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This study focuses on hybrid magnetoelectric NigoFe;0/BaTiO3(011) heterostructures, which enable the
control of the in-plane magnetization of the magnetostrictive layer through electric voltage. The
heterostructure is both Pb- and rare-earth-free, thus enhancing environmental sustainability. We show
that the BaTiOs(011) orientation enables higher deformations in the piezoelectric regime compared to
the commonly studied (001) orientation. In the as-grown state, the electrodeposited 200 nm-thick
NiggFejo film presents uniaxial in-plane anisotropy aligned with the [100] in-plane crystallographic
direction of the BaTiOz(011) substrate. X-ray magnetic circular dichroism photoemission electron
microscopy images, along with hysteresis loops obtained by the magneto-optical Kerr effect, confirm
the converse magnetoelectric coupling between NiggFe;o and BaTiO3(011). The obtained converse
magnetoelectric coupling constant of 0.205 ps m™* is significant considering it is achieved in the
piezoelectric regime of the BaTiOsz substrate and using an electrodeposited magnetostrictive film,
making this heterostructure more viable for future applications. This value represents an increase of
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more than double compared to that previously reported for Ni/BTO(001) and, to the best of our
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Introduction

Recent advancements in the manipulation of magnetic systems
through electrical control have revolutionized the field, in a
hot topic known as voltage control of magnetic anisotropy
(VCMA)."® Multiferroics stand out for their converse magneto-
electric coupling, ox = uoAM/AE, allowing an electric field (E) to
change the magnetization (M).*"® Multiferroics can be classified
into two categories: single-phase and hybrid. In single-phase
multiferroics, multiple ferroic orders can coexist in the same
material, i.e., ferroelectricity and ferromagnetism, whereas
hybrid multiferroics consist of different materials with dis-
tinct ferroic orders combined in one heterostructure to
produce multiferroic behavior, e.g. the magnetoelectric effect.
Single-phase multiferroics, such as TbMnO; with a converse
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knowledge, is the first value reported for the BTO(011) orientation.

magnetoelectric coupling constant of 10> us m%,° Ni;B,0;51
with 107 ps m™,'° and Cr,0; with 4.1 x 107® us m~*,** have
been reported. On the other hand, there are multiferroics based
on hybrid systems like BiFeO;/BaTiO;, which has an oy of
0.2 ps m~','> NFO/PZT with 0.8 us m™',"® and FeRh/BaTiO;
with 16 us m~".** Hybrid multiferroics outperform single-phase
ones due to their notably higher ag values at room temperature,
while single-phase multiferroics exhibit lower or null values at
room temperature.'®> Therefore, in this work, we focus on
hybrid multiferroics based on strain-coupled systems, which
achieve strong magnetoelectric coupling at room temperature
and are ideal for applications such as memory devices, low-
power logic devices, and energy harvesters.">*®

The mechanism of operation in these hybrid systems is the
interaction between a ferroelectric substrate and a magnetos-
trictive layer. Applying an electric field across the ferroelectric
substrate induces mechanical strain, which transfers to the
magnetostrictive layer. This strain modifies the magnetic ani-
sotropy of the top layer through inverse magnetostriction.
To improve control over the magnetic anisotropy, it is crucial
to use ferroelectrics with high piezoelectric coefficients and
ferromagnets with both low anisotropy and large magneto-
striction.” Typical ferroelectrics used in strain-coupled systems
are based on Pb, such as PZT"”'*® and PMN-PT,'°"%* due to their
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ability to achieve high strain with low voltage. For ferromag-
nets, the highest magnetostriction can be achieved by using
rare-earth ferromagnets like Terfenol or Terfenol-D.>* In this
work, we aim to develop an environmentally friendly hetero-
structure capable of controlling magnetic anisotropy without
relying on Pb or rare-earth elements.

