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Abstract

Self-assembled two-phase vertically aligned nanocomposites consisting of ferromagnetic pillars
embedded in a ferroelectric matrix provide an attractive geometry for observing magnetoelectric
coupling based on the strain-coupled magnetostrictive and piezoelectric effects at the interfaces.
In perovskite-spinel nanocomposites the ferroelectric phase typically consists of BiFeOs, BaTiO3
or Pb(Zr,Ti)Os. Here, the ferroelectric phase is Y-rich YFeOs which exhibits ferroelectricity
originating from the local inversion symmetry breaking caused by Yr. antisite defects. Coherent
interfaces observed between Y-rich YFeOs and a magnetic spinel CoFe>O4 in a vertically aligned
nanocomposite enable strain-mediated magnetoelectric coupling at room temperature, confirming
the ferroelectricity and piezoelectricity in Y-rich YFeOs and extending the range of

magnetoelectric nanocomposite compositions.



1. Introduction

Multiferroic materials, especially magnetoelectrics with coupled ferroelectric and magnetic
behavior, have been studied extensively both for their interesting properties and for applications
in memory or logic devices!]. Obtaining coexisting ferroelectricity and ferro- or ferrimagnetism
in a single-phase material such as a perovskite-type (ABO3) transition metal oxide is challenging!?l.
Considering the scarcity of single-phase multiferroics, an alternative strategy to realize
magnetoelectric (ME) coupling is the integration of ferroelectric and magnetic materials into
heterostructures or composites®-4, which rely on mechanical coupling between the magnetoelastic
strain of the magnetic phase and the piezoelectric strain of the ferroelectric phasel>-7l.

According to the geometry or connectivity of each phase, ME composites can be classified into
three categories: 0-3 type (particles buried in a matrix), 2-2 type (bilayer or multilayer films), and
1-3 type (rods or pillars embedded in a matrix). The 1-3 type nanocomposites are usually obtained
by self-assembly of two immiscible phases on appropriate substrates to form vertical pillars in a
matrix, as first demonstrated in epitaxial (Lao7Cao3sMnO3)1-x:(MgO)x films!®). The high density of
vertical interfaces between the two phases of the 1-3 type nanocomposite make this system well
suited for ME coupling because the clamping effect from substrate is orthogonal to the interfaces
which enables a more efficient strain transfer between the phases.

Early work on 1-3 type ME nanocomposites reported magnetic CoFe2O4 (CFO) spinel pillars
embedded in a ferroelectric BaTiO3; (BTO) perovskite matrix[®). Since then, extensive research has
explored the strain-mediated ME coupling mechanism, properties and applications of

nanocomposites!!%-16],

However, the ferroelectric phase utilized in self-assembled ME
nanocomposites has been selected from only a handful of well-known materials including BTO,

BiFeOs (BFO) and Pb(Zr,Ti)Os (PZT)!'7]. Multiple unconventional mechanisms for improper



18-21] 22-23]

ferroelectrics have been discovered including geometrically!®2!l  electronically?*23], and

25-28] In particular,

magnetically 124 induced ferroelectricity and defect-mediated ferroelectricity!
we recently showed that YFeOs (YFO) can be rendered ferroelectric by Yre antisite defects that
promote a local inversion symmetry breaking!?®!,

Here, we report the synthesis and ME coupling of self-assembled nanocomposites consisting of

CFO pillars in a ferroelectric Y-rich YFO matrix. Bulk YFO exhibits an orthorhombic perovskite

structure with lattice parameters of @,=5.282 A, 5be=5.595 A, ,=7.605 A, or

ap=% /aoz + by 2=3.847 A, ¢, = ¢o/2=3.803 A where subscripts o and p denote the orthorhombic

