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e NiFe,O4 embedded into self-assembled highly-porous Pb(Zr,Ti)O; thin films.
e Pure two phase ferromagnetic—ferroelectric thin-film composites.
e Direct stress coupling between magnetostrictive and piezoelectric grains.

e Multiferroic and magnetocapacitive response of films.
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Abstract

Pb(Zr,Ti)O3—NiFe;O4 thin-film composites were fabricated by spin coating a nickel ferrite precursor solution
onto self-assembled porous lead zirconate titanate thin films. The morphology investigations revealed a very
extensive interface area between both constitutents. The X-ray diffraction shows that NiFeoO4 coatings
induce large compressive in-plane stresses in Pb(Zr,Ti)O3, which are generated during synthesis due to
the significant difference in the thermal expansion coefficients of both phases. Diffraction peaks, moreover,
corroborate a two phase pure system, without any other detectable secondary phase. The multiferroicity
of the composites is evidenced by both ferroelectric and ferromagnetic hysteresis loops, while magnetic
field-induced changes of the dielectric constant imply the potential utility of the developed material in
magnetocapacitive applications.

Keywords: Lead zirconate titanate, Nickel ferrite, Nanostructured films, Thin-film composites,

Multiferroics, Magnetoelectrics

1. Introduction

The term multiferroics refers to materials that simultaneously display at least two ferroic properties,
(anti)ferromagnetism, (anti)ferroelectricity, ferroelasticity, or ferrotoroidicity [1]. Their renewed interest is
due to the fact that if these ferroic orders were coupled new functionalities would emerge. Nowadays, the
term is usually used to describe the magnetoelectric multiferroics that are simultaneously ferromagnetic

and ferroelectric, with existing cross-coupling between the ferroic order parameters [2, 3] which gives them
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a tremendous application potential in functional devices in the fields of sensors, data storage, and energy
harvesters [4, 5, 6]. However, single-phase multiferroic materials displaying ferroelectricity and ferromag-
netism at room temperature are very rare, and their magnetoelectric coupling is typically very weak, which
limits their use in practical devices [7, 8]. The synthesis of multiferroic composite materials thus arises as
an alternative method for simultaneously obtaining ferroelectric and ferromagnetic properties as well as a
higher degree of magnetoelectric coupling [9].

Compared to bulk composites, thin-films exhibit unique advantages: their composition and connectivity
can be modulated at the microscopic scale, which eventually leads to the artificial heterostructures with
huge application potential. Composites of spinel ferrites Ni(Co,Mn)FesOy4 and ferroelectric ceramics such
as BaTiO3 or Pb(Zr,Ti)O3 have up to now been prepared as bulk sintered ceramics [10] or in thin-film
configuration, either as bi- [11] or multi-layers [12] or, alternatively, as thin-film composites prepared by
sol-gel [13], pulsed laser deposition [14], and radio frequency (RF) sputtering techniques [15]. In these
multiferroic composites the magnetoelectric effect arises from direct stress coupling between magnetostrictive
(ferromagnetic) and piezoelectric (ferroelectric) grains — the magnetostrictive layer is deformed under an
applied magnetic field and this strain/stress is transferred onto the piezoelectric material that generates
voltage due to the direct piezoelectric effect. It is thus evident that good and extensive connectivity among
the constituents might result in significant coupling between the piezoelectric and magnetostrictive phases
and enhance the magnetoelectric effects.

We present multiferroic thin-film composites with a morphology that provides such an extensive con-
nectivity between the magnetostrictive and piezoelectric constituents. They were fabricated by embedding
ferromagnetic NiFeoOy into self-assembled highly-porous ferroelectric Pb(Zr,Ti)O3 thin films. The devel-
oped two phase system exhibitis both ferroelectric and ferromagnetic behavior, while measurable magnetic
field-induced changes of the dielectric response indicate a direct stress coupling between the magnetostrictive

NiFe;O4 and piezoelectric Pb(Zr,Ti)O3 grains.

