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Abstract In this article, magnetoelectric (ME) biphase
composite thin films consisted of PbTiO; as ferroelectric
phase and NiFe,O, as ferromagnetic phase which were
successfully formed in situ by sol-gel process. The phase
structure, morphology and dielectric properties of the films
were measured by X-ray diffraction (XRD), scanning
electron microscope (SEM) and LCR precision impedance
analyzer. It is concluded that the thin films were capable of
being controlled to form the biphase composite of PbTiO3
and NiFe,0, at the heat-treatment temperature between 600
and 850 °C. The phases coexisting in the composite thin
film are in forms of solid solutions doped with Ni** and Fe**
and with Ti**, respectively. Their lattice constants vary with
their doping contents. The capacitance of the composite
thin film depends on the content of perovskite phase and
the doping addition of Ni*" and Fe®" in crystalline phase of
PbTiO;.

Keywords Ferroelectric/ferromagnetic composites -
PbTiO;/NiFe,Oy - In situ - Sol-gel

1 Introduction

Ferromagnetic/ferroelectric composites are a kind of new
composite materials which show both ferroelectric and
ferromagnetic properties together. The magnetoelectric
(ME) composites can provide both inductance and capac-
itance. They are used as sensors, wave guides, etc [4].
Moreover, they have the ME effect [2]. Therefore, these
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materials can be used to design and produce EMI filters [8],
which can reduce the occupied space on the circuit board
and realize integration and miniaturization.

The ME composites are usually compounded into bulks
or films using ferromagnetic phase and ferroelectric phase
which are prepared separately by ceramic sintering [1-6] or
sol-gel method [7-10]. Compared with the conventional
method, in situ combination of the ME composites makes
the two phases contact on a molecule scale level, leading to
high ME coefficient [2, 5]. Sol-gel method, thus, will get
widely used in recent years with the devices tending to be
miniaturized, lightened and integrated.

In this work, in situ combined PbTiO;/NiFe,0,4 biphase
thin film composites were prepared. The structure, forma-
tion mechanism and dielectric properties of the biphase
composites were investigated in detail.

2 Experimental

Lead acetate (Pb(CH3;COO), 3H,0), tetrabutyl titanate (Ti
(OC4Hy),), nickel acetate (Ni(CH5COO),-5H,0) and fer-
ricnitrate (Fe(NO3)3-9H,0) as raw materials whose compo-
sition is 1:1:1:2 and acetic acid (CH;COOH) and ethylene
glycol monomethyl ether (CH;0CH,CH,OH) as solution
were initially used to prepare a sol precursor with
concentration of 0.1% [11]. The thin films were then
prepared using the sol precursor by dip-coating method on
silicon substrates. After taken out of the sol precursor, the
samples were sintered by rapid heat-treatment at 550 °C for
8 min in an oven in air. And the process was repeated up to
eight times (layers) in order to control the thickness about
1.5 um for all the thin films in this paper. The samples were
finally post heat-treated for 1 h between 550 and 900 °C for
promoting and controlling phase formation. The phase
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structure and morphology of the thin films were measured
by X-ray Diffraction (RIGAKUD/MAX-C) and Scanning
Electron Microscopy (XL30E), respectively. Their dielec-
tric properties were analyzed by Precision Impedance
Analyzer (HP4294A-LRC).

3 Results and discussion

Figure 1 shows the XRD patterns of the Pb—Ti—-Ni—Fe-O
thin film composites heat-treated initially at 550 °C for
8 minx8 layers. Then most of the films were post heat-
treated between 550 and 900 °C for 1 h. When the sample
was just rapidly heat-treated at 550 °C for 8 min,
Pbg.94Ti9.0601.06 Was formed (see V in Fig. 1). When the
sample was post heat-treated at 550 °C for 1 h, PbTiO; and
NiFe,O4 began to form (see ¢ and A in Fig. 1) in the
system. PbTiOs, NiFe,O4 and Pbg 94Tig 0501 06 thus coex-
isted in the thin film. When post heat-treatment temperature
increased up to 600 °C, both PbTiO3 and NiFe,O, phases
were formed in the thin film. However above 900 °C, two
new phases, hexagonal PbFe ;019 (see V¥ in Fig. 1) and
rutile phase of TiO, (see 2 in Fig. 1) began to form in the
thin film. The tetra-phase composite thin film consisting of
PbTiO3, NiFe,04, PbFe; ;0,9 and TiO, formed in this case.
The formation of the thin film composites mentioned above
is directly connected with the heat-treatment temperature.
In the thin film rapidly heat-treated at 550 °C for 8 min, a
lot of active ions were formed while volatilizing organic
ingredients. Because of the relatively low calcination
temperature of 550 °C, the energy of the atoms in the
system keeps actually not so high. Only the oxide of
comparable simple composition, for example PbO, was
formed by combining ions with those nearby through
simply adjustment. At the same time, a few of Pb>" is in
fact substituted by Ti*' to form a more thermally stable
phase, Pbg 94Tig 0601 .06, in the complex system in this case.
However, the calcinations temperature of 550 °C is very
near to the formation temperature of the crystalline phases
of PbTiO5 and NiFe,O,. Therefore, when the thin film was
post heat-treated at 550 °C for 1 h, there is enough time for