Magnetostrictive ferromagnets, particularly Ni,Fejgo_x
alloys, have been shown to be effective in VCMA systems.”
Previously, we demonstrated control of the magnetic anisotropy
of electrodeposited Ni,Fe;q_, alloys by means of growth para-
meters such as stirring, applied magnetic field during deposi-
tion, film thickness, or alloy composition.>>*” The NigoFe;o
composition exhibits a negative magnetostriction of —22 ppm,
and in particular, a 200 nm thick film shows an in-plane (IP)
isotropic magnetic behavior,?® which is compatible with strain-
induced systems due to its absence of IP anisotropy and low
coercivity. This layer thickness, 200 nm, is chosen to avoid
charge-mediated effects that cause magnetoelectric coupling at
the ferroelectric/ferromagnetic interface. As reported by Zhou
and collaborators in ref. 28, they calculated that the charge-
mediated effect decays beyond 1.2 nm and later experimentally
showed in ref. 29 that for a 50 nm film the effect is negligible.
Similarly, Paudel et al.®® reported a comparable result, mea-
sured by polarized neutron reflectometry, showing that the
effect extends to only 2 nm. On the other hand, strain is a
volumetric effect that affects all the upper layers if they are
thinner than the substrate.>**' Thus, a 200 nm NiFe layer is
sufficiently thick to eliminate charge-mediated effects, and the
primary mechanism governing the magnetoelectric coupling
will be the strain-coupling mechanism.

BaTiO; (BTO), a well-studied ferroelectric material with a
perovskite-like structure,® is a viable substrate for strain-
coupled systems. It can generate strain through three main
mechanisms: photostriction,®*> and thermal®*>® or voltage
induction.>™** We specifically investigated voltage induction
among these three possibilities, as it enables operation at room
temperature and device integration. Although BTO is ferro-
electric, in this work, we exploit its piezoelectric regime because

a)

Nig,Fe;, (200 nm)

BTO (0.5 mm)

Au (50 nm)
|

Fig. 1
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it allows for operation at several frequencies and it is indepen-
dent of polarization switching, leading to a longer lifespan for
future applications.*? This is advantageous because polariza-
tion switching can be challenging,'® and ferroelectric materials
may fatigue after many cycles, leading to unreliable perfor-
mance.*® The lifespan of a perovskite that switches its polariza-
tion is around 10* cycles before experiencing fatigue,** while
in the piezoelectric regime, it can withstand fatigue after
10® cycles.*” The BTO(011) surface has been scarcely explored
in the context of strain-coupled systems. However, this BTO cut
takes advantage of the piezoelectric coefficient d,5, which is one
order of magnitude larger than the other coefficients. There-
fore, the use of d;5 can potentially increase the capability of
BTO(011) for VCMA, as it is shown in this work in which og =
0.205 pus m™ ' is obtained. In previous studies exploiting other
BTO orientations in which the switching of the polarization is
needed, oz of 0.1-0.2 s m™~" was reported.*®**

Experimental section

We have used a single-crystal BTO(011) substrate onto which
a metallic Ti/Au bilayer was deposited on both sides using an
e-beam evaporator under high vacuum conditions. The bottom
metallic bilayer serves as an electrode for voltage application,
while the top bilayer provides the necessary electrical conduc-
tivity for electrodeposition, given the non-conductive nature of
BTO. Electrical isolation between both sides creates a plane-
parallel capacitor around the substrate. On the polished side of
the BTO, a 200 nm-thick Nig,Fe,, layer was electrodeposited
over the conductive Ti/Au bilayer. Therefore, the hybrid mag-
netoelectric heterostructure consists of Au(50 nm)/Ti(15 nm)/
BTO(500 pum)/Ti(15 nm)/Au(50 nm)/NigyFe;,(200 nm) as illu-
strated in Fig. 1a where the electric voltage applied during
measurements is also indicated. Electrodeposition was con-
ducted using a PalmSens EmStat3 setup in a controlled
environment with a three-electrode cell configuration at room
temperature. The top Au capping layer served as the working
electrode, a platinum mesh as the counter electrode, and

b) Axis 3
NS
&
Axis 2’
Axis 3’
6=45\| 3
1~
Axis 2
Axis 1

(a) Schematic drawing of the studied heterostructure showing the applied electric voltage. (b) BTO(011) surface (yellow) showing the IP directions,

[100] and [011], and the electric field applied in the OOP direction for the BTO(011) orientation studied in this work. The green axes represent the
coordinate axes for the piezoelectric matrix. Axes 2’ and 3’ are obtained after a rotation of 6 = 45° around axis 1.
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Ag/AgCl (3 M Na(l) as the reference electrode. The electrolyte, a
water-based solution with a pH of 2.4, consisted of 0.4 M
H;BO;, 0.017 M saccharine, 0.7 M NiSO,4, and 0.02 M FeSO,.
A growth voltage of —1.20 V was applied, and film thickness
was monitored by measuring the electric charge at the working
electrode. Film composition was analyzed using energy disper-
sive X-ray spectroscopy (EDS) with a JEOL JSM 6400 instrument
operating at 15 kV acceleration voltage.

