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Interfacial engineering and coupling of electric and magnetic properties in
Pb(Zry 53Tig.47) O3/ CoFe,0, multiferroic epitaxial multilayers
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Epitaxial magnetoelectric (ME) Pb(Zr s3Ti( 47)O3(PZT)/CoFe,0,(CFO) multilayer nanocomposite
thin films with up to 11 alternative layers are grown on Nb doped SrTiO; (STO) substrates by
pulsed-laser deposition. X-ray diffraction and high resolution transmission electron microscopy
studies reveal a good epitaxial relationship between the PZT and CFO layers without interfacial
reaction at their interfaces. These epitaxial composite films exhibit strong ferroelectric and magnetic
responses simultaneously at room temperature, and the interfacial-coupling-modulated dielectric
behavior, polarization, and magnetic properties are observed and analyzed systematically. These
results suggest that the magnetic, electric, and ME coupling effect may be tuned by the “strain
engineering” in ferroelectric/magnetic or other multiferroic superlattice. © 2010 American Institute

of Physics. [doi:10.1063/1.3386510]

I. INTRODUCTION

Magnetoelectric (ME) nanocomposite materials have at-
tracted a great deal of attention due to their potential appli-
cations in many multifunctional devices such as nonvolatile
memory,"2 which may not be realized in their bulk counter-
parts. The observation of ME coupling in the self-assembled
multiferroic BaTiO3(BTO)/CoFe,0,(CFO) nanostructures’
motivated a broad range of research in multiferroic nano-
composites  from  the aspect of  experimental
characterization™> and theoretical calculation.® Enhanced po-
larization observed in ferroelectric superlattice7 may provide
a new route to multiferroic superlattice structure.® Therefore,
the interfacial effects may play a critical role in deciding the
intrinsic ferroelectric, magnetic, and even the ME coupling
in the interface of ferroelectric/magnetic heterostructure. The
observation of large magnetic-field-influenced polarization in
Lag Sty 4MnO;3/0.7Pb(Mg,; 5Nb,,;)O;—0.3(PbTiO;)  super-
lattice may give the evidence of strong coupling in the inter-
face between ferroelectric and magnetic constituents.

Furthermore, the strong influence of lattice strain on the
magnetic properties of BTO/CFO nanostructure'’ and the
sequence-dependent ferroelectric properties in sol-gel de-
rived  polycrystalline  Pb(Zrg53Tig47)03  (PZT)/CFO
multilayersll may predict that the ME property significantly
depend on the interfacial coupling between piezoelectric and
magnetic phases, especially when the dimension of materials
is reduced to nanoscale or atomic scale.'? Ortega et al.”
reported the Maxwell-Wagner space charge effects on PZT/
CFO polycrystalline multilayers and the corresponding ME
effect."* But the discussion of the influence of interfacial
coupling strain on the electric and magnetic properties in
epitaxial PZT/CFO multilayer nanocomposite is rare, unlike
the deeply studied ferroelectric/ferroelectric  and
ferroelectric/dielectric superlattice.7’15 In this article, the ep-
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itaxial PZT, CFO pure film, and PZT/CFO multilayers were
deposited in order to give the insight into the influence of
perovskite/spinel interface and residual strain on the electric
and magnetic properties. The comparison of electric and
magnetic between single phase and multilayers with the
same volume fraction was carried out and analyzed. This
interfacial engineering in perovskite/spinel heterostructure
will provide an understanding and an additional degree of
freedom to control the ferroelectric, magnetic, and ME inter-
facial coupling in epitaxial multilayer and superlattice mul-
tiferroics.

Il. EXPERIMENTAL DETAILS

PZT, CFO single-phase, and PZT/CFO epitaxial
multilayer nanocomposite thin films with 3, 5, and 11 layers,
respectively, were deposited on 0.5-mm-thick (001)-oriented
Nb:STO single crystal substrate by pulsed-laser deposition
(PLD) using a KrF exciter laser of 248 nm in wavelength, 5
Hz in repetition rate, and 2.50 J/cm? in laser energy density.
The oxygen pressures used for depositing the alternate PZT
and CFO layer was 13 Pa and substrate temperature was
600 °C, respectively. The stoichiometric targets of CFO and
PZT were prepared through a standard solid reaction sinter-
ing processing. In the PZT target, over 10% of Pb was added
to avoid Pb deficiency due to its volatilization during sinter-
ing and depositing. In the multilayer structure, the first and
the final layers are kept as PZT. We carefully control the total
thickness (360 nm) and the volume fraction (2/3 for PZT) in
all samples as the constant in order to diminish other influ-
ences on the intrinsic electric and magnetic properties other
than the interface effect.