the atoms to transfer and adjust. PbTiO; and NiFe,Oy,
which are of comparable complex structure, were formed
although they need in fact higher formation energy than that
of Pbg 94Ti.0601.06. Hence there are three phases coexisting
in the thin film after post heat-treated at 550 °C for 1 h.
When post calcination temperature increases to 600 °C and
above, the atoms possesses enough energy to form PbTiO;
and NiFe,04. And Pbgo4Tig 060106 can’t be stable any
longer. The biphase composite thin film keeps stable and
PbTiO5 and NiFe,04 coexist in the thin film system. When
increasing post heat-treatment temperature to about 900 °C,
PbFe;,019 of more complex structure began to come into
being due to the high enough temperature. On the other
hand, because lots of Pb>* and Fe** are consumed to form
PbFe; 0,0, at the same time, Fe®> and Ni*" are consumed to
form NiFe,O,4. Rutile phase TiO, is formed simultaneously
because excessive Ti*' ion remains in the system with a
suitable high formation temperature. Thus, tetra-phase
composite thin film containing PbTiOj3, NiFe,0y4,
PbFe,0,9 and TiO, is formed above 900 °C. Hence,
PbTiO;/NiFe,04 two phase composite thin films exhibiting
the ferromagnetic/ferroelectric behavior can be obtained by
controlling post heat-treatment temperatures between 600
and 850 °C.

Affected by the multiphase system, the phases coexisted
in the thin film are mostly in forms of solid solutions. The
peak of Pbg4Tig 060106 increased in 20 with the increase
in post sintering temperature, as shown in Fig. 1. It means
that the lattice constant decreases with increasing sintering
temperature. In fact, Pbgo4Tig 060106 stabilizes at low
temperature. With increasing temperature, deficiencies such
as lead or oxygen vacancies easily occur and increase
gradually. On the other hand, Ni*" and Fe®" which are
smaller than Pb>" in size may dissolve in the crystal
structure of Pbg 04Tig 0601 06 to substitute for Pb>". And the
substitution content increases with increasing temperature.
Therefore, Pbgo4Tip 060106 exists in the form of solid
solution with Pb*" being substituted by Ni** and Fe**. The
peak of perovskite phase decreased in 26 with the increase
in temperature from 550 to 650 °C and kept constant
between 650 and 900 °C and increases above 900 °C, as

Fig. 1 XRD patterns of the film 6000 6000
composites firstly heat-treated at
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Fig. 2 SEM photographs of the
film composites firstly heat-
treated at 550 °C for 8 min and
post heat-treated at (a) RT (b)
850 °C (¢) 900 °C (d) 950 °C
for 1 h

shown in Fig. 1. Its lattice constant in fact increases
initially, then keeps constant and decreases finally. PbTiO;
is formed at higher temperature. With temperature increas-
ing, Ni*" or Fe** which are similar to Ti*" in size may
substitute for Ti*', causing the oxygen vacancies. The
decrease of negative ions lessens the interaction between
positive ions and negative ions, thus the lattice constants
increase from 550 to 650 °C. With temperature increasing
to 650 °C, the content of oxygen vacancies reaches the
maximum, that is, the solubility of Ni** or Fe*" gets to the
maximum. And the lattice constant of PbTiOz keeps
constant above 650 °C as shown in Fig. 3 (b). Moreover,
900 °C is the temperature where NiFe,O4 and PbFe ;019
are formed rapidly (as shown in Fig. 1) by consuming so
much Ni** and Fe®" that the substitution of Ni** or Fe*" for
Ti*" in PbTiO; phase tends to drop above 900 °C. And the
lattice constants of PbTiO5 decrease. Hence, PbTiO; is in
the form of solid solution with Ti*" being substituted by Ni*"
or Fe**. For NiFe,0y,, its peak position increases all along
while decreasing lattice constant with increasing temperature.
Similarly, in the complex system, other ions are easy to
dissolve into the structure of NiFe,O,. Ti*' in the system
may substitute for Ni*" or Fe’* due to their close ionic
radiuses, bringing some vacancies of positive ions, which
may compress the lattice cell. The solubility increases with
the increase in temperature, and the lattice constant of
NiFe,O4 decreases accordingly. However, the phase
PbFe ;0,9 keeps the lattice constant almost constant while
increasing temperature. For PbFe;,0;, Ti*" and Ni** may
substitute for Fe®* together to keep charge neutral. Therefore,
the cell dimension doesn’t have apparent changes, although
the solubility may change with increasing temperature. Any

way, PbFe;,019 is in the form of solid solution with Fe**
being substituted by Ni** and Ti*".