We studied the room temperature magneto-optic Kerr effect
(MOKE) in the longitudinal configuration using s-polarized light.
Our home-made experimental setup includes a laser operating at
650 nm with a power output of 5 mW and a frequency of 10 kHz,
along with two polarizers, a photodetector, and an electromagnet
capable of generating a magnetic field of up to 600 mT. The
applied magnetic field is continuously monitored using a Hall
probe. The signal detected by the photodetector is processed by a
lock-in amplifier model SR830m. To apply an electric field
perpendicular to the sample during MOKE measurements, a
custom holder was designed and connected to a voltage power
supply capable of applying 600 V. The voltage was continuously
applied during the in situ MOKE measurements to ensure that the
hysteresis loops were recorded in a sequential manner. Data
acquisition was carried out using a custom Python program.

To determine the orientation and lattice parameters of the
BTO substrate, X-ray diffraction (XRD) was performed using the
X'Pert PRO MRD equipment with a Cu K, wavelength. The ESI,
includes the reciprocal space maps (RSMs) used to obtain the
pristine lattice constants of BTO.

Magnetic imaging was conducted using X-ray magnetic circular
dichroism photo emission electron microscopy (XMCD-PEEM) at
the CIRCE beamline of the ALBA Synchrotron.*® In situ electrical
poling and magnetic field were applied to the sample utilizing
custom-designed sample holders.® Magnetic images were
acquired at the Fe L; absorption edge (~707 eV photon energy)
by imaging with low-energy secondary electrons (Ey, around
1-2 eV) and performing pixel-wise subtraction of images taken
with left and right handed circularly polarized X-rays.

Results and discussion

The BTO(011) cut can take advantage of the remarkably high
piezoelectric coefficient dis = 564 pm V_'.>" This value is an
order of magnitude greater than other piezoelectric coeffi-
cients, such as d3; = 90 pm V ' and d3; = —33.4 pm vV 15!
For 4mm point group crystals, the reverse piezoelectric effect
can be described as follows:**

&1 0 0 d31 d31 E3
& 0 0 d31 d31 E3
E,
& 0 0 dsy dy3 E3
= E, | = 1)
&4 0 ds 0 disEs
E;
&5 d[s 0 0 dlSEl
& 0 0 0 0
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where ¢; are the strain components, d; the piezoelectric coeffi-
cients, and E; the applied electric field components. The c-axis
of BTO is chosen, as usual, as axis 3 (Fig. 1b). When an out-of-
plane (OOP) electric field is applied to the BTO(011) surface,
the unit electric vector aligns with the surface, resulting in £ =
(0, 1, 1). From Eqn 1 it is obtained that ¢, = dysE,, indicating a
strain component proportional to d;s. As the BTO(011) surface
is not aligned with the main axes (i.e., 1, 2, and 3), shear stress
components (i.e., 4, 5, and 6) are transferred to the surface. This
behavior is particularly significant for BTO(011), where shear
components related to d,s will play a crucial role in the surface
strain. When compared with the generally studied BTO(001)
orientation, it becomes evident that for this orientation, there
are no strain components dependent on d;5 (E; = E, = 0) in the
piezoelectric regime. This difference highlights the potential of
the BTO(011) orientation compared to the (001) orientation to
achieve large strain and, consequently, a higher og.

To calculate the dependence of the IP strain on the piezo-
electric coefficients for BTO(011), we consider a~c. The OOP
\%E(O, 1,1), to

satisfy that |E| = E. Fig. 1b shows the coordinate axes of our
system (green), where it is straightforward to see that the strain
along the BTO[100] axis is equal to the strain along axis 1. To
calculate the strain along the BTO[011] direction, we need to
rotate the coordinate axes around axis 1 by an angle 0 to achieve
the new axes 2’ and 3’, where 3’ is along the [011] direction. As
we consider that a~c, the angle of rotation will be 6 = 45°. The
strain along axis 3’ can be calculated using the following
equation:*?

electric field is given by E = (Ej, Ey, E3) =

. . 1
&y = e3c08° 0 + &3 8in” 0 + g4 sin 0 cos O = 5(83 +e+e) (2)

Taking into account the results from eqn (1), we finally
have that:

1
&l00) = €1 = 7§Ed31 ~ —24 x 10712 -E (3)

1
eoin = & = —=E(ds1 +ds3 +dys) ~220x 1072 E (4
o =5 =55 (d31 + d33 + ds) (4)

The comparison between eqn (3) and (4) shows that the
strain along the [011] direction will be an order of magnitude
higher than that along the [100] direction. Also, the signs are
opposite as expected, as tension applied in one direction
induces compression in the perpendicular direction to com-
pensate for the volume change. The magnetostriction is pro-
portional to the strain,*® so a linear magneto-electric coupling
dependence on the applied electric field is expected.