lll. RESULTS AND DISCUSSION
A. Structure and morphology

The structural characterization of the composite thin
films was carried out by x-ray diffraction (XRD) pattern us-
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FIG. 1. (Color online) (a) The XRD patterns of 11-layer PZT/CFO epitaxial multilayers, the inset gives the scan results and (b) the XRD 6-26 scan of PZT,

CFO, and PZT/CFO composite films with different number of layer.

ing a Bruker D8 discover XRD system equipped with copper
radiation. The in-plane lattice parameters were evaluated by
d-spacing of (001) and (011) plane. As shown in Fig. 1(a),
only (00!) diffraction peaks for CFO and PZT were observed
in the diffraction pattern of #-26 scan of 3, 5, and 11 layers
thin films, following those of the single crystal STO sub-
strate, which confirms the c-axis orientation of the PZT/CFO
multilayered films without any contribution from a-axis ori-
ented domains and impurity phases. The cubic-on-cubic ep-
itaxial relationship between PZT, CFO, and STO substrate
with fourfold symmetry has been confirmed by XRD ¢ scan
in the inset of Fig. 1(a). The scan data were recorded around
the CFO (044), PZT (022), and STO (022) reflections, which
show a set of four distinct peaks with 90° of separation.
From the XRD patterns of 6-26 scan around 42° to 47°, Fig.
1(b), the CFO and PZT peaks in multilayer structure shift to
the large angle region from their respective single phase
films, which indicates the release of in-plane compressive
strain in multilayers. Due to the mismatch of in-plane lattice
constant of PZT (a=0.405 nm), CFO (a=0.839 nm), and
STO (a=0.391 nm) for respective bulk materials, the epitax-
ial single-phase PZT and CFO films grown on STO substrate
will suffer the in-plane compressive strain. However, with
the alternative growth of PZT and CFO, the inserted PZT or
CFO can serve as the buffer materials for their following
layer each other, which benefits the release of in-plane com-
pressive strain in both PZT and CFO. Therefore, the peak in
multilayer shifts right compared to that of single phase films.
When the thickness of each layer is reduced (up to 30 nm for
each layer in 11 layer film), the strain due to the lattice mis-
match cannot be completely released in PZT, which helps
restore the in-plane compressive strain in the CFO layer. Be-
cause the unreleased strain can reduce the difference of the
a-axis lattice constant of PZT and CFO layer, the difference

of c-axis lattice constant of PZT and CFO will increase. Con-
sequently, the fact that peaks of CFO and PZT shift to the
opposite directions with the increased number of layer indi-
cates that the residual strain is strongly influenced by them-
selves in multilayers but not the STO substrate. The interfa-
cial coupling effect and lattice strain is modulated by the
strain engineering in each phase. The measured lattice con-
stant of PZT and PZT/CFO multilayers are included in Table
L.

The morphology and the interfacial structure of the mul-
tilayered epitaxial films were studied by high resolution
transmission electron microscopy (HRTEM, using a JEOL
2010 electron microscope operated at 200 kV). Figures 2(a)
and 2(b) are low-magnetization cross-sectional bright-field
images of the PZT/CFO films with 3 and 11-layers on STO
single crystal substrates, where the thickness of the films is
of 360 nm in all samples. The relatively dark area corre-
sponds to the PZT phase due to the relatively heavy ele-
ments. The clear interfacial structure revealed by high reso-
lution electron microscope and the selected area electron
diffraction pattern (SAED), shown in Figs. 2(c) and 2(d),
further confirm the heteroepitaxial growth of PZT/CFO
multilayer on (001) STO substrate even after the growth of
11 alternative layers.

B. Strain-dependent dielectric and ferroelectric
properties

In order to carry out the electrical property measure-
ments, Pt dot electrode with a diameter of 0.2 mm was de-
posited on the top surface of the thin films by PLD. Current
density-voltage (J-V) characteristic curve was measured by
Keithley (2410 sourcemeter). Spectroscopic dielectric behav-
iors of the nanocomposite films were measured by an imped-

TABLE I. The in-plane and out-of-plane lattice constant of PZT and the PZT/CFO multilayers.