The SEM photographs of the thin film are shown in
Fig. 2. For the thin film without post heat-treatment, there is
no typical crystalline phase revealed. The thin film seems to
be amorphous, which is consistent with the XRD results as
shown in Fig. 1(a). When the films were post heat-treated
above 550 °C, two special different crystalline phases
PbTiO5; and NiFe,O4 were formed whose grain size is
about 100 nm for PbTiO; and 500 nm for NiFe,Oy,
respectively at 850 °C. When post heat-treatment temper-
ature increased to 900 °C and above 900 °C, the grains
grow up to the typical crystalline phase and keep condensed
thoroughly. The grain size is about 100—300 nm.

Figure 3 shows the capacitance of these films at 100 kHz
and 26 values of the peak (100) of the perovskite phase in
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Fig. 3 Plots of capacitance and 26 (100) peak of the perovskite phase
of the thin films post sintered at different temperatures
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the thin films sintered at different temperatures. The
capacitance of the films increases with post heat-treatment
temperature before 600 °C, and decreases slightly from 600
to 650 °C then increases again above 650 °C. The 26 value
of PbTiO; decreases from 550 to 650 °C and keeps almost
constant above 650 °C. In the sample post heat-treated at
550 OC, PleO3, NiF6204 and Pb0.94Ti0_0601_06 coexist in
the system and the major phase is Pbg 94Tip.0601.0¢ Whose
capacitance is very low. Thus the capacitance of the thin
film is low. When increasing the temperature to 600 °C, the
capacitance of the thin film increases with the disappear-
ance of Pbg94Tip06s0; 0. However, the dielectric constant
of the composite thin film depends mainly on PbTiO; phase
because it is much higher than that of NiFe,O4. As
mentioned above, oxygen vacancies are formed in PbTiO;
due to the substitution of Ni** or Fe*" for Ti*". The defect
equation is given as follow:

. PbTiOy .~ .
NiO = Nig, + V&* + 0o

PbTiO /
Fey0; — 2Fey; + V3 + 300

Therefore, the polarization may decreases and the
capacitance of the thin film decreases slightly, although
the content of PbTiO; increases continually from 600 to
650 °C. The content of oxygen vacancies practically keeps
constant when its solubility in PbTiO3 reaching the
maximum at 650 °C. The capacitance of the thin film
increases with increasing the content of PbTiO; above
650 °C. Hence, the capacitance of the composite thin film
depends on the content of PbTiO; and the doping addition
of Ni** and Fe*" in crystalline PbTiO5 phase.

@ Springer

4 Conclusion

Biphase thin film composites of PbTiO3 of ferromagnetism
and NiFe,0, of ferroelectricity were successfully prepared
in situ by sol-gel method at the temperature between 600
and 850 °C. PbTiO; phase in the composite system exists in
the form of solid solution with Pb** substituted by Ni*" or
Fe*". NiFe,0y, is in the form of solid solution with Ni*" and
Fe** substituted by Ti*". Two special different crystalline
phases PbTiO; and NiFe,O4 were found in the SEM
photographs. The capacitance of the films is affected by
the content of the perovskite phase and the doping addition
of Ni*" and Fe’" in crystalline PbTiOs.

Acknowledgement The present work was supported by Natural
Science Foundation of China under grant nos. 50372057 and
50332030 and Chinese National Key Project for Fundamental
Researches under grant no. 2002CB613302.

References

1. S. Lopatin, I. Laparona, 1. Lisnevskaya, Ferroelectrics. 162, 63 (1994)

. S. Mazumder, G.S. Battacharyya, Mater. Res. Bull. 38, 303 (2003)

3. YH. Tang, X.M. Chen, Y.J. Li, X.H. Zheng, Mater. Sci. Eng.
B116, 150 (2005)

4. M.B. Kothale, K.K. Patankar, S.L. Kadam, V.L. Mathe, A.V. Rao,
B.K. Chougule, Mater. Chem. Phys. 77, 691 (2002)

5. J. Ryu, A.V. Carazo, K. Uchino, E. Hyoun, J. Electroceram. 7, 17 (2001)

6. R.C. Pullar, A.K. Bhattacharya, Mater. Lett. 57, 537 (2002)

7. T. Kanai, S. Ohkoshi, K. Hashimoto, J. Phys. Chem. Solids 64,
391 (2003)

8. G. Srinivasan, V.M. Laletsin, R. Hayes, N. Puddubnaya, E.T.
Rasmussen, D.J. Fekel, Solid State Comm. 124, 373 (2002)

9. H. Zheng, J. Wang, S.E. Lofland, Z. Ma, L. Mohaddes-Ardabili,
T. Zhao, L. Salamanca-Riba, S.R. Shinde, S.B. Ogale, F. Bai, D.
Viehland, R. Ramesh, Science 303, 661 (2004)

10. T. Kanai, S. Ohkoshi, A. Nakajima, T. Watanabe, K. Hashimoto,
Adv. Mater. 13, 487 (2001)

11. Y.L. Dong, P.Y. Du, W.J. Weng, G.R. Han, J. Inorg. Mater. 20,
1071 (2005)

[\S)



	In situ formation of sol-gel derived PbTiO3/NiFe2O4 biphase thin film
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusion
	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
  /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

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


