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Variable-temperature x-ray diffraction was used to investigate the internal strains that arise from a
ferroelectric phase transition in self-assembled multiferroic nanostructures CoFe,O04—PbTiO; on
(001) SrTiO5. The constraints from CoFe,0, suppressed the ¢/a ratio in tetragonal PbTiO5 (without
affecting its Curie temperature) while the expansion of the out-of-plane lattice parameter in PbTiO5
upon the transition induced tensile out-of-plane strain in CoFe,O,. The transformation strain was
partly relieved by the 90° twin domains in PbTiO3; which reduced the net deformation of the
component phases. Significant fractions of both c- and a-domains were observed despite the
nanoscale of PbTiOj; in the composite films. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2768890]

Multiferroic composite films that consist of magneto-
strictive and piezoelectric phases arranged in transverse ar-
chitectures (interphase boundaries perpendicular to the film-
substrate interface) exhibit significant magnetoelectric
effects due to a reduced clamping by the substrate."? Such
transverse heterostructures can be generated via an epitaxial
self-assembly of immiscible but lattice-matched magnetic
and ferroelectric phases on single-crystal substrates, as dem-
onstrated recently for several spinel-perovskite systems.l_3
The resulting nanostructures exhibit a three dimensional ep-
itaxy with phase morphologies determined by the phase frac-
tions and substrate orientation.*®

The strain-mediated magnetoelectric (ME) response of
transverse multiferroic nanostructures depends strongly on
the efficiency of elastic interactions across the interphase
boundaries as well as on the sign and level of residual
stresses in the component phases.7 Residual stresses in the
composite spinel-perovskite films originate primarily from
the paraelectric — ferroelectric phase transition that occurs in
the perovskite phase on cooling from the growth temperature
and is accompanied by a significant lattice distortion. Unlike
single-phase thin layers on a substrate, the individual phases
in the transverse nanostructures are constrained both parallel
and perpendicular to the substrate. In the present letter, we
used variable-temperature x-ray diffraction to analyze the
strain evolution and the effect of constraints on the ferroelec-
tric phase transition in epitaxial self-assembled CoFe,O,—
PbTiO; films on SrTiO;. We established that, similar to the
single-phase ferroelectric layers, the transformation stresses
in the composite multiferroic films are partly relaxed through
formation of nanoscale twin domains in a ferroelectric phase.

The xCoFe,O,—(1-x)PbTiO; films (x=1/3,2/3) were
grown from the composite targets having fixed compositions
on (001) SrTiO; substrates (7=630 °C) using pulsed lased
deposition. The film thicknesses were 230 nm. The CoFe,Oy,
(CFO) and PbTiO; (PTO) phases self-assembled during
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growth into arrays of CoFe,O, pillars dispersed in a PbTiO5
matrix, as detailed in Refs. 3 and 4. A cube-on-cube epitaxy
among the CoFe,0,4, PbTiO3, and SrTO; was confirmed. The
films were characterized in an x-ray diffractometer (XRD)
equipped with a high-temperature stage. Room-temperature
values of the out-of-plane (a,) and in-plane (g;) lattice
parameters were determined for each phase using four non-
equivalent reflections (CuKea; radiation). Variable-
temperature lattice parameter measurements were conducted
using 004p1o/008cro and 220pto/440ppo reflections and
Cu Ka radiation; the same optical configuration (with a
0.2 mm detector slit) was used for a reciprocal space map-
ping. XRD patterns for the CoFe,O,—PbTiO; films were col-
lected at 25 °C intervals between the ambient temperature
and 630 °C. The temperatures were confirmed to be accurate
within 5 °C. Heating-cooling cycling in the 25-630 °C
range demonstrated that the changes in the lattice parameters
were fully reversible. Scanning electron microscopy images
of the films recorded before and after their thermal exposure
confirmed lack of detectable changes in the nanostructure
morphologies during high-temperature x-ray measurements.

Room temperature values of the lattice parameters for
PbTiO; and CoFeO, are summarized in Table I. At room
temperature, the distribution of d-spacing values in PbTiO;
was significantly broader than that in CoFe,O,, as inferred
from the relative widths of the 002pr [full width at half

TABLE I. Room temperature values of lattice parameters of PbTiO;
and CoFe,0, in the composite xCoFe,0,—(1—x)PbTiO; films. The numbers
in parentheses represent combined statistical uncertainties (1) from the
x-ray profile fitting and least squares refinements using four nonequivalent
reflections.