PZT 3-layer S-layer 11-layer Cubic PZT
a(A) 4.027 4.032 4.035 4.041 4.050
¢ (A) 4.071 4.066 4.064 4.059 4.050
doy (A) 2.863 2.862 2.864 2.864 2.864
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FIG. 2. (Color online) [(a) and (b)] The low-magnification TEM images of
11-layer and 3-layer PZT/CFO nanocomposite films, (c) the HRTEM image
of interfacial structure of PZT/CFO, and (d) the SAED pattern including
PZT, CFO, and STO substrate.

ance analyzer (Agilent 4294A). The ferroelectric hysteresis
loops of the PZT/CFO multilayered thin films were mea-
sured using a ferroelectric tester (TF Analyzer 2000, aix-
ACCT) at 1 kHz. We measure the dielectric and ferroelectric
properties along the thickness direction (g43) and (P5) with
the conductive Nb:STO bottom electrode substrates. In our
experiments, the electrode/PZT interface is kept unchanged
so that the changes in the dielectric behavior, ferroelectric
properties, and leakage current originate from the intrinsic
nature of the multilayer but not due to any phenomena oc-
curred at the electrode/film interface.

Since there are space charges exist in the PZT/CFO
polycrystalline multilayer films,"® we first measure dielectric
constant of PZT and CFO single phase films in order to
compare and evaluate theoretically the dielectric behaviors in
the epitaxial multilayer. Therefore, we obtain the theoretical
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dielectric constant (£33) and ac conductance (o) of PZT/CFO
multilayer capacitors from Maxwell-Wagner space charge
model, as follows:

_ &cwEy— ¢pocB - ppecAw  Bop+Aepw

. (1)
¢CwEO (,l)EO
_ O-CEO_¢PGCA+¢P8CB('U_AO-P_B(’0EP (2)
dcEy Ey ’
where
2
(Tc'T+ Scw ’Tz
A= Ey, 3)
(pec+ peep)(1 + 0’ 7) 0
and
B (ec— ocnoT P @)
(¢pec+ dcep)(1 + w*7) o
and
_ Ppect Pcep )

bpoc+ pcop’

where the E, (500 mV) is the external electric field we ap-
plied during dielectric constant measurement. We neglect the
influence of this small external electric field on the remnant
polarization of multilayers. ¢p=2/3 and ¢p=1/3 (symbol P
and C indicate PZT and CFO). The o in each material is
derived by the dielectric loss o=gpe’ ® tan &.

Figure 3 shows the theoretical calculation and experi-
mental observation of dielectric constant and dielectric loss
in single PZT, CFO films, and multilayer capacitors. The
calculated results are in agreement with our experimental
observation of 3-layer, 5-layer, and 11-layer PZT/CFO nano-
composites. Therefore, we conclude that the peak of dielec-
tric loss at a relatively low frequency should be originated
from the space charge effect in the multilayered films, while
the dielectric loss peak in pure CFO film should originate
from the electrode/CFO interface and CFO itself, which is
the same with other report in the polycrystalline systems.16
In addition, the dielectric loss peak is not shown in pure PZT
film which has the same contact of sample and electrode
with the mutilayer structure. We can further rule out the pos-
sibility that the space charge is dominated in the interface of
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FIG. 3. (Color online) Experimental observation and theoretical prediction of spectroscopic dielectric constant (a) and dielectric loss (b) of PZT, CFO, and

PZT/CFO multilayer thin films.
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FIG. 4. (Color online) Ferroelectric hysteresis loops of the PZT film and the
PZT/CFO multilayered composite films.

electrode and films. However, from the Egs. (1) and (2), £33
and o can only be viewed as a function of volume fraction,
dielectric constant, and ac conductivity in each phase. Since
we make the volume fraction constant in the multilayered
structure, the space charge and dielectric behavior should be
independent on the number of interface of PZT/CFO epitax-
ial multilayer. But phenomenally, from the dielectric loss
peaks, especially in a relatively low frequency, we observe
that the space charge effect is reduced with the increase in
the number of layers, which is different from the discussion
of PZT/CFO polycrystalline multilayelr.'3 Zubko et al.'” and
Pertsev et al.'® mentioned that the effect of strain will be to
rescale the local Landau coefficients « and 3. The effective
coefficients describing the dielectric susceptibility and polar-
ization will also be rescaled. Therefore, the in-plane com-
pressive stress in the epitaxial structure may influence the
polarization behavior near the interfacial region, which will
in turn, influence the distribution of space charge18 and be
responsible for the observed dielectric nature of PZT/CFO
multilayer nanocomposite films.

