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ABSTRACT

In thiswork we report the magnetic and magnetodiel ectric properties of two types of composite films, namely, (i)
CuFe,O,- Poly (vinylidene-fluoride)-BiFeO, (CBO) and (ii) CuFe,O,-Poly (vinylidene-fluoride)-PbTiO, (CPO) at
room temperature. These filmswere synthesized by solid state reaction of ceramicsfollowed by hot press method.
Distinct ferroel ectric domains observed by using piezoel ectric force microscopy and the hysteresisloops observed
in magneti zation measurements; show the multiferroic nature of both the films. The coercivefields, H_ were observed
to be ~ 0.835 kOe and ~0.7305 kOe for CBO and CPO films, respectively, whereas the values of remnant
magnetization, M, were found ~ 4.3 emu/g and ~ 4.9 emu/g, respectively. Moreover, we observe a systematic
enhancement (more than 7 %) of dielectric constant with increasein strength of magnetic field for both of these
films. Although BiFeO, ismultiferroic material but dueto good magnetodiel ectric behaviour in thiscompositefilm
represents a sign of strong effective mechanical interaction between CuFe,O, and BiFeO, through the polymer
matrix. This type of study may lead to innovative solution for various technological application such as memory
devices, magnetic sensors, spin based devices (spintronics)etc.
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1. INTRODUCTION

Multiferroics are the materials which simultaneoudly show ferromagnetism in which magnetic polarization
can be changed with magnetic field as well as ferroelectricity where electric polarization can be changed
with applied electric field. Recently peoples have great interest in multiferroics due to discovery of many
new compounds with a strong multiferroic coupling and its potential for replacement in various electronic
devices. The discovery of these type of materials came from charge control with applied magnetic field as
well as spin control with applied voltages which results into multifunctional devices. The coupling between
electric polarization and intrinsic magnetization of these materials give rise to magnetodielectric effect. In
presence of external electric field the magnetic dipoles will reorient, which results in a net shift in
magnetization direction of the material. This type of magnetic control would allow for magnetic switching
using an applied electric field, this could be applied towards improvement of memory devices, electronic
systems, innovative solution for application in spintronics devices transducers, sensors, data storage,
switching devices, etc[1, 2]. Apart from applications in magnetoelectric devices multiferroics might find
applications as microwave absorption materials due to magnetoelectric coupling in these materials [3].
Some multiferroics material found in nature such as Cr203, Ti203, GaFeO3, PbFe0.5Nb0.503, and many
others have been widely investigated [4, 5, 6, 7]. Since these materials exhibit the magnetoelectric effect
but the changes are not significant enough to allow for large-scale applications [8]. The solution to this
problem isfabrication of synthetic multiferroics which resultsto artificial multiferroic devices. The coupling
inthese artificial devicesis higher ascompared to naturally occurring multiferroics. Perovskite-type BiFeO, is
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well known room temperature multiferroics with simultaneous ferroelectric (T =1103 K) and G-type
antiferromagnetic (T, = 643 K) nature [9-12]. In BiFeO,, Bi—O orbital hybridization (or covalency) due to
Bi 6 lone pair isresponsible for the ferroelectric instability while Fe—-O—Fe antisymmetric Dzyal oshinskii—
Moriya exchange gives rise to acomplicated magnetic order [13]. Lead Titanate (PoTiO,) is aferroelectric
ceramic but has not been proved to be a technologically important materia by itself. It is a significant
component material in electronics such ascapacitors, ultrasonic transducers, thermistors, and optoelectronics.
Till date, researchers have synthesized composites of ferrites (CoFe,O,, CuFe,O,, and ZnFe,O,) with PZT/
BaTiO,/BiFeO, both in bulk and thin films in order to enhance the multiferroic properties [14]. Recently, a
large ME output has been reported in nanocomposites of Co and Cu ferrites with ferroelectric BiFeO, as
piezoelectric phase [15]. In spite of these, literature survey indicates that not much detailed work has been
done on the magnetoelectric in composite thick film.

In this work, we have done a systematic study on locd ferroelectricity, magnetic and magnetoelectric
properties of CuFe,O,- Poly (vinylidene-fluoride)-BiFeO, and CuFe,O,-Poly (vinylidene-fluoride)-PbTiO,
compositefilms. Here, poly (vinylidene-fluoride) (PV DF) works as amatrix to enhance the magnetoelectric
properties in composite ceramics or in other words to bind the two different types of materials strongly. A
similar study were also carried by K L Yadav in his research paper in research material express but with
different material that is Nickel ferric oxide and barium titanate[ 16].

