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Abstract CoFe2O4/Pb(Zr0.53Ti0.47)O3 (CFO/PZT) mul-

tiferroic composite thick films with different CFO mass

fractions have been prepared onto Pt/Ti/SiO2/Si substrate

by a hybrid sol–gel process and spin coating technique.

Polyvinylpyrrolidone (PVP) was employed to be an assis-

tance to the sol–gel solution for enhancing the film thick-

ness and promising a crack-free film surface. After

annealing at 650 �C in air for 1 h, phase structure, micro-

structure, magnetic and ferroelectric properties as well as

leakage current of multiferroic thick films were investi-

gated. X-ray diffraction indicated a deeply buried distri-

bution of CFO particles in the PZT matrix. Scanning

electronic microscopes showed crack-free surfaces and a

decreasing film thickness from 7.2 lm to 6.2 lm with

increasing CFO content. Furthermore, the saturated mag-

netization and remanent magnetization were also hence

increased. In addition, mass fraction of CFO in PZT matrix

was also estimated from 0.36% to 4.58% according to the

relationship between Ms and magnetic content. Ferroelec-

tric hysteresis loops revealed saturated polarization (Ps)

and remanent polarization (Pr) were diluted by CFO till

its mass fraction rising to 1.8%. After that, polarization was

increased with further increasing CFO content. Enhanced

leakage was demonstrated to be partially contributed

to them. A critical content of 1.8% was hence con-

firmed, where ferroelectric and magnetic properties can be

balanced, indicating a possible stress-transferred magne-

toelectric coupling effect in this composite.

Introduction

In the recent years, complicated multiferroic materials have

drawn many interests due to its potential multifunctional

applications on transducers, sensors, and actuators [1]. The

most important is the coexistence of several primary fer-

roics in these materials, including ferroelectric, ferromag-

netic, and ferroelastic. Furthermore, interplay among them

is also thought to be the main source of magnetoelectric

coupling effect [2]. Bulk ceramics and diversified films

were hence studied with the different interposition,

including 0-3 type, 2-2 type, and 1-3 type, which driven the

complicated multiferroic materials forward continually [3–

12]. In particular on CoFe2O4/Pb(Zr0.53Ti0.47)O3 due to the

large magnetostrictive coefficient of CoFe2O4 and a good

piezoelectric candidate of Pb(Zr0.53Ti0.47)O3 [13–17], both

of them can produce a large strain under their magnetic/

electric field, finally leading to a magnetic-mechanic-

electric coupling effect by means of their crossed interfaces

[2]. In the literatures, alternated CFO/PZT layered thin

films were studied by Nan [14] and sequence of depositing

PZT and CFO was believed to have a noticeable effect on

ferroelectric and ferromagnetic properties. Liu [15]

improved a modified nanocomposite film which took the

mixed PZT and CFO solution together as the percursor

solution for spin-coating. Multiferroic CFO/PZT nanofibers

were also fabricated using electrospinning [16]. However,

most efforts have been spent on the nano-metric thickness,

and at most, a CFO-PZT composite thick film with 1 lm

was reported by Wan [17] using sol–gel technique assisted

by PVP.

W. Chen (&) � X. F. Chen � W. Zhu � O. K. Tan

Microelectronics Center, School of Electrical and Electronic

Engineering, Nanyang Technological University,

Singapore 639798, Singapore

e-mail: E070046@ntu.edu.sg

Z. H. Wang

School of Mechanical & Aerospace Engineering, Nanyang

Technological University, Singapore 639798, Singapore

123

J Mater Sci (2009) 44:4939–4943

DOI 10.1007/s10853-009-3754-7



In the present work, CoFe2O4/Pb(Zr0.53Ti0.47)O3

(abbreviated as CFO/PZT) multiferroic composite thick

films with different CFO content were prepared by a hybrid

sol–gel processing and spin coating technique. Polyvinyl-

pyrrolidone was introduced into the precursor solution due

to its ability to enhance the film thickness as well as

avoiding the crack on the surface. Phase structure suggests

a deeply buried distribution of CFO in the PZT matrix,

which is corresponding to our deposition purpose. Scan-

ning Electronic Microscope (SEM) reveals a series of

multiferroic films above 5 lm with a crack-free surface.

Magnetic properties indicated a CFO content dependent

magnetization and CFO content independent coercive

magnetic field. Ferroelectric behavior was diluted by CFO

ferrite. Acceptable leakage current was also observed,

which promised a true ferroelectric property. Finally, a

critical CFO content of 1.8% was estimated, where a

magnetoelectric effect could be predicted based on its

dense microstructure and balanced ferroelectric and mag-

netic properties [14].