To further study the number of layer-dependent polariza-
tion in epitaxial PZT/CFO multilayer, the ferroelectric hys-
teresis (P-E) loops of the PZT/CFO multilayered thin films
were measured. Figure 4 gives the P-E loops of PZT single
phase, 3-layer, 5-layer, and 11-layer composite thin films,
and the corresponding remnant polarizations are
31.8 uC/ecm?, 179 uC/cm?, 153 uC/cm?,  and
8.5 wuC/cm?, respectively. The coercive field increases from
80 kV/cm for the PZT film to 200 kV/cm for the multilay-
ered film. Since the coercive field of each PZT layer in the
composite film should be a function of external electric field,
volume fraction, and dielectric constant of PZT and CFO, if
we neglect the conductivity of the multilayer, the actual elec-
tric field applied on each PZT layer can be described by

E
Ep=—"—, (6)

€
byt bt

c

where E,, and E, are the electric field applied on the multi-
layers and the field applied on each PZT layer, respectively,
¢p, b, £, and e, are the volume fractions and dielectric
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FIG. 5. (Color online) Electric field dependent-leakage current density
curves of the PZT/CFO multilayered composite films, where the inset de-
note the leakage current density curves of the single layer PZT and CFO
films.

constants of the PZT and CFO layers in the film. Therefore,
we have to increase the external field in the multilayers in
order to maintain the switching electric field in each PZT
layer. It is easy to understand the significant enhancement of
the coercive field in the film compared to those in the single
phase PZT film. This behavior is consistent with the typical
leakage current densities as a function of voltage (J-V), as
shown in Fig. 5. The breakdown voltage of multilayer is
much higher than the one of single layer PZT film (inset in
Fig. 5). The leakage current density of PZT, CFO, and the
multilayers under an electric field of around 200 kV/cm are
0.2 A/m2, 1000 A/m? and 0.3 A/m?, respectively. We can
also observe that the leakage current density in the multilay-
ers is comparable to the one of PZT film around the same
electric field in spite of the insert of relatively low resistive
CFO. The robust insulating behavior is required to sustain a
ferroelectric polarization and predict a tolerable poling pro-
cess for the further ME coupling output.

To give a theoretical evaluation of the number-of-layer-
dependent polarization in the multilayered thin films and
compare with our experimental observation, we estimate the
average residual stress suffered by the PZT phase in the ep-
itaxial multilayers from the XRD result. The in-plane a-axis
lattice parameters in PZT layer increase from 4.027 to 4.032,
4.035, and 4.041 A, which corresponding to single PZT,
3-layer, 5-layer, and 11-layer films, shown in Table I. The
Young’s modulus of the epitaxial Pb(Zr 5,Tig4g)O05 film was
92.6 GPa which was reported elsewhere. '’ Therefore, the
residual in-plane compressive stress suffered by the corre-
sponding epitaxial PZT films should be —520, —410, —330,
and —204 MPa, while for the cubic PZT bulk materials with-
out residual stress, the lattice constant a=4.05 A2 we
adopt Landau-Devonshire’s phenomenological thermody-
namic formalism method to calculate the spontaneous
polarization,21 therefore we have expression

)
—ay +Vay = 3ay(a; -20,0)
s

Pi= (7)

3ayy

where P; is the magnitude of the polarization vector along

the direction i, a; is the dielectric stiffness, a;;, «;; are the
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FIG. 6. (Color online) Theoretical calculation of in-plane stress-dependent
polarization in pure PZT film, PZT/CFO multilayers, simulated results of
polarization considering size effect in each PZT layer, and our experimental
fitting in PZT single-phase film and 3-layer, 5-layer, and 11-layer PZT/CFO
nanocomposite thin films.

high-order stiffness coefficients at constant stress, and Q,
01, and Qg4 are the electrostrictive coefficients written in
polarization notation. The dielectric stiffness and electrostric-
tive coefficients of PZT films are given in a series of
papelrs.22

In addition, according to the discussion of the “dilution”
of the effect of ferroelectric materials in a dielectric matrix in
the BTO-STO-CTO superlattice,7 when we consider the in-
fluence of the nonferroelectric layer, the electric displace-
ment should be expressed by

Pcep

epe
D= PEC _ PcEp
bcep+ dpec

dcep+ dpec

E+ ( 1- )P P (8)
where D and P are the electric displacement and polarization
of the multilayers, respectively. Then the average polariza-
tion in the electrostatic model can be derived

P
Py=——t— ©)

1+ﬂ><5Z

p

Therefore, we obtain the polarization of the multilayers

\/— ap+ \'/0‘%1 - 3ay(a; —20,0)

3aq,
P,= ) s
N to
1+ X2
86‘

(10)

P

where P,, is the average polarization of the PZT/CFO mul-
tilayered films, Pp indicates the polarization in each PZT
layer.

