 11 19.68 0.595 Not detected
70%BPT 165.4 180.31 160 1.45 0.47 1.9 14.45 0.397 184.32

55% BPT 177.3 435.64 160 1.2 0.62 2.48 13.12 0.298 194.3




species are written in accordance with Kroger-Vink
notation of defects [12].

1 .
Vi + 502~ Op+2N (5)

1
Op— EOerV(')' +2¢ (6)
The n-type conductivity in the paraelectric state is
accounted by traces of Feions, which may be present
because of loss of oxygen occurring during sintering

Electrical Conduction and Magnetoelectric Effect 119

non-ferroelectric regions similar to that in case of re-
laxor ferroelectric materials [7, 14]. This gives rise to
interfacial polarisation which is reflected by sharp fall
in ¢’ upto 10 kHz. Polaron hopping mechanism result-
ing in electronic polarisation also contributes to low
frequency dispersion. These spurious effects cease to
influence beyond a certain frequency. The static value
of dielectric constant in the present samples lies in the
range 75-130 and it is almost frequency independent
beyond 10 kHz in case of composites. It is also noted
from the figure that the value ef at 100 Hz increases

of these materials at high temperatures in accordancewith increase in CukgCry 20, content (Fig. 4).

with the reaction (6). The electrons released in the reac-
tion (6) are captured by Bé to generate Fe ions. In
general, the large values@f(>100u V/K) are related

to the localised electronic state for the oxide ceram-
ics while small values ok (<30 u V/K) indicate that

the electronic state is metallic [13]. The valuesxdh

the present samples are much greater thanl 9K
suggesting polaron hopping type of conduction.

The frequency variation of at room temperature
for Bay gPhy 2 TiO3 and its composites is shown in the
Fig. 4. An examination of the figure reveals that all
the samples exhibit dielectric dispersion. T¢ieand
tans decrease rapidly at low frequencies and remain
fairly constant at high frequencies, that is, beyond
10 kHz. The large values of dielectric constant at low
frequencies in case of ionic crystals are due to voids,
dislocations and other defects. In case of ceramic ma-
terials (ferrite and ferroelectric), this large valuesof
has been attributed to the effect of heterogeneity of the
samples like pores and layered structures. However,
in case of composites, the high valuesois ascribed
to the fact that ferroelectric regions are surrounded by

1000

All the samples exhibit anomaly in the variation of
their dielectric constang’ with temperature. Typical
variation of¢’ and tars for 55% BPT at four differ-
ent frequencies namely, 1 kHz, 10 kHz, 100 kHz and
1 MHz are shown in Fig. 5 and 6 respectively. Dielec-
tric behaviour of all other samples is similar to this
composition.e’ at room temperatures’ at transition
temperatureT.) andT; at 1 kHz frequency are given
in Table 1. From Fig. 5, it is seen that the region around
dielectric peak was broadened at all the frequencies.
The broadening of the peak may be due to the micro-
scopic heterogeneity in the composite [7]. A distribu-
tion of different local curie points results as different
regions have different curie points. Thus the transition
is of diffuse type [15].

In order to understand the conduction mechanism,
ac conductivity was measured as a function of fre-
guency in the range 100 Hz—-1 MHz at°80 Itis noted
that the conductivity obeys the relation as given below
[16, 17]:

Ogc = AL()S (7)
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Fig. 4. Variation of dielectric constant versus frequency.
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Fig. 5. Dielectric constant versus temperature for 55% gy 2 TiO3 composite.
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Fig. 6. Variation of loss tangent with temperature for 55% BRy , TiO3 composite.

Value of s found by least square fitting of data is wherew is the angular frequency andis the stay-
given in Table 1. Frequency dependence of ac conduc-ing time (~10-1° sec). Therefore for the frequencies
tivity in these samples show that conduction occurs by w?t? <1 the plot of logoac — o4c) Vs. logw? should
hopping of charges among localised states [18, 19]. be a straight line. For the present samples the plots
Moreover, Adler and Fienleib [20] have shown that for are straight lines as shown in the Fig. 7. This indicates
conduction by small polarons the conduction increases the conduction is due to small polarons in the present
with increase in frequency and following relation holds ceramics.
good. The variation of static magnetoelectric conversion

factor E/dH) as a function of magnetic field is
Oac— 0gc = (0212 /(1 + *1?) (8) shown in the Fig. 8. In case of 15% CuR€ro20s
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Fig. 8. Variation of static magnetoelectric conversion factor with intensity of static magnetic field.

composite no ME signal was detected. This is due magnetic strain developed by the increasing magnetic
to very weak magnetoelectric interactions in this field. At 1.6 kOe, the magnetisation reaches its satura-
composite [4, 5]. However in case of 30% and 45% tion confirmed from the hysteresis loop measurement
CuFe g Crg204 composite, ME signal resulted, which  studied by us. Therefore beyond this field the magne-
is due to the enhancement in elastic interaction with in- tostriction and strain thus produced would produce a
crease in CukRgCrp 204 content [21]. The order ofthe  constant electric field in the piezoelectric phase. This
magnitude of ME signaldE/dH) is akin to NiFeO, leads to decrease @iE/dH with increase in magnetic

— BaTiO; composites, though Niz8, is highly mag- field beyond 1.6 kOe [6].

netostrictive ferrite when compared with the present

ferrite [6]. Inthe present system we attribute the appear- Conclusions

ance of ME signal to the strain induced by lattice distor-

tion in ferrite phase by the Jahn-Teller ions like Cuand The present composites prepared by ceramic method
Cr [7]. Hence asserting the fact that Jahn-Teller effect have only ferrite (CuFgCry204) and ferroelectric

in the ferrite can lead to the polarisation in the piezo- (BaygPky2TiO3) in them. Hence the possibility of im-
electric phase. From figure it is also clear that initial purity phases being present and affecting the signal
rise indE/dH with increase in magnetic field is due to  adversely is ruled out. The ferroelectric phase transi-
the enhancement in electric polarisation caused by thetions are of diffused type. The transition temperature
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of ferroelectric phase is not affected due the presence References
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