Experimental

Tetraisopropyl titanate ([(CH3)2CHO]4Ti), acetylacetone

(CH3COCH2COCH3), lead acetate ((CH3COO)2Pb�3H2O),

zirconium acetylacetonate ([CH3COCH=C(O–)CH3]4Zr),

polyvinylpyrrolidone, and 2-methoxyethanol (CH3OC2H4

OH) were used to prepare PZT sol–gel solution [18]. Co3O4

and Fe2O3 were used to prepare CFO powder by a con-

ventional solid state reaction method and finally sintered at

1100 �C. The obtained CFO powder and commercial PZT

powder (APC-850) were modified by a high energy ball

milling process with proper commercial ESL400 as dis-

persant. Modified CFO and PZT nanoparticles were finally

collected. Subsequently, CFO nanoparticles were dispersed

into the collected PZT sol–gel solution with mass ratio

ranged from 1/25 to 1/5 to form different CFO/PZT com-

posite slurries. In addition, PZT nanoparticles were also

dispersed into PZT sol–gel solution as a mass ratio of 2:3 to

get the PZT slurry. Both kinds of slurries and PZT sol were

deposited on the Pt/Ti/SiO2/Si substrate by spin coating

technique according to the diagram shown in Fig. 1. PZT

sol–gel solution was used as a buffer layer closing to sub-

strate and a cap layer ending the coating process. CFO/PZT

slurry layer was deposited in the central part to avoid a

possible surface leakage caused by low resistivity of CFO

particles [19]. The coating speed and time is 3000 rpm and

30 s, respectively. The resultant films were then annealed at

650 �C for 1 h in the air atmosphere. According to the dif-

ferent CFO content in PZT matrix, the films were marked as

pure PZT, 1/25, 1/20, 1/15, 1/10, and 1/5, numerator and

denominator dedicate the mass ratio between CFO modified

particles and PZT sol–gel in the middle layer of Fig. 1.

Furthermore, the thicknesses were measured via a surface

profiler as 7.2, 6.9, 6.8, 6.8, 6.6, and 6.2 lm.

Phase structures were evaluated using an X-ray dif-

fractometer (2400, Rigaku, CuKaradiation). Cross-sections

and surface morphologies of the thick films were observed

with an FE-SEM (6340F). Magnetic behavior was detected

by a Lakeshore Vibration Sample Magnetometer (7404).

After deposition of gold top electrodes with the size of

0.5 9 0.5 mm2 on the surface of thick films using E-beam,

ferroelectric hysteresis loops and leakage current were

measured using a Precision Pro ferroelectric analyzer

(Radiant Technologies Inc., USA) with high voltage

interfaces. The applied voltage is triangle waveform and

the frequency is 100 Hz for P–E hysteresis measurement.

The measuring time, soak time, and step delay were all

selected as 500 ms during I–V test.

Results and discussion

X-ray diffraction results can be seen in Fig. 2. PZT

perovskite phase was obviously observed, but there is no

Fig. 1 Diagram of CFO/PZT thick films deposition sequence

Fig. 2 XRD patterns of CFO/PZT composite thick films
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CFO spinel phase (magnetic behavior discussed below

demonstrated the existence of CFO phase), indicating a

deeply buried distribution of CFO in the PZT matrix.

The typical cross-sectional pictures and topographies of

multiferroic films are shown in Fig. 3. Because the CFO

content in the composites was not large and the top coated

layers were constituted by PZT slurry and its sol, so it was

reasonable to observe that all the films showed a similar

surface morphology. Furthermore, the crack-free surface

was attributed to the effect of PVP on the composite thick

films due to its increasing structural relaxation of thick

films through the retardation of the condensation reaction.

On the other hand, the film thickness exhibited a slight

decrease with increasing the mass fraction of CFO for

multiferroic composites, indicating the effect of CFO

composition on the multiferroic film thickness.