Figure 6 shows the theoretical calculation and experi-
mental observation of the spontaneous polarization for the
thin films with different in-plane compressive stresses. Our
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theoretical prediction describes the remnant polarization de-
crease with the release of in-plane compressive stress, quali-
tatively interpreted our experimental data. We consider the
influence of the dielectric matrix in the PZT/CFO multilayers
according to Eq. (10). The addition of nonferroelectric phase
reduces the average polarization, compared to the pure PZT
films suffered from different in-plane stresses. It is easy to
understand the dramatic decrease in the polarization from
single layer PZT film to the multilayered films as what we
observed. In addition, the size effect discussed extensively
by other reports in ferroelectric layer may be another factor
to induce the decreased polarization in multilaye,rs.23 The
remnant polarization when we consider the size effect in
each PZT layer will be expressed by

p ol jele=D
R B

where ¢ and B are the modified and original Landau param-
eters, respectively.

(11)

B 3(L+495) (12)
" 2(L+69)°
32k(L+38
1,21, —2L*39) (13)
3apL(L+468

where L denotes the thickness of PZT layer and & is the
so-called extrapolation length of the PZT/CFO interface, T,
is the Curie temperature of bulk PZT, and « is the positive
constant and represents the contribution from the spatial
variation in polarization. When we take all of the above
parameters,B_26 shown in Table II, the theoretical fitting con-
sidering the size effect is in agreement with our experimental
observation. Therefore, we may conclude that (1) the
Maxwell-Wagner space charge effect exists in the epitaxial
interface of the PZT and CFO layers. (2) The decreased di-
electric constant and the remnant polarization with the in-
creased number of interfaces most possibly originate from
the release of residual stress in the multilayered films. (3)
Size effect also exists in our experimental observation and
theoretical calculations.

C. Strain-dependent magnetic properties

The magnetic properties of the PZT/CFO multilayer
films were characterized by a vibrating sample magnetome-
ter (Lakeshore, Model 7300 series). The accurate volumes of
the thin films are required to calculate magnetization, which
is equal to the area of the substrate times the thickness of the
films. Field-dependent magnetization at room temperature
was measured by applying the magnetic field parallel to the
plane of the films with the measurement up to a field of 796
kA/m. The saturated magnetizations are 0.082, 0.099, and
0.116 T for 3-layer, 5-layer, and 11-layer PZT/CFO epitaxial

TABLE II. The values of parameters used in calculating the polarization of PZT and PZT/CFO multilayers.

a(mF  allm® C2FY)  a(m°C*F")

Qp(m* C2) L ) @ B Ty K

-8 10° 7.12x 107 2.35%x10°

-1.54x 107" 1 4 1 1 1 1
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FIG. 7. (Color online) (a) Magnetization hysteresis loops of single-phase CFO (the inset) and PZT/CFO multilayered thin films grown on STO substrates and
(b) magnetization hysteresis loops of expitaxial CFO thin films grown on STO and MgO substrates (the inset shows the corresponding 6-26 XRD patterns

where the lattice constant in each sample can be derived).

films, respectively, which are comparable to the value of the
single layer CoFe,O, epitaxial film [the inset of Fig. 7(a)] if
we consider the volume fraction (1/3 for CFO) in the multi-
layers. The in-plane coercive fields for single layer CFO
film, 11-layer, 5-layer, and 3-layer films were 129.0, 84,8,
67.7, and 54.1 kA/m, respectively.

