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ABSTRACT

In this work, we simulate and analyze the mechanical response of a class of multiferroic materials consisting of a templated porous
nanostructure made out of cobalt ferrite (CFO) partially filled by atomic layer deposition (ALD) with a ferroelectric phase of lead zirconate
titanate (PZT). The strain in the device is measured when an electric field is applied for varying ALD thicknesses, displaying a non-
monotonic dependence with a maximum strain achieved for a coating thickness of 3 nm. To understand this behavior, we apply finite
element modeling to the smallest repeatable unit of the nanoporous template and simulate the mechanical response as a function of PZT
coating thickness. We find that this non-monotonic response is caused by the interplay between two driving forces opposing one another.
First, increased porosity works toward increasing the strain due to a reduced system stiffness. Second, decreased porosity involves a larger
mass fraction of PZT, which drives the electro-mechanical response of the structure, thus leading to a larger strain. The balance between
these two driving forces is controlled by the shear coupling at the CFO/PZT interface and the effective PZT cross section along the direction
of the applied electric field. Our numerical results show that considering a nonlinear piezoelectric response for PZT leads to an improved
agreement with the experimental data, consistent with ex situ poling of the nanostructure prior to magnetic measurements.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090252

Multiferroic composites have attracted a considerable amount of
research in recent years as functional materials that exhibit the magne-
toelectric (ME) effect. These materials transfer the strain induced by
an external electric field in the ferroelectric component to the ferro-
magnetic component through elastic coupling. The application of
multiferroic materials can drastically reduce power consumption in
small-scale devices, such as sensors, switches, and data storage ele-
ments, compared to standard electromagnetic devices.1,2

However, multiferroic devices composed of dissimilar materials
arranged in alternating geometries3–10 are often limited by poor
mechanical coupling, thermal expansion coefficient mismatch, or
irregular interfacial bonding. In many instances, these issues appear
during synthesis and can all contribute to a weakened ME effect.11–13

In recent years, research on nanoscale multiferroic heterostruc-
tures,14,15 organic multiferroics,16 or thin films17 has demonstrated the

feasibility of nanosynthesis techniques. As well, theory and simulation
are being used to establish the suitability of downscaling different mul-
tiferroic designs as well as assessing their potential response.18,19

In this work, we present finite element simulations of a multifer-
roic structure generated by infiltrating a ferroelectric phase, lead zirco-
nate titanate, onward referred to as “PZT” (PbZrxTi1-xO3, where, in
this work, x¼ 0.52) via atomic layer deposition (ALD) into a nanopo-
rous ferromagnetic template made of cobalt ferrite (CoFe2O4, referred
to as “CFO”). Such structures have been seen to yield an enhanced ME
response and be free of many of the issues limiting other multiferroic
devices.20,21 We focus on the dependence of the deformation behavior
of the device on the thickness of the ALD film coating the interior of
the pores. In particular, we model the non-monotonic strain response
of the structure as a function of PZT thickness and analyze the physi-
cal causes behind such response.
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We begin with a brief description of the synthesis procedure and
magnetic measurements of the nanostructure. Nanostructured PZT/
CFO composites were created in two parts: first making the porous
CFO architecture, then conformally coating the inside of the pores
using ALD. First, porous CFO structures were synthesized by block
copolymer templating of sol gel films, as reported elsewhere.22,23 In
brief, metal precursors were dissolved and, over time, condensation
reactions form a metal oxide polymer known as a “gel.” An amphi-
philic di-block copolymer is added, which forms micelles in solution.
As the solution is deposited onto the conductive silicon substrate,
micelles self-assemble into ordered, periodic structures. Once pyro-
lyzed, the polymer is removed, leaving behind a porous, metal oxide
framework. ALD was then used to conformally coat the inside of the
pores with PZT, the details for which are discussed elsewhere.24 Since
ALD is a gas phase deposition process, the ALD precursors uniformly
bind to available surface sites throughout the porous network. The
thickness of the PZT coating is precisely controlled by the ALD pro-
cess, and the ALD layers were then crystallized through rapid thermal
annealing, or RTA, at 700 �C for 60 s under oxygen. Figure 1 shows
the bare CFO template prior to ALD. To observe the magnetoelectric
coupling of the PZT/CFO composite structure, samples were electri-
cally poled ex situ with the electric field being applied perpendicular to
the sample. Samples were cut down to be approximately 5� 5mm2

and then sandwiched between aluminum electrodes with a 13lm
thick dielectric spacer above the film side to prevent shorting. The
electric fields utilized in this work ranged between 0 and 1.42MV/m.
Once poled, high resolution diffraction measurements were performed
at Stanford Synchrotron Light Source (SSRL), experimental station
7–2, with an x-ray energy of 0.9919 and 1.0332 Å. The d-spacing of the
composites was determined by peak fitting the CFO (311) diffraction
peaks to a Voigt function (through PeakFit v4.1125). Measurements
shown in this work were performed out of the plane of the sample,
showing out-of-plane tension.

