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Abstract 

This work demonstrates that magnetoelectric composite heterostructures can be designed at 
the length scale of 10 microns that can be switched from a magnetized state to a vortex state, 
effectively switching the magnetization off, using electric field induced strain. This was 
accomplished using thin film magnetoelectric heterostructures of Fe81.4Ga18.6 on a single 
crystal (011) [Pb(Mg1/3Nb2/3)O3]0.68-[PbTiO3]0.32 (PMN-32PT) ferroelectric substrate. The 
heterostructures were tripped from a multi-domain magnetized state to a flux closure vortex 
state using voltage induced strain in a piezoelectric substrate. FeGa heterostructures were 
deposited on a Si-substrate for SQUID magnetometry characterization of the magnetic 
properties. The magnetoelectric coupling of a FeGa continuous film on PMN-32PT was 
characterized using a MOKE magnetometer with bi-axial strain gauges, and magnetic multi-
domain heterostructures were imaged using X-Ray Magnetic Circular Dichroism – 
Photoemission Electron Microscopy (XMCD-PEEM) during the transition to the vortex state. 
The domain structures were modelled using MuMax3, a micromagnetics code, and compared 
with observations. The results provide considerable insight into designing magnetoelectric 
heterostructures that can be switched from an “on” state to an “off” state using electric field 
induced strain. 
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1. Introduction 

Magnetoelectric composites enable a variety of 
applications due to the coupling between magnetization and 
electric field induced strain [1]. These composites have been 
explored for magnetic memory [2], antennas [3], and lab-on-
chip devices [4]. The integration of these magnetoelectric 
composites with microfluidic channels has opened the door to 
new applications in the biomedical and biotechnology fields 
due to their ability to manipulate magnetic nanoparticles for 
magnetic activated cell sorting (MACS) systems [5]. This 
enables future technologies for personalized therapeutics, as 
well as the isolation/selection of specific stem cells and T-cells 
for cancer immunotherapies [4,5]. Magnetoelectric 
composites are scalable down to the micro/nano-scales, 
energy efficient, and enable local addressability of individual 
magnetic elements [6-8].  

Magnetoelectric composites utilize mechanical coupling 
between magnetostrictive and piezoelectric materials for 
electric control of magnetism. A composite that has garnered 
attention couples Fe81.4Ga18.6 (Galfenol) for its large saturation 
magnetostriction, soft magnetic properties, and high 
saturation magnetization [9,10] with [011] single crystal 
[Pb(Mg1/3Nb2/3)O3](1-x) -[PbTiO3]x (PMN-xPT) for its massive 
piezoelectric coefficient (d32) of 2000 pC/N [11]. FeGa is cost 

effective, oxidation resistant, machinable, and has 
advantageous mechanical properties [12]. Several groups have 
deposited high quality FeGa textured thin films using DC 
magnetron sputtering [12-14]. Switching mechanisms in FeGa 
nanoscale heterostructures have been explored for memory 
[15] and dipole-dipole coupled logic devices [16]. However, 
electric field driven FeGa MACS systems operating in a 
microfluidic environment are only recently being explored. 
Fluorescent optical imaging has demonstrated the capturing 
and control of superparamagnetic (SPM) particles using FeGa 
square and ring structures [17] and dot-structures ≥ 20 𝜇𝜇m 
[18], but domain structures have not been imaged and particle 
capture, and release has not yet been demonstrated. These 
FeGa heterostructures on PMN-PT required non-linear piezo 
strains > 2000 ppm to induce magnetization rotation of < 40º. 
These strains are non-deterministic since the phase transition 
electric field (𝐸𝐸𝑐𝑐) is dependent on the pre-stress state, 
temperature, and composition (x). Therefore, a linear 
deterministic piezo strain is desirable for inducing significant 
moment re-orientation (> 40º) or switching magnetic state. 
Previously, non-deterministic magnetic state switching was 
demonstrated for Co nano-ellipses in a surface acoustic wave 
(SAW) device, where a stress wave (≥ 30 MPa) changed the 
magnetic state from a stable single-domain to a non-volatile 
vortex state [19]. Complexities of SAW devices include the 

Figure 1: Experimental set-up for thin films deposited on (011) cut single crystal PMN-32PT. (a) Schematic for the continuous thin films’ 
characterization. The crystallographic orientations of the PMN-32PT, [001] (white), [011] (black), and [011] (green), are aligned parallel to 
the “y” (orange), “x” (red and blue) and “z” (green) axes of the reference coordinate system (bottom left), respectively. The external magnetic 
fields Hx and Hy were applied, along [011] and [001] directions, respectively. (b) Schematic showing the patterned microstructures’ 
characterization using XMCD-PEEM, with the same the crystallographic orientation and coordinate system. In (a) and (b) an external electric 
field is applied along the [011] crystallographic direction to induce an anisotropic in-plane strain in the magnetostrictive film. 
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creation of strain waves throughout the structures, additional 
steps during the fabrication process, and difficulty in actuating 
specific elements [5,20].  