2. Materials and methods

Highly—porous Pb(Zr¢.53Tip.47)O3 (denoted as PZT in the following text) films were synthesized on
Pt(111)/TiO2/SiO2/Si wafers (SINTEF, 625 pm thick) by utilizing an in-house-developed soft-chemistry
technique based on the self-assembly of organometallic precursors in a polymer matrix. The focal points of
this chemical solution deposition method are: (i) polyvinylpyrrolidone (PVP) is added to the sol-gel precursor

solution, composed of organometallic precursors and solvent, to yield a stable and viscous coating solution,

2



Journal Pre-proof

(ii) upon spin coating the exposure to the air humidity initiates the hydrolysis and condensation reactions
of the sol-gel precursors and leads to phase separation mediated by PVP molecules, (iii) a subsequent high-
temperature treatment causes the organic phase to decompose and induces the crystallization and sintering
of the nearby particles. The coating solution used to synthesize porous PZT films consisted of 1 M solution of
PZT precursors and 0.5 M solution of PVP. The solution was spin-coated at 3000 rpm for 30 s. Immediately
after coating the films were placed on hot plates pre-heated at 150 °C for 2 min and at 350 °C for 5 min
and afterwards crystallized at 800 °C for 5 min in a rapid thermal annealing furnace (Mila-500, ULVAC).
The whole procedure is precisely described in Ref. [16], where also structural and functional properties of
the developed about 1 pm thick films are reported in detail.

NiFe;O4 (NFO) precursor solution (0.5 M concentration) was prepared by dissolution of iron nitrate
hexahydrate and zinc acetate hydrate in 2-methoxyethanol. The solution was heated to 60 °C and stirred
for 1 h. The exact amount of bound water in starting chemicals was checked by thermogravity. PZT-NFO
composite thin films were prepared by spin coating the NFO precursor solution onto porous PZT films at
3000 rpm for 30 s. The samples were heated on hot plates set at 150 °C and 350 °C for 2 min each, and
crystallized at 750 °C for 1 min in a rapid thermal annealing furnace. In order to increase the amount of
embedded NFO the whole procedure was repeated 3, 6, or 9 times.

The morphology of the composites was investigated using a JEOL JSM-7600F Field-Emission Scanning
Electron Microscope (FE-SEM) with accelerating voltage of 5 kV. X-ray diffraction (XRD) patterns were
obtained with a Panalytical X'Pert Pro X-ray diffractometer in the Gonio mode, using Cu-Ka; radiation.
In order to avoid detector saturation due to a very strong Pt(111) peak, XRD patterns were collected
over the 10°-39.3° and 40.7°-60° angular ranges. Magnetic characterization was performed employing a
superconducting quantum interference device (MPMS3, Quantum Design). The sample (5 mm x 4 mm)
was coated and attached to a quartz paddle sample holder with insulating varnish (GE Varnish, CMR-
Direct). The magnetic field was applied in the plane of the film and the magnetic moment of the substrate
was subtracted from the measured results. A pure Pd reference sample was measured with the same
hysteresis loop measurement sequence, so that the magnetic field offset caused by the remananence of the
magnetometer’s superconducting magnet could be compensated for.

For dielectric characterization, the remaining pores in the films were filled with epoxy resin (Microchem
SU-8 3010, diluted to 40 w/w%) by spin coating. The epoxy was cured at 90 °C and cross-linked under
ultraviolet illumination (LS0212 lamp, Lot Oriel Gruppe) before hard-baking at 150 °C and 250 °C. About

100 nm thick Au top electrodes were deposited through shadow masks (diameter of 0.4 mm) by RF-sputtering
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Figure 1: Secondary electron SEM images of the porous PZT film and PZT-NFO composite film (9 NFO layers). The film
surfaces are shown in the top row and their cross section in the bottom row. The bottom right inset shows the overlay image
of secondary electron and backscattered electron images, which is used to enhance the contrast between PZT and NFO phases.
(Auto 306, 5Pascal). The epoxy resin was then burned out by heating the samples to 450 °C with a heating
rate of 50 °C/min. The electrodes were connected to aixACCT TF2000FE ferroelectric test unit by needle-
type micromanipulators, and the polarization vs. electric field (P—F) loops were measured with a triangular
test signal having a frequency of 100 Hz. For the magnetocapacitive measurements, the sample was inserted
into a physical property measurement system from Quantum Design using a special holder, with the magnetic
field perpendicular to the film plane. Here, the resin was left in the pores and the samples were polished
prior to application of top electrodes, to which the wires were attached by using a silver conductive paint.
The temperature dependent dielectric response in different magnetic fields was then measured by a Keysight
E4980A Precision LCR Meter, using sinusoidal test signals of various frequencies and with an amplitude
of 100 mV. The values of the real part of the dielectric constant, i.e., the dielectric permittivity &', and
the values of the real part of the electrical conductivity, ¢/, were calculated from the actual measured
quantities, capacitance C' and electrical conductance G via ¢’ = Cd/egS and ¢’ = Gd/S, where d is the