For their part, finite element (FE) simulations of a nanoporous
network of CFO (consistent with the structure shown in Fig. 1)
internally coated with PZT were carried out using COMSOL
Multiphysics.27 The CFO network functions as the ferromagnetic sub-
structure while the PZT filling provides the ferroelectric response.
Designed in this way, the simulated configuration represents a piezo-
electric template with an infiltrated ferromagnetic component and not
a multiferroic structure per se. However, the computational model acts
as a viable surrogate for the actual multiferroic material in that it

captures its physical response as if there was a true magnetic coupling.
The pores of the CFO substructure are arranged into a close-packed
three dimensional lattice (i.e., a face-centered cubic lattice, or FCC).
The pores are coated with a PZT layer of varying thickness (3, 6, and
10nm). The CFO and the PZT are assumed to be ideally bonded (no
gaps or cracks) with the displacements being continuous across their
interface (known as Dirichlet boundary condition). The size of the
‘unit’ FCC cell for the CFO structure was �42nm, while the pore
diameters were in the 15–20-nm range. The radius of the ligaments
connecting the pores (only along the first nearest-neighbor distance of
the underlying FCC cell) was 8 nm. Figure 2(a) shows images of the
unfilled CFO substructure, and the coated structures with 3, 6, and
10nm-thick PZT [Figs. 2(b)–2(d), respectively]. With 10-nm PZT
layers, the ligaments become fully infiltrated and the pores are no lon-
ger interconnected. The porosity of the entire structure for each ALD-
coating thickness is 15.3, 6.6, and 0.03%, respectively.

Application of an external electric field, E, results in a piezoelec-
tric coupling with the ferroelectric component of the device, i.e., the
PZT coating. The PZT deforms, transferring part of the deformation
to the ferromagnetic component CFO, which is what would then trig-
ger a magnetic response. The governing equations for the piezoelectric
effect can be expressed in the stress-charge form as

T ¼ CES� e
tE; (1)

D ¼ eSþ e0eSE; (2)

or in the strain-charge form

S ¼ SET � d
tE; (3)

D ¼ dT þ e0eTE; (4)

where T and S are the stress and strain tensors, respectively; E is the
electric field (vector); D is the electric displacement vector; CE ¼ S

�1
E

is the elasticity matrix; e and d are the converse and direct piezoelectric
coefficient matrices; e0 is the permittivity in free space; and eS and eT
are the material permittivity matrices at constant strain and stress,
respectively. CE (SE), e (d), and eS (eT ) are tensors of rank four, three,
and two, respectively. These tensors, however, are highly symmetric
for physical reasons, and they can generally be represented as sparse
matrices using Voigt notation, which makes their algebraic treatment
more convenient. COMSOL includes a standard piezoelectric constitu-
tive model, such as this one in its Multiphysics release.28 The values
used in the present work for PZT are listed in the supplementary

FIG. 1. (a) Top down and (b) cross-
sectional view of bare, unfilled CFO, dem-
onstrating pore symmetry. For the compo-
sites, bare CFO was filled with atomic
layer deposition grown PZT, which is
described in Refs. 24 and 26.
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material document attached to this paper. CFO is simply treated as a
compatible material with a cubic structure. Its elastic properties are
given in the supplementary material as well.

Closure of the system of Eqs. (3) and (4) is achieved by adding
the equilibrium conditions r � D ¼ 0; r� E ¼ 0; r � T ¼ 0, and
the definition of the strain tensor from the displacement vector u:
S ¼ 1=2ðruþ urÞ. The system is assumed to be constrained by the
device geometry along the x and y directions, and thus, no

displacements are allowed on those boundaries, i.e., u ¼ ð0; 0; uzÞ.
Along the z direction, displacements are uniform across the entire top
surface, with uz equal to the displacement of the center of mass of that
surface. By way of example, the mesh for the 3.0-nm-thick PZT layer
consists of over 100 000 elements and is shown in Fig. 2(b).