PbTiO; CoFe,0,
X a; ay a; a
1/3 4.035(1) 3.945(1) 8.420(1) 8.383(1)
2/3 4.008(1) 3.959(1) 8.396(1) 8.368(1)
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FIG. 1. (Color online) Out-of-plane (a ) and in-plane («,) lattice parameters
of CoFe,0, (divided by 2), PbTiOs;, and SrTiO; in the xCoFe,0,—(1
—x)PbTiO; films on (001) SrTiO; measured as a function of temperature. (a)
x=1/3 and (b) x=2/3. Lattice parameters of bulk PbTiO; Ref. 8 are super-
imposed in Fig. 1 (left) using asterisks.

maximum (FWHM)=0.79°, x=2/3] and 004¢po (FWHM
=0.293°, x=2/3), peaks, respectively. The 002pro rocking
curve (FWHM=0.79°, x=2/3) was also broader than the
004¢po rocking curve (FWHM=0.73°, x=2/3).

Figure 1 presents results of the variable-temperature lat-
tice parameters measurements in the films with x=1/3 [Fig.
1(a)] and x=2/3 [Fig. 1(b)]; the data for bulk PbTiO; (Ref.
8) are superimposed in Fig. 1 (left). An onset of the
cubic « tetragonal phase transition in PbTiO; is clearly ob-
served at T,~450 °C as a divergence of the a, (T) and a,(T)
lattice parameters. Similar transition temperatures are ob-
served regardless of phase fractions. Previous studies con-
firmed that the epitaxial stresses that arise during growth are
largely accommodated by misfit dislocations.* A small te-
tragonal distortion of PbTiO5 and CoFe,0, above T, (Fig. 2,
left) due to the nonrelaxed epitaxial stresses still cannot be
ruled out but is difficult to ascertain due to insufficient pre-
cision of the in-plane lattice parameter measurements. Above
T.=450 °C, the width of the 002pyq reflection in the 6-26
scans decreases drastically and becomes comparable to that
of the 004cpo; concurrently, the integrated intensities of the
002prq reflections in the x=1/3 and x=1/3 films increase by
the factors of =2.25 and =3, respectively. In contrast, the
integrated intensity of reflection 004cgq remains unchanged,
regardless of phase fractions. The width of the 002py rock-
ing curve decreases by nearly a factor of 2 above the transi-
tion while some, though much smaller, narrowing of the
004cgo rocking curve is observed as well. These results in-
dicate that a broad distribution of the d-spacing values along
with the broad mosaics, as encountered at room temperature
in PbTiO3, is associated with a phase transition rather than a
growth process.

The transition temperature for PbTiO5 in the composite
films is lower (AT.=~45 °C) than that in the bulk crystals

FIG. 2. Plane-view (a) and cross-sectional (b) diffraction-contrast TEM im-
ages of the x=1/3 film. Twin domains in PbTiO; are observed.
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(495 °C). The tetragonal distortion in PbTiOs is strongly
suppressed yielding the ¢/a ratio (room temperature) of only
~1.023 for x=1/3 and =1.013 for x=2/3 as opposed to
c/a=1.064 for a bulk PbTiO;. The constraints from
CoFe,0, suppress the jump of the PbTiO; lattice parameters
at the transition point thereby modifying the character of this
transition from the strongly first order toward a more con-
tinuous like type; the effect becomes stronger with increasing
volume fraction of CoFe,QO,. At the same time, an expansion
of the c-lattice parameter in PbTiO; induced a tetragonal
distortion a,/a;>1 in CoFe,O4. The room temperature
value of this distortion varies from 1.004 for x=1/3 to 1.003
for x=2/3. As expected from the stress equilibrium condi-
tions, the out-of-plane strains in CoFe,O, decrease with a
volume fraction of this phase increasing, while a reciprocal
trend is observed for the strains in PbTiO5. The suppressed
c/a ratio is expected to reduce the spontaneous out-of-plane
polarization in PbTiO5 compared to its strain-free bulk value.

The effect of elastic constraints on the Curie temperature
of a ferroelectric in the composite film can be predicted by
considering a free energy expansion for a constrained ferro-
electric film on a substrate F=A(T-T,)P*+BP*+CP°+F,,
where A, B, and C are the Landau coefficients and F|, is the
elastic energy of the film. The F, of a film consisting of
cylindrical magnetic rods embedded into a ferroelectric ma-
trix was calculated pre\/iously.5’7 Neglecting the self-strain of
a magnetic phase, this energy can be expressed as F
=[aGQ? (1= 8)(1+6-2v8)+GQ3 28 (1+v)]P*, where a is
a fraction of a magnetic phase, G is the in-plane elastic
modulus of the film, v is a Poisson ratio, Q,; and Q,, are
electrostrictive coefficients of a ferroelectric phase, and &
=(Q»/Qy;. Evidently, the energy associated with the inter-
phase elastic interactions modifies just the P* term in the free
energy expansion and thus has no effect on the Curie tem-
perature of a ferroelectric. Yet, this elastic energy affects the
sign of the P* term thereby changing the character of a ferro-
electric phase transition from the first to second order, con-
sistent with the experimental observations (Fig. 1). The
change in the 7, associated with this change in the order of
the transition is expected to be =13 °c.’