cell and pseudocubic perovskite cell notation, respectively. CFO forms a cubic spinel structure
with lattice parameter of apcro = acro/2 = 4.196 A. The epitaxial arrangement of YFO and CFO
on the NSTO substrate is shown in Figure 1a, where lattice mismatch with the substrate is expected
to cause in-plane tensile strain in the YFO and compressive strain in the CFO. Atomic resolution
scanning transmission electron microscopy (STEM) reveals the phase separation and coherent
interfaces between perovskite-structured YFO and spinel-structured CFO. As found in monolithic
Y-rich YFO thin films?®), Y. antisite defects are present in the YFO matrix, enabling robust
ferroelectric behavior of the nanocomposite. Strain-mediated ME coupling effect is observed upon
applying an external magnetic field during piezoresponse force microscopy (PFM) measurements,
not only corroborating the Yr. antisite-induced ferroelectricity and piezoelectricity in YFO but
also extending the range of functional nanocomposites that exhibit ME coupling effects.

2. Results and Discussion

YFO-CFO nanocomposite thin films with thickness of 75 nm were deposited on (001)-oriented
Nb-doped SrTiO; (NSTO) (cubic, @=3.905 A) single crystal substrates by pulsed laser deposition

(PLD) from YFO and CFO targets in oxygen atmosphere as described in the Experimental Section.



The ratio of laser shots (nyro/ncro) in each cycle of ablation of the YFO and CFO targets not only
determines the volume fraction of each component but also affects the epitaxial quality of as-
grown films. For nyro/ncro=200:50, only (00/) peaks from the NSTO substrate, perovskite YFO
and spinel CFO phases are seen in the 26-w high-resolution X-ray diffraction (HRXRD) pattern
(Figure 1b). For nyro/ncro=100:100, the YFO maintains its (00/) orientation but the CFO volume
fraction is higher and it exhibits polycrystalline growth with (///) and (//0) as well as (00/) peaks

(data is not shown).
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Figure 1. (a) Polyhedral model of YFO, CFO and NSTO crystal structures. (b) 26-e full scan of YFO-CFO
nanocomposite thin films grown on 001-oriented NSTO substrate with nyro/ncro=200:50. (c) 26-0 HRXRD

scan around the 002 peak of substrate.

The out-of-plane lattice parameters of YFO and CFO extracted from the 26-wo HRXRD scan
around the (002) peak of the substrate (Figure 1c) are 3.820 A and 2x4.199 A, respectively. For
the Y-rich YFO, an increase in unit cell volume compared to bulk stoichiometric YFO is expected
due to the larger ionic radius of Y vs. Fe, but it is notable that the out-of-plane lattice parameter of

the YFO matrix is also slightly larger than that of a single-phase YFO thin film (3.813 A?%)) grown



under the same conditions. For the CFO the out-of-plane lattice parameter is similar to the bulk
value.

Cross-sectional high-angle annular dark-field (HAADF) STEM imaging and energy-dispersive X-
ray spectroscopy (EDS) were performed to further analyze the microstructures of the YFO-CFO
nanocomposite thin film. As shown in Figure 2a, phase separation is corroborated by the
alternating Y-rich and Co-rich regions. Coherent interfaces are seen between YFO and CFO
(Figure 2b). At the early stage of growth, the coherent interface between YFO and CFO (Figure

2d) forms an angle of ~53° with respect to the NSTO substrate surface, characteristic of (111)-

type facets, the lowest specific surface energy planes, and similar to observations in BFO-CFO
nanocomposites'?’. As the nanocomposite grows thicker, the diameter of CFO pillars fluctuates
by a few percent, and interfacial steps appear after ~12 nm thickness, Figure 2¢, which help to
accommodate large difference in lattice parameter between bulk YFO and CFO along growth
direction. The mismatch is ~10% both in-plane and out-of-plane, evident from Fourier filtered
images (Figure 2e&f) of the YFO-CFO interface. The orientation relationship between the two
phases is (110)[001]yro // (110)[001]cro (Figure 2c&d), similar to that of BTO-CFOP! and BFO-

CFO?°! nanocomposites grown on (001)-oriented STO substrates.