Magnetic hysteresis loops were measured along in-plane

direction at room temperature. It can be seen in Fig. 4a, the

maximum external magnetic field is 11 kOe. It is clearly

seen that saturated magnetization (Ms) is proportional with

the magnetic content. As we know, the magnetic behavior

in the multiferroic thick films is totally coming from the

contribution of CFO particles. When CFO particles are

increased from film 1/25 to the film 1/5, the Ms of mul-

tiferroic thick films is naturally increasing monotonously. It

is known that pure CFO thin film has a Ms value of

320 emu/cc at room temperature [20]. Whereas the Ms

value is mainly determined by the CFO content, therefore,

Fig. 3 SEM morphologies and

cross-sectional micrographs of

typical CFO/PZT composite

thick films
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the mass fraction of CFO in PZT matrix could be roughly

estimated as 4.58, 3.23, 1.8, 0.49, and 0.36% for the thick

films from 1/5 to 1/25 by dividing the Ms of pure CFO film

using measured Ms value in multiferroic films. In addition,

remanent magnetization (Mr) value also shows an increase

trend with increasing CFO ratio. However, their increased

step is more moderate due to the small Mr values in the

composite thick films, as can be seen in Fig. 4b. In addi-

tion, the coercive magnetic field (Hc) values below 1.8% of

CFO content remain similar, which may be attributed to

their extremely low mass fractions in the PZT matrix. With

the low CFO content, the Hc values would be easier to be

affected by the sample holder or other measured environ-

ments, causing the possible error in obtaining real Hc

values. That is also why these Hc values are even larger

than those of 1/10 and 1/5. It is known that Hc value

expresses the magnetic domain wall and domain rotation.

Larger domains in the composites will bring with a larger

Hc value due to its more difficulty to be activated. It is also

why the value of 1/5 is larger than that of 1/10 due to its

large CFO content.

Figure 5 shows the ferroelectric P–E curves of all

multiferroic thick films and pure PZT thick film at room

temperature and under 100 Hz. All the thick films show a

normal hysteresis behavior. Saturated polarization (Ps) and

remanent polarization (Pr) were decreased with increasing

CFO content to 1.8%, and then increased as the CFO

content further increased to 4.58%. The initial decrease of

Ps and Pr was attributed to the dilute influence of CFO on

PZT thick films, as reported in CFO/PZT thin films [15].

On the other hand, it is known that CFO ferrite particle has

a low resistivity [19], more CFO particles bring with a

large conductivity to the multiferroic thick films. In the

circuit way, just like the capacitance (PZT) is parallel

connected an electric resistivity (CFO), and then series

connected a capacitance again, as seen in the inset of

Fig. 5. When an alternate voltage was applied, not only

switched charge caused polarization in the capacitance

part, but also the charges passing through the electric

conductivity partially contributed to the overall polariza-

tion as a leaky one. As shown in Fig. 5, with the further

increase of CFO content, both of polarization values show

some larger values.

In order to demonstrate it, leakage current density of

CFO/PZT composite thick films is shown in Fig. 6. Com-

pared with pure PZT thick films, the leakage current in

multiferroic thick films is becoming large gradually with

increasing CFO content and they are also ascending rapidly

with increasing electric field. It is corresponding to the

leakage-capacitance structure mentioned above. However,

the average leakage values are below 10-5 A/cm2 before

the applied electric field of 500 kV/cm. Normally, the

larger leakage currents in CFO/PZT thick films often

mainly results from two aspects: one is the mixed valence

for the magnetic ions (e.g., Fe2? and Fe3?), from oxygen

vacancies, or from both. Hence it is reasonable to see the

Fig. 4 Room temperature magnetic hysteresis loops of CFO/PZT

composite thick films (a), and their magnetic parameters (b)

Fig. 5 Room temperature ferroelectric hysteresis loops of CFO/PZT

under 100 Hz, equivalent circuit is shown in inset
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more CFO content brings with larger leakage in multifer-

roic films. The other is due to the air porosity existed in the

thick films, which is also the main source for leakage in

PZT thick films compared with denser PZT single crystal

[21]. Large leakage current usually leads to a pseudo-

hysteresis loop, such as the one observed in BiFeO3 [22],

and even the low electric field endurance [23]. Hence,

controlling the leakage in an acceptable value is also

promising the real ferroelectric hysteresis loop other than

the conductivity of loss.

From the results above, we can see that ferromagnetic

and ferroelectric properties have been observed simulta-

neously in all multiferroic thick films. The influence of

CFO content on ferromagnetic and ferroelectric properties

could be separated into two parts: below 1.8% of CFO

content, Ms and Mr values are not large, which are hence

bringing with less leaky contribution to the ferroelectric

behavior, the decreased polarization should be attributed to

the dilution of CFO content. On the other hand, when the

CFO content is reaching 3.23% or more, the Ms and Mr

are further increased. Meanwhile, large CFO content

also enhances the leaky contribution to the ferroelectric

behavior, causing a larger Ps and Pr value. Gradually

increasing leakage current densities demonstrate this point.