Next, we simulate the strain response of the structures shown in
Fig. 2 as a function of the applied external electric field assuming per-
fectly linear piezoelectric behavior and ideal CFO/PZT interface bond-
ing. Demonstrative examples are given in Fig. 3 for the displacement
[Fig. 3(a) and stress Fig. 3(b)] fields for the 3-nm PZT layer case when
Ez ¼ 1:2MVm–1. The results as a function of Ez are shown in Fig. 4,
where the experimental measurements have also been included. While
based on these results, it may appear that the relationship between
PZT-coating thickness and applied voltage is monotonically decreas-
ing, next we map the response of thicknesses from 1nm to full infiltra-
tion (zero porosity, around 11nm) to get a clearer picture of the
dependence on PZT layer thickness. A surface plot showing the calcu-
lations of the strain as a function of these two variables is shown in
Fig. 5. As the data show, the peak piezoelectric effect is reached for a
coating thickness of 3 nm, increasing sharply from zero, and decreas-
ing smoothly thereafter. To understand this behavior and also to
explain the differences with the experimental data, next we explore the
effect of non-ideal conditions on device response.

We start by considering the effect of nonlinear piezoelectricity on
the current design response. In general, the polarization of a crystal
under the application of an electric field or a mechanical stress consists
of intrinsic and extrinsic contributions.29,30 The intrinsic contribution
is associated with the atomic structure of the crystal lattice, and it is
strictly speaking the only one that can be considered linearly coupled
to the electric field. The extrinsic response results principally from 90�

domain wall movements,30 which naturally exist in ferroelectric mate-
rials, like PZT.31 Poling of PZT prior to electrical stimulation enhances
this nonlinear effect by aligning like-domains and enhancing the
polarization response. Indeed, domain wall movement increases with
the intensity of the electric field and, thus, the extrinsic part of the
polarization is seen to couple more strongly to E. The standard model
that captures this nonlinearity is the Rayleigh law,32–34 which changes
the axial component of d, d33 (the only one subjected to extrinsic
polarization) to

FIG. 2. (a) CFO building block showing the substructure’s pores and ligaments.
The PZT-infiltrated structure is shown for (b) 3.0, (c) 6.0, and (d) 10.0 nm thickness.
As a representative example, the underlying mesh for the 3.0-nm-thick case is
shown.

FIG. 3. (a) Deformation (per unit length)
and (b) stress fields (in Pa) of the system
for Ez ¼ 1:2MVm–1. Color maps are plot-
ted on the undeformed configuration. The
wireframe in (a) represents the mesh after
deformation.
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d33 ¼ dint þ aE3; (5)

where dint ¼ 593 fCN–1 (cf. supplementary material) represents the
intrinsic part of the coefficients and a is the Rayleigh constant. For
tetragonal PZT, a ¼ 6:02� 10�18 m2CN–2 (Ref. 35). Consistent with
ex situ poling of our multiferroic structure, we carry out computer
simulations with the updated Rayleigh model. The results are shown
in Fig. 6, with the calculated data points showing a larger deviation of
the device strain with PZT-coating thickness as the electric field
increases. As can be seen, this results in a better agreement with the
experimental results.

While the magnitude of the results is different between the results
in Figs. 4 and 6, the Szz-Ez trend remains. Next, we carry out extra
analysis to understand the reasons behind this. As indicated above, the
FE simulations are carried out using Dirichlet boundary conditions
(continuity in the displacement field). This leads to a discontinuous
stress distribution across a dissimilar material interface, as illustrated
in Fig. 1(b). Due to the axial nature of the deformation (along the z

direction) and the spherical nature of the internal cavity, the stresses
that develop on elements of PZT near the equatorial plane of the pore
are of tangential character, while those on elements aligned with z
(near the spherical caps of the pore) are of tensile character. The rela-
tive magnitude of these two types of stresses depends on the value of
Ez and on the geometry changes in the material due to deformation. It
is, thus, important to understand the effect that these stresses have on
the device response. To that end, we perform a series of simulated tests
aimed at isolating the stress component in each case and analyze its
impact on the material.