Table 1. Strains of YFO and CFO in the nanocomposite analyzed from STEM at the bottom

(substrate interface) and top of the film

In-plane strain (%) Out-of-plane strain (%)

Bottom Top Bottom Top
YFO -2.0 -2.7 +0.15 +0.40
CFO -1.2 0.50 +1.0 +0.30




The lattice parameters and strains were also analyzed from the STEM data both near the substrate
and near the top surface of the nanocomposite (see Table 1). Near the interface, the YFO is
compressed in-plane by -2% (with a pseudocubic lattice parameter a, bo=3.77 A) and expanded
out-of-plane by +0.15% (cp. bo=3.81 A), whereas near the top of the nanocomposite it further
contracts in-plane (to -2.7%, i.e., ap. 0p=3.74 A) and elongates out-of-plane (to +0.40%, cp. 10p=3.82
A). The out-of-plane values are close to that derived from XRD (3.820 A) and that of monolithic

thin film (3.813 A)[zg], but the in-plane values are smaller than that of the single-phase film (3.862

A)[zg] and of the substrate (3.905 A). The YFO in the nanocomposite therefore exhibits an out-of-
plane tensile strain which contrasts with the monolithic YFO film, which was under in-plane
tensile strain. This suggests that the strain state of the YFO in the nanocomposite is dominated by
the tensile strain imposed by the CFO at the vertical interfaces, whereas the strain in the single-
phase film is dominated by the tensile strain imposed by the substrate.

For the CFO at the bottom region near to the substrate, it is compressed in-plane by -1.2% and
expanded by 1% out-of-plane compared to its bulk value. The in-plane compression near the
substrate is presumably caused by the epitaxial growth on the substrate, but the strain relaxes as
the pillars grow taller, resulting in a slight in-plane expansion (+0.50%), as well as a suppressed
out-of-plane expansion (reduced from +1.0% to +0.30%) of the CFO lattice near the top of

nanocomposite.
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Figure 2. (a) Cross-sectional STEM imaging and EDS. (b) HAADF STEM image at CFO/YFO/STO
interface viewed along [110]sro. (¢, d) Atomic resolution HAADF STEM of YFO-CFO interface at the (c)
near the film surface and (d) at the inclined YFO/CFO interface near the substrate as marked regions i and
ii, respectively, in (a). (e, f) Fourier filtered images of (d) using spatial frequencies along perpendicular
directions. (g, h) HADDF STEM images and atomic resolution EDS collected at YFO (g) and CFO (h),
respectively. The scale bars are 500 pm. Schematics of YFO and CFO lattice are superimposed. White

arrows in (g) indicate the presence of Yr. antisite, and in (h) indicates presence of Co at tetrahedral sites.

HAADF-STEM imaging and atomic resolution EDS of the YFO and CFO are given in Figure

2g&h. Yr. antisite defects are observed in the YFO lattice indicated by the arrows in Figure 2g.



Single-phase YFO films grown under the same PLD conditions exhibit a Y:Fe ratio of 1.19, and
the excess Y is accommodated as Yr. antisite defects which promote ferroelectricity via local
structural distortion!?®!. The presence of Yr. in the nanocomposite suggests the same ferroelectric
behavior will occur. For the CFO, atomic resolution EDS (Figure 2h) reveals that Co is present at
the tetrahedral positions in addition to its occurrence on the octahedral sites typical of the inverse
spinel. This indicates a partial degree of inversion, as observed in CFO prepared by other
methods*%-31, Tetrahedral site occupancy of Co in CFO has been shown to increase the Curie
temperature®] and magnetic moment*3, Additionally, anti-phase boundaries (APBs) are
occasionally found in CFO as indicated in Figure 2b. Given their initiation on the inclined
YFO/CFO interface, they may be the product of accommodating steps along the interface or of the
nucleation and growth of different rotation variants, as previously observed in CFO thin films
grown on an STO substrate®*. APBs are commonly observed in CFO[3>3¢] and Fe30437), their
presence may lead to reduced magnetic spin polarization!*7],

PFM was utilized to characterize the ferroelectric properties of the nanocomposite. The butterfly-
shape amplitude curve (Figure 3a) and hysteresis phase loop (Figure 3b) obtained by switching
spectroscopy PFM (SS-PFM) manifest repeatable ferroelectric behavior. Box-in-box writing and
rewriting experiments by PFM show clear 180° PFM phase contrast in the area poled with +/—8 V
(Figure 3d-f), indicating complete up/down polarization switching in the YFO component.
Compared to the uniform contrast of a polarized single-phase YFO film, the small-scale features
with fixed contrast and no PFM response observed in the nanocomposite originate from the CFO

pillars.
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Figure 3. (a) amplitude and (b) phase curves measured by SS-PFM. (¢) M-H curves measured at room
temperature by VSM. (d) Topograth, (e) vertical PFM amplitude and (f) vertical PFM phase contrast images

collected after the box-in-box writing process with voltages of +/ —8 V as indicated in (f).