Finally, a critical CFO content of 1.8% is observed where

the ferroelectric behavior bears less disturbance of leakage,

along with its ferromagnetic behavior and dense micro-

structure, a magnetoelectric coupling effect should be

predicted, which could be a candidate in the multifunc-

tional devices design.

Conclusion

Crack-free CFO/PZT multiferroic composite thick films

(above 5 lm) with CFO content ranging from 0.36% to

4.58% have been successfully deposited onto Pt/Ti/SiO2/Si

substrate by a sol–gel processing assisted by PVP. Single

PZT perovskite phase was observed from X-ray diffraction,

and the lack of spinel CFO phase was attributed to its

deeply buried in the central part of PZT matrix. Ferro-

magnetic and ferroelectric properties were obtained

simultaneously at room temperature which strongly

dependent on the CFO content. With proper CFO content

of 1.8%, a magnetoelectric coupling effect in this thick film

could be predicted based on its dense microstructure, which

would be a potential candidate in multifunctional devices.

Acknowledgments This work was supported by the tier-2 research

grant of ARC 04/06 funded by Ministry of Education, Singapore.

References

1. Spaldin NA, Fiebig M (2005) Science 309:391

2. Eerenstein W, Mathur ND, Scott JF (2006) Nature 442:759

3. Nan CW, Liu G, Lin YH (2005) Phys Rev Lett 94:197203

4. Duan CG, Jaswal SS, Tsymbal EY (2006) Phys Rev Lett

97:047201

5. Ramesh R, Spaldin NA (2007) Nat Mater 6:21

6. Dong SX, Li JF, Viehland D (2004) J Appl Phys 96:3382

7. Zheng HM, Kreisel J, Chu YH, Ramesh R, Salamanca-Riba L

(2007) Appl Phys Lett 90:113113

8. Ren SQ, Wuttig M (2008) Appl Phys Lett 92:083502

9. Li JH, Levin I, Slutsker J, Provenzano V, Schenck PK, Ramesh

R, Ouyang J, Roytburd AL (2005) Appl Phys Lett 87:072909

10. Chen YC, Hong TH, Jiang ZX, Lin QR (2008) J Appl Phys

103:07E305

11. Testino A, Mitoseriu L, Buscaglia V, Buscaglia MT, Pallecchi I,

Albuquerque AS, Calzona V, Marre D, Siri AS, Nanni P (2006)

J Eur Ceram Soc 26:3031

12. Ortega N, Bhattacharya P, Katiyar RS, Dutta P, Manivannan A,

Seehra MS, Takeuchi I, Majumder SB (2006) J Appl Phys

100:126105

13. Ortega N, Kumar A, Bhattacharya P, Majumder SB, Katiyar RS

(2008) Phys Rev B 77:014111

14. He HC, Wang J, Zhou BP, Nan CW (2007) Adv Funct Mater

17:1333

15. Liu M, Li X, Lou J, Zheng SJ, Du K, Sun NX (2007) J Appl Phys

102:083911

16. Xie SH, Li JY, Qiao Y, Liu YY, Lan LN, Zhou YC, Tan ST

(2008) Appl Phys Lett 92:062901

17. Wan JG, Zhang H, Wang XW, Pan DY, Liu JM, Wang GH

(2006) Appl Phys Lett 89:122914

18. Zhu WG, Wang ZH, Zhao CL, Tan OK, Hng HH (2002) Jpn J

Appl Phys 41:6969

19. George M, Nair SS, Malini KA, Joy PA, Anantharaman MR

(2007) J Phys D Appl Phys 40:1593

20. Sathaye SD, Patil KR, Kulkarni SD, Bakre PP, Pradhan SD,

Sarwade BD, Shintre SN (2003) J Mater Sci 38:29. doi:10.1023/

A:1021101529855

21. Cheng FX, Peng ZY, Liao CS, Xu ZG, Gao S, Yan CH, Wang DJ,

Wang J (1998) Solid State Commun 107:471

22. Lee CC, Wu JM (2007) Electrochem Solid-State Lett 10:G58

23. Lee JS, Joo SK (2002) Appl Phys Lett 81:2602

Fig. 6 Leakage current densities of CFO/PZT composite thick films

at room temperature

J Mater Sci (2009) 44:4939–4943 4943

123

http://dx.doi.org/10.1023/A:1021101529855
http://dx.doi.org/10.1023/A:1021101529855

	Microstructures, ferromagnetic, and ferroelectric properties �in polyvinylpyrrolidone-assisted CoFe2O4/Pb(Zr0.53Ti0.47)O3 multiferroic composite thick films
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