First we setup a simple test where a layer of PZT of varying thick-
ness is attached to a CFO solid block 10-nm in size in the manner
shown in Fig. 7(a). Then, a voltage differential of 0.05V is applied to
the PZT layer so as to induce piezoelectric expansion and the deforma-
tion and stress of the system are obtained. This resembles the condi-
tions in the region of the PZT layer under tangential stress. However,
because CFO is not directly mechanically deformed, the elements adja-
cent or near the PZT/CFO interface are under shear stresses, as shown
in Fig. 7(b). Interestingly, while the region of CFO near the interface
deforms in the same manner as the PZT, at a distance away from it
the trend inverses and the CFO contracts along the direction of the
applied field. Thus, shear stresses in CFO created by tangential stresses
in PZT can partially induce an inverse displacement-voltage correla-
tion, which is more pronounced the farther away from the interface.

The results as a function of PZT-layer thickness (at a fixed value
of Ez ¼ 5:0MVm–1) are shown in Fig. 8, where we plot the strain Szz
on the edge of CFO block farthest from the interface. As the graph
illustrates, this strain is negative under shear conditions at the inter-
face, with a maximum value of �0:08% for a PZT thickness of 6 nm.
By contrast, application of a constant electric field to the geometry as
shown in Fig. 9(a) results in positive monotonically increasing strains
as the PZT layer thickness increases, as seen in Fig. 8. These computa-
tional tests, thus, reveal a mixed picture whereby (i) a diminishing
strain response of the system with PZT thickness to an external electric
field is observed when the CFO/PZT interface is oriented tangentially
to the loading direction, and (ii) an increasing strain response when
oriented along the field direction. Note that these tests in Figs. 7 and 9
only capture the effect of the interface coupling, but not the effect of

FIG. 4. Simulation results and experiment data of the relationship between strain
(Szz component of S) and electric field (Ez component) for the three geometries
considered in this work. These results assume perfect linear piezoelectric behavior
and ideal CFO/PZT interface bonding.

FIG. 5. Surface plot of the dependence of the device strain on applied electric field
and PZT-coating thickness.

FIG. 6. Deformation response assuming nonlinear piezoelectric coefficients.
Compare these results to Fig. 4.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 120, 213501 (2022); doi: 10.1063/5.0090252 120, 213501-4

Published under an exclusive license by AIP Publishing

 30 August 2023 10:41:29

https://www.scitation.org/doi/suppl/10.1063/5.0090252
https://scitation.org/journal/apl


porosity. Nevertheless, we have carried out simulations of a simplified
geometry consisting of a simple cubic cell with a single central internal
pore (see the supplementary material) and have found the effect of
porosity to be marginal.

In summary, we have developed a computational finite-
element model of a nanoporous multiferroic composite consisting a
CFO template coated in the interior of the pores with PZT of vari-
ous thicknesses. The scale of the model mimics that of the experi-
mentally synthesized structures, with the model subjected to
nominally identical boundary conditions as in experimental tests.
We have considered both linear and nonlinear piezoelectric
responses to infer the degree of poling of PZT prior to the applica-
tion of an electric field. The nonlinear response can be attributed to
extrinsic poling of PZT, resulting a much improved agreement with
the measurements. We find that the observed non-monotonic
response stems from two competing processes. First, increased
porosity works toward increasing the strain due to a reduced system
stiffness. Second, decreased porosity involves a larger mass fraction
of PZT, which drives the electro-mechanical response of the struc-
ture, thus leading to a larger strain. The balance between these two
driving forces is controlled by the shear coupling at the CFO/PZT
interface and the effective PZT cross section along the direction of
the applied electric field.

See the supplementary material file contains all the numerical
information needed to parameterize Eqs. (2)–(4), given in the form of
coefficient matrices of measured values. As well, we have included

FIG. 7. (a) Simulation setup for quantify-
ing the effect of shear stresses on the
CFO/PZT interface. (b) Deformed geome-
try and distribution of the Mises stress.
The applied voltage differential is 0.5 V
(Ez ¼ 5:0MVm–1).

FIG. 8. Axial strain in the CFO block shown in Figs. 7(a) and 9(a) due to the piezo-
electric stimulation of a slab of PZT with varying thickness.

FIG. 9. (a) Simulation setup for quantify-
ing the effect of tensile stresses on the
CFO/PZT interface. (b) Deformed geome-
try and distribution of the Mises stress.
Ez ¼ 5:0MVm–1.
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extra analysis to support our conclusion that porosity only has a sec-
ondary effect in the strain coupling of PZT and CFO.
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