To evaluate the magnetic properties of the nanocomposite, magnetic hysteresis loops were
measured at room temperature using a vibrating sample magnetometer (VSM) with the magnetic
field applied both parallel (in-plane) and normal (out-of-plane) to the sample surface. The CFO is
responsible for the room-temperature magnetic moment because the canted antiferromagnetic
YFO perovskite saturation magnetization is about 100 times lower!*8]. The CFO volume fraction
estimated from the ratio of ratio of laser shots (nyro/ncro) is about 20%. Taking this value yields
a saturation magnetization (Ms) of ~375 emu cm™ which is reasonably close to the M for bulk

CFO (~400 emu cm™). The lower M; is readily explained by the approximate estimated value of



the volume fraction and/or by defects present in CFO pillars, such as deviations from stoichiometry
or antiphase boundaries”.

The hysteresis loops indicate a remanent magnetization after saturation both in-plane and out-of-
plane, but the remanence is higher and the saturation field lower when the field is applied in-plane.
The aspect ratio of the pillars would favor an out-of-plane easy axis, but the in-plane compressive
strain near the substrate favors an in-plane easy axis due to magnetoelastic anisotropy, considering
the large negative magnetostriction coefficient 4100 = -590x10° of CFOP1,

To probe the ME coupling of YFO-CFO nanocomposite, in situ local SS-PFM characterization
was performed upon an applied magnetic field. An in-plane field of 500 Oe is too small to fully
saturate the sample and produces only a small change in the SSPFM amplitude curve (Figure 4a).
As the in-plane field increases to 2000 Oe, the SSPM changes in a qualitatively similar manner at
different locations (Figure 4a-c). The SS-PFM amplitude curve becomes more asymmetric when
the in-plane magnetic field is applied: the positive coercive voltage slightly decreases while the
negative coercive voltage increases, and the amplitude for the positive electric field is larger than
that for the negative electric field. Moreover, the SS-PFM phase loop shows a clear shift toward
negative electric field (Figure 4d-f). Such changes collectively imply a ME coupling effect.

The ME coupling in magnetoelectric nanocomposites is believed to be mediated by strain transfer
at the vertical interface between CFO and YFO. The mechanism is that a sufficiently large in-plane
magnetic field reorients the magnetization of the CFO pillars in-plane, yielding an enhancement
of in-plane compressive strain in the CFO pillars due to the negative magnetostriction coefficient,
and hence an elongation along the out-of-plane direction. Such an out-of-plane expansion of CFO
will exert an out-of-plane tensile strain on the adjacent YFO via the coherent vertical interfaces,

creating an internal electric field (£;) in the YFO due to the piezoelectric effect.
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In principle, the polarity of £; depends on the initial strain state and the strain exerted by CFO. The
as-grown YFO exhibits a spontaneous polarization mostly pointing up (Figure 4g) because the
non-poled region has a similar phase contrast to that of the region poled by negative DC voltages,
as seen in the PFM phase contrast image (Figure 3f), and consistent with monolithic YFO thin
film?8]. Adding a tensile strain contribution yields Ei antiparallel to the initial polarization as
illustrated by the schematic in Figure 4h, which accounts for the asymmetric local polarization

[40]: switching the polarization from upwards to downwards (positive DC bias)

switching curves
requires a smaller coercive voltage than without E;, while switching it from downwards back to
upwards requires a larger negative DC bias. The shifts towards negative DC bias direction in both
amplitude curves and phase loops are also indicative of the generation of E; upon applying the
magnetic field.