Reduced values of a ferroelectric transition temperature
in the composite films can be readily attributed to a limited
but detectable dissolution of Fe in PbTiO;, reported
previously.4 Dissolution of Ti in CoFe,O, also was
observed,’ consistent with a complete solubility among
CoFe,0, and CozTiO4.10 Concurrently, the transformation
strain (and the resulting strain-free c¢/a ratio) for the
Pb(Ti,Fe)O;_s solid solutions in the CoFe,04—PbTiO4
nanostructures should be reduced compared to the pure
PbTiO3.“ The uncertainties in the reference (strain-free)
states of the component phases caused by formation of the
solid solutions preclude accurate determination of residual
strains in the composite nanostructures; yet variable-
temperature measurements provide an insight into the strain
accommodation mechanism as discussed below.

Strain compatibility conditions along the
CoFe,0,/PbTiO; interfaces imply equal changes of the out-
of-plane lattice parameters of CoFe,O, and PbTiO; from
their respective values in the cubic state just prior to a ferro-
electric phase transition. However, the expansion of a, in
PbTiO;, as observed in Fig. 2, exceeds significantly the out-
of-plane strain in CoFe,0,. Considering a reversibility of the
lattice parameters upon the heating/cooling cycles, this dis-
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FIG. 3. (Color online) Low-resolution reciprocal space maps encompassing
200 SrTiO3, 002/200 PbTiO3, and 400 CoFe,0, reflections for films with
[(a) and (b)] x=1/3 and [(c) and (d)] x=2/3 acquired at [(a) and (c)] 25 °C
[(b) and (d)] and 550 °C. Appearance of the a domains in PbTiO; below a
ferroelectric transition can be observed.

crepancy can be accounted for by formation of the 90° twin
domains in PbTiO;. Indeed, such 90° domains were identi-
fied using both diffraction-contrast imaging in a transmission
electron microscope (TEM) (Fig. 2) and XRD (Fig. 3). The
PbTiO; was confirmed to contain four a-domain variants in
addition to the c-domains. Naturally, the average out-of-
plane deformation in PbTiO; is significantly smaller than
that observed just for the c-domains in Fig. 1.

A volume fraction of the c-domains 8 estimated from the
relative integrated intensities of the 001 and 100(X4) peaks
in the x-ray diffraction rocking curves was approximately
0.5; however, the accuracy of these measurements is limited
by the relatively poor separation of the broad a-domain
peaks. Alternatively, a volume fraction of the c-domains can
be calculated from the experimental data in Fig. 1 by con-
sidering the strain compatibility conditions for a composite
film: (1) e530=e5° and (2) @& °+(1-a)el| =¢,, where
e530/e5TO and €5, °/&"TO are the out-of-plane/in-plane total
strains in the CoFe,0, and PbTiO; phases, respectively, &
describes a thermal contraction of the substrate, and « is
a volume fraction of CoFe,O,. Assuming an equilibrium
domain structure, where all domains have identical c/a
ratios,'? and using the out-of-plane strain compatibility con-
dition (1), a fraction of the c-domains B can be calculated as
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:8: (8?31:0—8(1)/(80—801), where 8c:(aL_a())/a0 and SaZ(CZH
—ag)/ay (here a, and q; are the experimental room-
temperature values of the PbTiOj5 lattice parameters and ay is
the lattice parameter of the cubic PbTiO; just above the tran-
sition). The ¢-domain fractions calculated using experimental
values of the lattice parameters (Fig. 1) are 0.61 and 0.51
for a=1/3 and a=2/3, respectively, which agrees well with
the estimates made from the rocking curve measurements.
Substituting these values of S into the second, in-plane
strain condition yields values of —0.002 (w=1/3) and —0.004
(a=2/3) which reflect a combination of the substrate con-
traction (&£,=0.006) and stress heterogeneities not accounted
for by the above expression for 8. Overall, our results sup-
port presence of significant fractions of both c- and
a-domains in PbTiO3, despite a nanoscale of the composite
heterostructures. Small domain size contributes to a broad-
ening of the PbTiO; reflections.

A substantial fraction of a-domains which dilute the net
out-of-plane polarization in PbTiO; is expected to reduce the
strength of electromagnetic E(H) coupling compared to the
theoretical estimates made for a single-domain PbTiO3.7
However, the effect of these domains on the magnitude of a
magnetoelectric M(E) coupling will depend on the mobility
of domain walls which requires further investigation; in prin-
ciple, the ME coupling can be enhanced providing the do-
main walls are sufficiently mobile. Clearly, the optimal
choice of a ferroelectric component for a given nanostructure
architecture should consider a relief mechanism for the trans-
formation stresses.
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