sample thickness, S is the electrode area, and eg = 8.85 x 107!2 As/Vm is the permittivity of free space.

3. Results and discussion

The morphology of porous PZT films and PZT-NFO thin-film composites is revealed by SEM images
of the film surfaces and their cross sections in Figure 1. Even after deposition of 9 NFO layers (bottom

right inset), a sponge-like PZT structure is only wrapped by NFO, while samples retain a high level of
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Figure 2: X-ray diffraction patterns of the pure NFO film (N), porous PZT film (P), and PZT-NFO thin-film composites (P-N)
with 3, 6, and 9 deposited NFO layers (from bottom to top). The peaks due to the substrate are shaded in gray. The inset

highlights the shift in the PZT 100 peak position towards higher 20 values with increasing number of NFO layers (indicated
by an arrow). The solid lines through the experimental points are fits to the Voigt profile function.

porosity. Due to this unique samples’ geometrical feature, a very extensive interface area exists between
both constitutents, and since the thermal expansion coefficients of NFO (o = 12.9 x 1076 K=1) [17] and PZT
(o = 5.5 x 1076 K1) [18] are significantly different, large thermal residual stresses are generated during
synthesis.

The compressive residual stresses, introduced in the Pb(Zr,Ti)Os, are clearly evidenced by a systematical
shift (distinctly depicted in the inset to Figure 2) in the PZT 100 X-ray diffraction peak position towards
higher 20 values with increasing number of NFO layers. The solid lines through the experimental points
are fits to the Voigt profile function, while the intensity of the peaks decreases due to higher absorption
of the PZT-scattered X-rays in the progressively thicker NFO layer. The main frame of Figure 2 presents
XRD patterns of the pure NFO film (N), porous PZT film (P), and PZT-NFO thin-film composites (P-
N) with different number of deposited NFO layers. The diffraction peaks corroborate a two phase system
without any other detectable secondary phase and thus indicate that PZT and NFO are compatible at the
firing temperatures — there is no chemical reaction and no solid solubility between both constituents. The
comparison of XRD peak intensities reveal slight 100 texture of PZT and 111 texture of NFO phase.

The multiferroicity of the developed PZT-NFO thin-film composites is evidenced in Figure 3, which
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Figure 3: Multiferroic response of PZT-NFO thin-film composites: (a) Polarization vs. electric field and (b) magnetic moment
vs. magnetic field hysteresis loops. The inset in (b) shows a zoom of the ferromagnetic hysteresis loop at low magnetic fields.
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depicts both, ferroelectric and ferromagnetic hysteresis loops. A single ferroelectric P—E hysteresis loop was
detected shortly after a preceding prepolarization pulse — thus the difference between starting (P = —2.47
p#C/cm?) and ending (P = —4.90 uC/cm?) polarization values provides also the information on the level of
sample’s depolarization within the time period of 1 s between the prepolarization and measurement pulses.
The value of remanent polarization P, = 4.90 uC/cm? is significantly lower than values detected in the
pure porous PZT films [16]. The difference could be due to (i) depolarizing effects of NFO layer and (ii)
changes in domain structure in PZT due to residual stresses. The depolarizing effects appear due to the
presence of NFO layer that covers the PZT phase. NFO has low dielectric permittivity and acts as dead
layer; hence, the NFO layer will cause a tilt of a square-shaped P-E loops of pure PZT and lead to lower P,
values [19]. On the other hand, the residual thermal stress in combination with mechanical constraint of the
electromechanically inactive NFO layer will have similar effects on the ferroelectric behavior of composites
[20]. The results also clearly display hysteretic magnetic behavior with a typical coercitivity of ~16 kA /m
(Figure 3b).