2. EXPERIMENTAL DETAILS

CuFe,O,, PuTiO, and BiFeO, ceramics were prepared using high purity grade chemicals (99.99% purity)
Cu,0, Fe,0,, PbO, TiO, and Bi,O, powders. The components were weighted as per their stoichiometric
ratios and wet mixed for approximately 3 h in acetone medium. After getting a well mixed powders, we
calcined the so obtained powder at 1000 °C (820 °C, BiFeO,) for 2 h in alumina crucible in glass furnace.
Then the obtained mixtures of CuFe,O,: PuTiO, and a-PV DF were grinded nearly for ~ 3 h with 2:1 weight
ratio of ceramicsto the polymers. Similarly, mixtures of CuFe,O,: BiFeO, and a-PVDF were grinded for ~
3 hwith 2:1 weight ratio of ceramics and polymers. Finally obtained powders (ceramics and PVDF) were
hot pressed for about 20 minutes at 180 °C in a hot polymer press with a pressure of approximately 5 MPa
and then cooled to room temperature dowly. We get a film of the order of millimeter and for precise
measurement we utilize AFM technique for measuring the thickness of obtained films and we have found
that the thickness of CuFe,O,—poly (vinylidene-fluoride) (a-PVDF) — PoTiO, (CPO) composite film ~ 0.3
mm and thickness of CuFe,O,- Poly (vinylidene-fluoride)-BiFeO, composite film ~ 0.25 mm. In order to
find its magnetodielectric properties we put a conductive coating on cross section 10x10x0.3 mm and
10x10x0.25 mm of both the films. This conductive layer isimportant in order to ground the sample during
the measurement of the magnetodielectric properties. Magnetic properties were measured by vibrating
sample magnetometer (V SM) by varying the applied magnetic field. Local ferroelectricity was observed by
PFM (Piezoelectric Force Microscopy) by applying the voltageto the tip and analyzing the small deformation
in the sample.

3. RESULTSAND DISCUSSION

In this work we have done ferroelectric measurement of both the films using an atomic force microscopy
(AFM, make asylum research) by operating it in the contact-resonance enhanced mode of piezo response
microscopy (PFM). A conductive tip coated with Pt/Ir has been used for all PFM studies so that we can
ground the sample. In PFM, the ac voltage V=V__coswt with a dc voltage (V,) is applied between the tip
and sample, and if our sample has the piezoelectric properties, then the area below the tip will be deformed
(attract or repel) due the applied external electric field and can be figure out easily by monitoring the
amplitude value. Amplitude of the tip can be written as A= A +Aw cos (ot+¢). Here, ¢ (Phase change)
givesthe information about electric polarization under the tip. When agraphis plotted between Aw and V
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then theresultant graph so obtained iscalled * butterfly loop’, whichisconsidered asasign of piezoelectricity
in the sample. Moreover switching in phase is directly related to the switching of ferroelectric domains.
The phase image shows regions with high (bright) and low (dark) values of ¢. From the bright to the dark
region the phase ¢ shifts by 180° indicating that the bright and dark regions are respectively ‘up’ polarized
and down polarized ferroelectric domains [17]

Here, in Figure 1 (a) represents topographic image of 2umx2um area on the CPO film using DART
PFM [18] and (b) phase image on the same region of the CPO film as in (a) indicating domains at 300 K.
Similarly, Figure 2 (a) topographic image of 2umx2um area on the CBO film using DART PFM and (b)
phase image on the same region of the CBO film asin (&) showing domains at 300 K. Similarly, Figure 2(a)
shows topographic image of on a 2umx2um areaon the CBO film using DART PFM and (b) phase image
on the same region of the CBO film asin (a) showing domains at 300 K.