We can estimate the lateral ME coupling coefficient (a31) from a31=AE3/AH:, where AE3 is the
change in the out-of-plane electric field, i.e., the internal electric field E; caused by the applied in-
plane magnetic field AH1, that is 2000 Oe in our experiments. Given the shift of SS-PFM amplitude
curves and phase loops (Figure 4a-f), the AE3(E;) can be taken as AV/D, where D is the thickness
of nanocomposite (75 nm), and AV'is 1.0 £ 0.3 V. Therefore, a31 in our YFO-CFO nanocomposite

is about (6.7 = 2.0) x 10* mV c¢cm! Oe’!, comparable to and even slightly larger than that of BFO-

CFO self-assembled nanocomposites*!l and PZT-CFO core—shell nanofibers!#2].

11
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Figure 4. (a-c) SS-PFM amplitude curves and (d-f) phase loops measured at three different locations for the

YFO-CFO nanocomposite thin film with and without magnetic field applied. (g, h) Schematic of the

polarization in the as-grown YFO-CFO nanocomposites (g) and the strain-mediated ME coupling between

CFO and YFO upon an external magnetic field.

3. Conclusion

Self-assembled, vertically-aligned nanocomposites of YFO and CFO exhibit both ferroelectricity

and ferromagnetism at room temperature. The improper ferroelectric behavior originates from Yre

antisite defects in the YFO phase as reported in the single-phase Y-rich YFO films[?%), while the

magnetism is primarily contributed by the CFO phase. The high density of vertical coherent

interfaces between YFO and CFO enables a robust internal strain coupling and hence a noticeable

12



strain-mediated magnetoelectric coupling. Our results not only further corroborate the
ferroelectricity in Y-rich YFO, but also demonstrate the feasibility of incorporating
unconventional ferroelectrics into vertically aligned nanocomposites, providing a route to the

design and synthesis of novel functional magnetoelectric heterostructures.

4. Experimental Section

Thin film preparation: The self-assembled YFO-CFO nanocomposites were prepared on NSTO
substrates by pulsed laser deposition using a KrF excimer laser (=248 nm) with 1.3 J/cm? fluence
and 10 Hz repetition rate to alternately ablate ceramic YFO and CFO targets for 200 and 50 shots
respectively, so that each “layer” deposited from the targets is less than a monolayer thick. The
setpoint temperature of the substrate holder was 900 °C and the substrate itself was ~100°C below
this. The oxygen partial pressure, p(O2), was 10 mTorr. After growth, the films were cooled down
to room temperature in the same p(O3) at a rate of 20 °C/min.

Structure characterizations: The crystalline structure was characterized by high-resolution XRD
using a Rigaku SmartLab high-resolution diffractometer with Cu Ka; radiation (A=1.5406 A) as
X-ray source and an incident beam Ge-(220) double-bounce monochromator. Cross-sectional
samples for electron microscopy were prepared by mechanical wedge polishing with further
thinning using an Ar-ion milling at cryogenic temperatures. The STEM datasets were acquired
with a probe corrected Thermo Fisher Scientific Titan G3 60-300 kV operated at 200 kV. The
probe convergence semi-angle was 18 mrad and the collection semi-angle range was 63—200 mrad
for HAADF imaging. Atomic resolution EDS was collected with a Thermo Fisher Scientific
Super-X EDS detector, and Y and Fe elemental maps were denoised using nonlocal principal

component analysis using an open-source Matlab script [**! and Gaussian blurred with a standard

13



deviation of 1 pixel.

Magnetic and ferroelectric properties measurements: M-H curves were measured using a Digital
Measurement System 7035B vibrating sample magnetometer (VSM) at room temperature. PFM
measurements were performed on a commercial atomic force microscope (Cypher, Asylum
Research) under single frequency and commercial dual frequency resonant tracking (DART)
modes at ambient conditions with Pt-coated Si conductive probes (MikroMasch, HQ:NSC18/Pt).
The magnetoelectric effect was probed by using another AFM (MFP-3D, Asylum Research)

equipped with a magnetic field module.
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