Similar to the evaluation of lattice constant in the PZT
layers, the CFO layers suffer from the strong in-plane com-
pressive strain due to the 7.4% lattice mismatch with the bare
(001) STO substrate. In the PZT/CFO multilayers, the PZT
layer can serve as a buffer layer (bulk lattice constant a
=4.036 A) to release the lattice mismatch between the CFO
layers (bulk lattice constant a=8.396 A) and the STO (bulk
lattice constant a=3.90 /OX) substrate. However, with the in-
crease in number of layers, i.e., the reduction in the thickness
in each layer, the in-plane compressive strain from the PZT
layer in the 11-layer film cannot be released as much as the
one in the 3-layer film, helping restore the in-plane strain
during the growth of the following layers. Consequently, the
in-plane compressive strain will be retained with the in-
creased number of layers. This is consistent with our XRD
and transmission electron microscopy (TEM) analysis, the
a-axis lattice constant of the CFO layers decreases from
8.371 A to 8.363 A and 8.352 A when the number of layers
increases from 3 to 5 and 11, indicating the increase of in-
plane compressive strain in the CFO layers when the number
of layers increases. The lattice constant and corresponding
magnetic parameters are shown in Table III.

The above residual strain and structure dependent mag-
netization was also observed in other epitaxial ferrite thin

films.?”*® The enhanced magnetic anisotropy in BTO-CFO
nanostrucuture'” originated from the out-of-plane compres-
sive strain suffered by CFO phase. Hu et al.*® have found
that both external stress and cation distribution can be re-
sponsible for the anomalous magnetic behavior in CFO epi-
taxial films. Since we control the volume fraction and other
conditions as constant during the thin film growth except the
number of layers and the thickness in each phase, cation
distribution should be the same in each layer. Therefore, we
conclude that the number of layers-dependent coercive field
and magnetization should be attributed to the in-plane com-
pressive stress in CFO phase induced by the neighboring
PZT layers. This stress-induced magnetic property in the
present CFO epitaxial films is consistent with the report by
Wakiya.28

To further prove the strain-induced magnetization in
CFO films, we fabricated and characterized the epitaxial
CFO thin film on MgO (a-axis lattice constant=8.396 A)
substrate under the same condition as on STO substrate. Fig-
ure 7(b) shows the in-plane magnetic hysterisis loops of CFO
grown on STO and MgO substrates. From the XRD data [the
inset of Fig. 7(b)], we can obtain that the a-axis lattice con-
stant of CFO is 8.343 A grown on STO which suffering an
in-plane compressive stress, while it is 8.413 A grown on
MgO substrate, with a tensile stress. The saturated magneti-
zation and coercive field of CFO on MgO are 0.121 T and
21.9 kA/m. The coercive field is dramatically lower than the
values of CFO on STO. The coercive field and magnetization
of CFO on MgO are also lower than the value of 3-layer
structure if we consider the volume fraction of CFO in nano-

TABLE III. In-plane and out-of-plane lattice constants, saturated magnetization, and coercive field of the CFO

films and multilayers.

doo dyyy doio in-plane strain B H

Sample (A) (A) (A) (%) (T) (kA/m)
CFO on STO 8.449 5.937 8.343 —0.631 0.364 129.0
11-layer 8.418 5.929 8.352 —0.524 0.347 84.8
5-layer 8.412 5.931 8.363 —0.393 0.298 67.7
3-layer 8.403 5.930 8.371 —0.297 0.245 54.1
CFO on MgO 8.326 5.918 8.413 0.202 0.121 21.9
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FIG. 8. (Color online) In-plane strain dependent magnetic behaviors in CFO
and CFO/PZT multilayers grown on STO substrate and CFO grown on MgO
substrate.

composite. This is in good agreement with our previous ob-
servation: the decrease of in-plane compressive stress or the
increase of in-plane tensile strain will reduce the magnetiza-
tion and coercive field of CFO films. Since we compare the
in-plane directions, the demagnetization energy factor does
not play a critical role in all of the cases here.” A plot of the
saturated magnetization and coercive field against the in-
plane strain is shown in Fig. 8.