Figure 3 (a) represents the hysteresis curve between phase and dc bias of 35V and (b) represents the
butterfly like curve for CPO filmat room temperature (300 K). Similarly, figure 4 (a) representsthe hysteresis
curve between phase and dc bias of 30 V and (b) butterfly like curve for CBO film at room temperature.
Figure 5 (a) represents the change in magnetization of CPO film. From the image we can determine that the
coercive field (+2H ) and remnant magnetization (M) were found to be ~ 1.45 kOe and ~ 4.9 emu/g
respectively.
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Figure 1: (a) Topographicimage on 2umx2um area on the CPO film using DART PFM.
(b) Phase image on the same region of the CPO film asin (a) showing domains at 300 K.
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Figure 2: (a) Topographic image on 2umx2um area on the CBO film using DART PFM.
(b) Phase image on the same region of the CBO film asin (a) indicating domains at 300 K
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Figure 3: (a) Hysteresis curve between phase and dc bias of 35V
(b) butterfly like curve for CPO at room temperature
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Figure 4: (a) Representsthe hysteresis loops between phase and dc bias of 30 V
(b) Represents butterfly-like loops for CBO film at room temperature
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Figure 5: (a) Representsthe change in magnetization with magnetic field of CPO film at room temperature.
(b) Change in magnetocapacitance with magnetic field of the composite film at room temperature.
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In the presence of magnetic field the magnetic domain induces strain in multiferroic material, since
thereiscoupling between the magnetic and ferroelectric domains, the strain will induce stressin ferroelectric
domainsthat will produce an electric field. Dueto change in electric field the dielectric behavior of material
will be changed with applied magnetic field. In this way we can indirectly change the electric behavior of
material by applying magnetic field. The magnetocapacitance value can be evaluated using below mentioned
formula:

e'(H)—¢0)

MC(%) = o)

x 100

Where ¢'(H) and ¢’(0) denote the values of ¢’ in the presence and absence of magentic field (H)
respectively. Figure 5 (b) and figure 6 (b) show the variation of magnetocapacitance with magnetic field for
CPO and CBO thin films respectively. The absolute value of magnetocapacitance (MC ~ 7.12 % for CPO
and 7.69 % for CBO) reveals the strong magnetoelectric coupling in these films. Strong magnetoelectric
coupling in these composite filmsisastrong indication of higher mechanical interaction between piezoelectric
phase and magnetic phase through the polymer matrix and may be helpful in various technological areas.

4. CONCLUSION

We successfully fabricate the muliteferroic material and also characterize it with various characterization
techniques. We have successfully found ferroelectric properties and ferromagnetic propertiesin our composite
films by using various experimental techniques such as PFM (Piezoresponse Force Microscopy), AFM
(Atomic Force Microscopy), VSM (Vibrating Sample Magnetometer) etc. Piezoelectric Force Microscopy
is good tool to find the local ferroelectricity in piezoelectric/ferroelectric materials. In this work we have
done the imaging of ferroelectric domains in our composite films and successfully obtained the domain
images at room temperature (300 K). The phase image represents regions with high (bright) and low (dark)
values of ¢. And there is shift in phase from the bright to the dark region 180° indicating the ‘up’ polarized
and down polarized ferroelectric domains in the composite film. The magnetocapacitance (at frequency =

10
81

6@
44
2-
01

2.

'4-

.G.J

8-

] e S
€« <% 2 0 2 £ &

Magnetic Field (kOe)
84

7<(b) 2 * -k ol e
6+ ot

54 o

44 *

34 *

24
1 % Magnetic Field (kOe)

R e ———————

0 2 4 6 8

M (emul/g)

MC (%)

Figure 6: (a) Represents the change in magnetization with magnetic field of CBO film at room temperature.
(b) Change in magnetocapacitance with magnetic field of the composite film at room temper ature



Magnetodielectric Properties of Multiferroic Composite Films 375

1 kHz) wasfound to be ~ 7.12 % for CPO and 7.69% for CBO film at an applied dc magnetic field of 8 kOe,
which is the strong indication of high magnetoelectric coupling in the material and due to this it may be
useful in innovative solution in various application such as device application, Spin based devices
(spintronics), magnetic sensorsetc. Further study may be carried out inthisareain order to find out interesting
factsabout multiferroicsmaterials and also to enhance the magnetodielectric coupling between the materials
such that these materials can be used in various technological applicationsin coming future. The redlization
of such type of composite material will give rise to an effective magnetic and electric switching and
consequently it may give rise to large number of applications in electronics and communication and other
related technological applications.

ACKNOWLEDGEMENT

We are very thankful to Dr. Goutam Sheet (Assistant Prof. Department of Physical Sciences, | SER Mohali)
for providing PFM, AFM etc facilities for this work. Also thankful to Dr Yogesh Singh (Assistant Prof.
Department of Physical Sciences, I[ISER Mohali) for providing VSM facility. Thankful to Dr K. L. Yadav
(Prof. Department of Physics, 11T Roorkee) for important suggestions.