It has been postulated that the magnetoelectric effect in composites of PZT and spinel ferrites comes
from a direct stress coupling between magnetostrictive NiFe;O4 or CoFe;O4 and piezoelectric PZT grains
[13, 14, 15]. Since the morphology of our thin-filin composites provides a very extensive connectivity among
the constituents, a significant coupling between the piezoelectric and magnetostrictive phases might ex-
ist. The main frames of Figure 4 present the dielectric response, measured at various frequencies over a
broad temperature range in three different magnetic fields. At first glance, the results seem to be inde-
pendent of magnetic field, however, precise measurements of the magnetocapacitive response MC=[e'(H)-
¢'(H=0)]/e'(H=0) reveal slight magnetic field-induced changes of the dielectric response, as treated in the
next paragraph. The general behavior of ¢/(T) in Figure 4 reminds of a relaxational process, which we
assume to be of non-intrinsic Maxwell-Wagner (MW) type. MW relaxations can arise from depletion layers
at the interface between sample and contacts, grain boundaries, or simply by the heterogeneous nature of
the present two-component material [21, 22]. The conductivity ¢/(T") shown in the lower frame of Figure
4, which is proportional to the dielectric loss €”, seems to be dominated by dc and ac charge-transport
processes arising from hopping conductivity, whose detailed treatment, however, is out of the scope of the
present work.

The inset to Figure 4 presents the MC data, detected at constant temperature of 300 K on a polarized
sample (i.e., a dc electric field of 200 kV/cm was applied for 10 min well before the measurement). It

should be stressed that the results obtained at a frequency of 190 Hz do not unequivocally confirm the



Journal Pre-proof

1000
800}
< 600}
9 6 3 0 3 6 9
400} HoH (T)
2001

10° ,

0 50 100 150 200 250 300
T(K)

Figure 4: Real parts of the dielectric constant, €', and electrical conductivity, o/, measured at various frequencies (20 Hz, 121
Hz, 1.16 kHz, 11.1 kHz, 100 kHz, 1MHz) over broad temperature range in three different magnetic fields (0, 4.5 T, 9 T, presented
in black, blue, and red, respectively). The inset shows the magnetocapacitive response MC=[e'(H)-&'(H=0)]/e'(H=0) of a
polarized sample, detected at 300 K at two different frequencies of 190 Hz and 100 kHz.
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magnetoelectric coupling between PZT and NFO. Namely, the observed strong frequency dependence of
¢’ values at low frequencies in the main frame is due to the (i) sample’s ac conductivity [23] and/or (ii)
MW-type contributions, which are often found in multiferroic thin films [15, 24, 25] — and it has been
argued that magnetoresistive samples with MW behavior might display magnetocapacitance, which cannot
be taken as an evidence of magnetoelectric coupling [26, 27]. On the other hand, the MC data, detected
at a frequency of 100 kHz, which is well beyond the frequency range where MW behavior plays a role (&
is almost independent of frequency above 100 kHz, see the main frame), indicate a direct stress coupling

between both components of the film.

4. Summary

Multiferroic thin-film composites were developed by embedding ferromagnetic NiFe,O4 into self-assembled
porous ferroelectric Pb(Zr,Ti)O3 thin films. Although bi- or multi-layers of spinel ferrites and Pb(Zr,Ti)O3
have already been fabricated, or, alternatively, their composites were prepared by sol-gel or RF sputtering
techniques [11, 12, 13, 14, 15], the morphology of our system provides a very extensive connectivity between
the magnetostrictive and piezoelectric constituents. Detailed structural (SEM, XRD) investigations revealed
a pure two-phase system, without any chemical reaction or solid solubility between both constituents during
synthesis. The multiferroicity of composites was evidenced by detecting both ferroelectric and ferromagnetic
hysteresis loops. A measurable magnetic field-induced changes of the dielectric constant, not only at low
frequencies but also above the characteristic frequencies of the Maxwell-Wagner behavior, indicate a direct
stress coupling between the magnetostrictive NiFeoOy and piezoelectric Pb(Zr,Ti)O3 grains and imply the

potential utility of the developed material in magnetocapacitive applications.
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