The number of layer-dependent magnetic coercive field
and magnetization can be roughly explained by the domain
wall rotation®” and stress-induced magnetization27 in epitax-
ial CFO layers of the composite film. If we carefully see the
magnetic loops in PCP, PCPCP, and 11-layer films, hysteresis
curves are shifted to left along the magnetic field axis in
multilayer structures. This kind of shift in magnetic hyster-
esis loops can be understood based on the principle of mag-
netic exchange bias field. Magnetic exchange bias is the ex-
change interaction between the antiferromagnet (AFM) and
ferromagnet (FM) at their interface. Since AFM have a small
or no net magnetization, their spin orientation is only weakly
influenced by a magnetic field. FM layer which is strongly
exchange-coupled to the AFM will have its interfacial spins
pinned. Reversal of the FM’s moment will need more energy.
The added energy implies a shift in the switching field and
an increase in coercive field of the FM.>' In highly strained
epitaxial films, magnetic dead layer will be exist at the inter-
face region because of the unrelaxed strain.** This magnetic
dead layer with small net magnetization will act as the
“AFM layer,” which pin the spins of magnetic CFO at their
interface. Therefore, this restricted rotation and movement of
magnetic domain pinned by the dead layer in the interface
give rise to the exchange bias and the increased coercive
field. With the increase in the number of layer, the exchange
bias will become strong because there are more interface
exchange between the strained magnetic dead layer and the
magnetic CFO. Besides, if we carefully measure the full
width at half maximum (FWHM) of CFO peaks in 26-6 scan
XRD patterns, the FWHM of CFO peaks increase from
0.34°, 0.39° to 0.41° for 3, 5, and 1l-layer films. The in-
creased FWHM may indicate the existence of short range
strain in CFO phase. The short range strain can also act as

J. Appl. Phys. 107, 104105 (2010)

the pin center in CFO layers, which will enhance the ex-
change bias and the coercive field. On the other hand, if we
consider the energy contributions that control the easy axis
of magnetization of the films. The energy can be written as”’

3
20 29 99 P P
E=K1(a1a2+a2a3+“1a3)—5)\1000(0‘17’%"'“27%

P
+a3%) - 3N no(aay v+ masny;

2 2 2 2
+ aja3y,y3) + 2TMgUf 05+ frag + fras),

where the first term represents the cubic magnetocrystalline
anisotropy, the second and third accounts for the magneto-
elastic energy, and the last for the magetostatic energy of a
thin film. We take the bulk values of CFO for the anisotropy
constant (K;=3.9X10° erg/cm?), saturated magnetization
(M¢=0.534 T), and magnetostriction coefficients (A o=
-590 X 10°, \;;;=120X 10°). £,, fy» and f are the demagne-
tization coefficients, and v is the fraction of the film that is
magnetic. «;, a,, and a3 denote the direction cosines of My,
and 7, v,, and 73 denote the direction cosines of stress axis
with the three coordinate axes. The magnetostatic energy
term is identical to 277M, with M,, being the measured mo-
ment. The magnetocrystalline energy term favors an easy
axis along any of the (100) directions. Therefore, it does not
favor an in-plane or out-of-plane magnetization and is neu-
tral in this regard. Consequently, the easy axis will be tuned
by the remaining magnetoelastic term, which will be positive
or negative, depending on whether the in-plane strain is com-
pressive or tensile. If the in-plane strain is compressive (ten-
sile) this term is negative (positive), favoring an in-plane
(out-of-plane) easy axis. Therefore, with an in-plane mag-
netic field, it is difficult to make the magnetization reach the
saturated value in the CFO phase under an in-plane tensile
strain. That is the reason that 11-layer film with largest in-
plane compressive strain has large magnetization compare to
3-layer film. Furthermore, according to a general Le Chat-
elier’s principle,33 it is also well-known that the effect of
stress on magnetization, coercive field, and permeability is
mainly originated from the magnetostrictive nature of the
materials. If a material has a positive magnetostrictive coef-
ficient (\), it will elongate when magnetized, reversely, its
magnetization will increase under a tensile stress, and will
decrease under a compressive stress. In the contrary, if a
material has a negative magnetostrictive coefficient such as
nickel®* and cobalt ferrite,28 its magnetization increases
when a compressive stress is applied.

IV. CONCLUSION

Epitaxial PZT/CFO multilayer nanocomposite thin films
have been successfully deposited on Nb:STO substrates,
stress-induced ferroelectric polarizations, and dielectric be-
havior in the multiferroic films have been studied and the
results are in line with our theoretical prediction. Our calcu-
lation and experimental data reveal that space charges exist
in the films and influence the dielectric behavior and polar-
ization but the amount of space charges in the films does not
increase with the number of layers of PZT and CFO. The
ferroelectric and ferromagnetic properties in the PZT/CFO
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epitaxial films were also found to be modulated by the re-
sidual strain originated from coupling effect of the PZT/CFO
interfaces. These results suggest that the magnetic, electric,
and ME coupling effect may be tuned by the “strain engi-
neering” in ferroelectric/ferromagnetic or other multiferroic
superlattice.
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