An intermediate conductive bilayer between BTO and NiFe is
required for the electrodeposition of the latter on top of
insulator BTO, which may affect strain transfer effectiveness.
The strain transfer function depends on the thickness ratio
between the layers and the substrate.®’ Since the substrate
thickness is much greater than the thickness of the other
layers, and assuming a rigid interface, no slipping between
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layers and negligible edge effects, we can conclude that the
strain is uniformly transferred from the substrate to the upper
layers. However, the stress is applied differently across the
layers, and we can calculate the stress transfer through the
layers according to®'
o _ 1
PAS ©)

where o) and o, are the stresses, and E; and E; are the Young’s
moduli of the layer and substrate, respectively. The ratio of
Young’s moduli (v1/Y;) determines the effectiveness of the
stress transfer. Considering the Young’s modulus of each
material: Y5 = 115 GPa, Ya, = 79 GPa, Ynire = 96.4 GPa and
Yero = 99 GPa,”*® we find that the stress transfer ratios are
Yo/ Yaro = 1.16, Yau/Yero = 0.79, Ynire/Yaro = 0.97. Note that we
are using Young’s modulus values from the literature, which
may differ from those of our actual system due to clamping
effects and/or the polycrystallinity of the layers. From the stress
transfer ratios, we can infer that the stress transfer between the
layers is efficient. Therefore, the introduction of intermediate
metallic layers with a Young’s modulus similar to BTO makes
the heterostructure still viable for strain-coupling systems.

Fig. 2a presents the XRD characterization of pristine
BTO(011). 6-20 diffraction patterns confirmed that the BTO
surface corresponds to either the (011) or (101) orientations.
Through additional RSM measurements, we determined that
the surface of the studied BTO is (011), with IP directions [011]
and [100], and lattice parameters: a, = 3.994 A and c, = 4.034 A
(Fig. 2b and ESI¥). Fig. 2c shows the IP MOKE hysteresis loops
for the as-grown NigoFe,q, revealing a clear IP uniaxial aniso-
tropy aligned with the BTO [100] direction. Electrodeposited
layers on glass substrates of the same thickness are magneti-
cally isotropic in the sample plane.”” However, the appearance
of this uniaxial IP anisotropy indicates that this BTO orienta-
tion highly influences the magnetic behavior of NigoFe;,, as the
easy magnetic axis aligns with the short side of the rectangular
BTO cell on the surface.

After characterizing the as-grown state, we applied electric
fields of £0.46 MV m™" to pole the sample at the CIRCE

View Article Online
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E =+0.46 MV/m

=-0.46 MV/m

€[011]= -101 ppm €[011= +101 ppm

€100~
+11pp €[100])=
-11 ppm

Fig. 3 (a) XMCD-PEEM images taken at £ = £0.46 MV m~! with the same
scale bar. IP axes (white) as well as the magnetization (red) are indicated.
(b) Schematic drawings illustrate how the stress (blue arrows) generated
by poling changes the size of the piezoelectric substrate that induces
a modification of the magnetization on the magnetostrictive layer (red
arrow) as a result. The left panel shows the interpretation of the XMCD-
PEEM image at £ = —0.46 MV m~%, and the right panel at £ = +0.46 MV m™.

beamline. These electric field values are below the ferroelectric
coercive field of BTO (0.60 MV m™"),>® ensuring that the
experiment was carried out within the piezoelectric regime.
Fig. 3a shows XMCD-PEEM images, and Fig. 3b is a sche-
matic illustration to interpret those results. Whereas for
E = —0.46 MV m ', XMCD-PEEM shows minimal contrast, for
E = +0.46 MV m ™", the image displays a clear contrast that
reveals IP uniaxial magnetic anisotropy (red arrows indicate the
magnetization vectors). These experimental results can be
understood thanks to Fig. 3b that depicts the BTO cell with
blue arrows for the direction of mechanical stress promoted
by poling. For negative bias (left panel), the IP strain tends to
make the cell squarer, diminishing the magnetic anisotropy of

a) Experlmental- -- (022) or (202)- - - (220) b) Data- - - Fit c) ——BTO[011] ——BTO[100]
BTO Pristine | I RISM ] 1 e I I I "
1 i (122) _ NigoFeq
:g’ | ) :g 'é As-grown
io’, i ] 3_, CuKa, ‘g
z Z 1 P2y
0 I N
5 | 3 :
£ £ 2
A -1+