REFERENCES
[1] C.W.Nan, D.R. Clarke, “Effective properties of ferroelectric and/or ferromagnetic composites: a unified approach and
itsapplication”, J. Am. Ceram. Soc. 80 (1997) 1333.

[2] J Ryu, S. Priya, K. Uchino, “Magnetoelectric effect in composites of Magnetostricitive and Piezoelectric materials’,
H.E. Kim, J. Electroceramics. 8 (2002) 107.

[3] Yu-QingKang, Mao-Sheng Cao, JieYuan, Xiao-Ling Shi, “Enhanced Ferromagnetism and Microwave Did ectric Properties
of Bi ... Y . FeO,Nanocrstals’, Chinese physics|etter,Condensed Mater. | OP Science Lett. 63 (2009) 1344.

[4] JP Rivera “A short review of the magnetoel ectric effect and related experimental techniques on single phase (multi-)
ferroics’, The European Physical journal B 71,299-313 (2009)

[5] B.l.AlShin and D.N. “Asdtrov, effect of domain structure on the magnetic properties of chromium oxide So.”, Phys. —
JETP 17, 809 (1963).

[6] GT. Rado, “Observation and Possible Mechanisms of Magnetoelectric Effects in a Ferromagnet Phys.” Rev. Lett. 13,
335 (1964).

[7]1 S Dash,R.N.P.Choudhary “Effect of Li-Nb Codoping on Structural, Didlectric, Optical, and Multiferroic Properties of
BiFeO,”, Journal of Electronic materials, August 2016, Volume 45, Issue 8, pp 4129-4137

[8] M. Fiebig, “Revival of the Magnetoelectric effect”, Phys. D: App. Phys., 38 (8) (2005).

[9 ST.Zhang, M.H.Lu,D.Wu,Y.F. Chen, N.B. Ming, “Larger polarization and weak ferromagnetism in quenched BiFeO,
ceramics with adistorted rhombohedral crystal structure”, Appl. Phy. Lett. 87 (2005) 262907.

[10] M.Kumar and K.L.Yadav, “ Study of room temperature magnetoel ectric coupling in Ti substituted bismuth ferrite system”,
J. Appl. Phys. 100 (2006) 074111.

[11] M.KumarandK.L.Yadav, GD.Varma,*“ Large magnetization and weak polarization in sol-gek derrived BiFeO3 ceramics’,
Materials Letters. 62 (2008) 1159.

[12] P Uniyal andK.L.Yadav, “ Study of dielectric, magnetic and ferroelectricin Bi 1- x Gdx FeO3" , Mater. Lett. 62 (2008)
2858.

[13] R. Mazumdar, P. Sujatha Devi, Dipten Bhattacharya, P. Choudhury, A. sen, M. Raja, “ Ferromagnetism in naoscale
BiFeO,” , Appl. Phys. Lett. 91 (2007) 062510.

[14] Y. Koseoglu, A. Baykal, Muhammet S. Toprak, F. Gozuak, Ali C. Basaran, B. Aktas, “ Synthesis and characterization of
ZnFe,0, magnetic nanoparticlesviaa PEG assisted route”, J. Alloys Compd. 462 (2008) 209.

[15] R. S Yadav, J. Havlica, P. Ptacek, I. luritka, Zuzana , Martin, E. Bartonickova, J. Masilko, “ Structural and Magnetic
Properties of CoFe,O,Nanoparticles Synthesized by Starch-Assisted Sol-Gel Auto-Combustion Method in Air, Argon,
Nitrogen and Vacuum Atmospheres”, Journal of Superconductivity and novel magnetism, 28 (1), (2015) 249-258.

[16] K. Amit and K L Yadav, “ Magnetic, local ferroelectricity and magnetodielectric properties of NiFe204-poly
(vinylidenefluoride)- BaTiO3 compositefilm”, Materials Research Express, 2016



376 Avtar Singh, Rajesh Kumar, Hardeep Singh Saini, Amit Kumar and Abhishek Thakur

[17] L.Aggarwal,J. S. Sekhon, S.N. Guin, A. Arora, D. S. Negi, R. Datta, K. Biswasand G Sheet, “ Direct evidence of strong
local ferroelectric ordering in athermoel ectric semiconductor”, Appl. Phys. Lett. 105 113903 (2014).

[18] B.J. Rodriguez, C. Calahan, S.V. Kalinin and R. Proksch, “ Dual -frequency resonance-tracking atomic forcemicroscopy”,
Nanotechnology, 18 (47) (2007).