65.6
20 (°)
Fig. 2

702 705 708

40 5 0 5 10

20 () poH (mT)

(a) 0-20 XRD measurements of pristine BTO(011) (blue line) compared with possible surface orientations (red and green dashed lines). (b) RSM

measurement (black line) of the (122) reflection and corresponding fit (red dashed line). (c) MOKE hysteresis loops of as-grown NigoFeo layer along IP
hard and easy directions, corresponding to in-plane BTO [011] (black line) and [100] directions (red line), respectively.
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Fig. 4

of poling. Descent (black down triangles) and ascent (red up triangles) electric paths are shown differently for clarity. The linear fit of

obtain o according to egn (6) of the main text.

the magnetostrictive NigoFejo. On the other hand, for positive
bias (right panel) it elongates the cell in the [011] direction,
enhancing the uniaxial magnetic anisotropy in the [100] direc-
tion according to the negative magnetostriction of NiggFe;o.

MOKE hysteresis loops with the applied magnetic field
along the BTO [100] direction were conducted under several
applied electric fields between +0.46 MV m ™ to quantify oy, for
the NigoFe;o/BTO(011) heterostructure. Fig. 4a presents a repre-
sentative set of IP hysteresis loops at four different applied
electric fields. Here, +0 MV m ™' is used for zero electric field
after a positive bias, while —0 MV m ™" denotes zero electric
field after a negative bias. By calculating the squareness (M,/Mj)
for each cycle, we can plot its value at different electric fields, as
depicted in Fig. 4b. The higher squareness for positive bias
indicates a better alignment of the easy axis in the studied
direction, whereas the reduction of the squareness for negative
bias points to a loss of magnetization alignment or a reduction
in magnetic anisotropy, as observed by XMCD-PEEM in Fig. 3a.

The observed behavior indicates a linear coupling between
magnetism and the electric field, as expected. From the linear
fit of the squareness as a function of the applied electric field
(Fig. 4b), o is obtained as:

o = qusiA(AiréMS) (6)

where p, is the vacuum permeability, and M is the saturation
magnetization of NiggFe;o, which is 652 kA m~".>* From the
linear fit it is obtained oy = 0.205 ps m™" = 61.5 mV (cm Oe) "
that can be compared with other works performed with the
BTO(001) orientation. Researchers found oy for strain-coupled
heterostructures to be 0.09 us m™* for Ni/BTO,*® 0.1 us m™*
for Fe;0,/BTO,*” 0.23 us m™* for Lay ¢,STo.33;MnO5/BTO*® and
16 us m~ ' for FeRh/BTO.™ In these cases, the differences in oy
arise from the magnetostrictive layer, with the highest values
associated with rare-earth alloys. In our study, the Nig,Fe,, alloy
exhibits a magnetostriction of —22 ppm,*® which is comparable
to that of Fe;0, (—25 ppm)°® and even to pure Ni (—37 ppm).>*
Comparing our og value is noteworthy, as we achieved a value

This journal is © The Royal Society of Chemistry 2025

(a) IP MOKE hysteresis loops for NiggFe;o taken along the BTO [100] direction at several polings. (b) Squareness (M,/My) represented as a function

A(M, /M) .
TIS used to

that is nearly double that of previous studies, demonstrating
the enhanced performance of our heterostructure.

Conclusions

In conclusion, this study offers valuable insights into the Pb-
and rare-earth-free NigoFe;o/BTO(011) strain-mediated hetero-
structures, demonstrating their capability to control magnetic
anisotropy through an electric field. The as-grown NigoFe;, film
exhibits uniaxial IP anisotropy promoted during growth by the
BTO(011) substrate. By poling the sample within the piezo-
electric regime, it is possible to tune this IP magnetic aniso-
tropy, as observed in XMCD-PEEM images. MOKE hysteresis
loops measured at various polings demonstrated a noteworthy
converse magnetoelectric coefficient of oy = 0.205 ps m™ .
The ag value in our work is more than double the previously
reported value for Fe;0,/BTO(001) (which has a similar magne-
tostriction layer) and, to the best of our knowledge, is the first
value reported for the BTO(011) orientation. Future research
could focus on using deposition systems that can deposit directly
onto the substrate, eliminating the need for intermediate layers.
This could improve stress transfer from the substrate to the layer,
increasing the magnetoelectric coupling value, and broadening its
applications in efficient magnetic memories.
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