In this work a method to trigger magnetic state switching 
from a metastable multi-domain to a vortex state in FeGa 
heterostructures using electric field is presented. In-situ 
electric field X-Ray Magnetic Circular Dichroism – 
Photoemission Electron Microscopy (XMCD-PEEM) 
imaging was conducted in FeGa micro-ellipses to observe the 
evolution from a multi-domain state to a vortex state. The 
remanent magnetization in the initial multi-domain state was 
characterized using a Superconducting Quantum Interference 
Device (SQUID) magnetometer. Magnetoelectric response 
was characterized using a Magneto Optical Kerr Effect 
(MOKE) magnetometer and bi-axial strain gauges. The 
experimental results were combined with computational 
modelling to provide new insight into the development of 
FeGa-based magnetoelectric devices. 

2. Experimental Set-Up 

Three magnetic heterostructure configurations were 
fabricated and characterized: (1) continuous FeGa film on 
PMN-32PT, (2) patterned FeGa microscale heterostructures 
on PMN-32PT, and (3) patterned FeGa microscale 
heterostructures on a Si-substrate. 

2.1. Continuous Film 

2.1.1. Specimen Preparation 
The continuous FeGa film on PMN-32PT was used to 

quantify the piezoelectric and magnetoelectric responses. The 
continuous film FeGa shown in Figure 1 (a) consisted of Ta(4 
nm)/FeGa(24 nm)/Ta(4 nm) multi-layers grown by DC 
magnetron sputtering on top of a ferroelectric (011) cut single 
crystal PMN-32PT procured from Atom Optics. Continuous 
thin film electrodes of Pt(50 nm)/Ti(5 nm) nm were 
evaporated on the top and bottom surfaces of the PMN-32PT 
(10x10x0.5 mm3). The substrate was poled by applying an 
electric field of 0.8 MV/m through the thickness of the 
substrate prior to deposition. The FeGa layer was deposited on 
the grounded side of the substrate using a ULVAC JSP-8000 
DC magnetron sputtering system with a base pressure of 2x10-
7 Torr, DC sputtering power of 200 W, Ar working pressure 
of 0.5 mTorr and an FeGa target with atomic ratio of  85:15 
for elements Fe and Ga. Is speculated that these films are to be 
texture, since sputtered deposited FeGa is known to growth in 
columns [13]. Tantalum films were deposited on both sides of 
the FeGa film as barrier and capping layers. 

2.1.2. Characterization Methods 
The continuous film was characterized using (1) a MOKE 

magnetometer with in-situ electric field, and (2) a bi-axial 
strain gauge interfaced with a National Instrument Data 

Acquisition (NI-DAQ). The MOKE measurements were 
conducted at an electric field of 0 and 0.8 MV/m to observe 
changes in magnetic hysteresis due to the induced ferroelectric 
strains from the PMN-32PT. The magnetic fields 𝐻𝐻𝑦𝑦  and 𝐻𝐻𝑥𝑥 
were applied along the in-plane crystallographic orientations 
[001] and [011] of the PMN-32PT, respectively. The principal 
in-plane strains along [001] and [011] were characterized 
using axial strain gauges. Two sets of strain measurements 
were conducted by driving the electric field from 0 to 0.8 
MV/m to observe non-linear response associated with a phase 
transformation, and from 0 to 0.4 MV/m to observe the linear 
piezoelectric response [21]. All measurements were 
conducted at room temperature [12,21].  

2.2. Patterned Microstructures 

2.2.1. Specimens Preparation 
The FeGa structures on PMN-32PT shown in Figure 1 (b) 

were produced using photolithography with the same layer 
profile as shown in Figure 1 (a). The ellipse sizes were 10 𝜇𝜇m 
major diameter, aspect ratio of ~1.5, and thickness of 24 nm.  
In the lithography step, the structures were patterned using a 
chromium UV mask, negative photoresist nLoF-2020 and 
AZ300-MiR developer.  The lift-off process was carried out 
in an ultrasonic bath with stripper NMP (1-methyl-2-
pyrrolidone) for 30 minutes to remove the remaining 
photoresist. Afterwards, the electric bias (bottom) side of the 
patterned PMN-32PT substrate was adhered to a leadless chip 
carrier (LCC) using double sided conductive copper tape to 
assure electrical conductivity. The patterned surface (top side) 
of the PMN-32PT was wire bonded to the ground terminal 
pins of the LCC to enable electrical connection during 
characterization. Similar size FeGa ellipses were fabricated on 
a (6x6x0.5 mm3) Si-substrate. 

2.2.2. Characterization Methods 
The patterned structures were characterized using XMCD-

PEEM at the beamline 11.0.1 located at the Advanced Light 
Source (ALS), Lawrence Berkeley National Laboratory. The 
structures were magnetically initialized in-plane at 𝜇𝜇0𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 =
200𝑚𝑚𝑚𝑚 to induce a remanent magnetization; and prior to 
imaging, an Ar ion milling process was used to remove the top 
Ta capping layer and clean the top surface just prior to loading 
the specimen into the beamline end-station. The external 
magnetic field (𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒) shown in Figure 1(b) was applied at 45º 
with respect to the in-plane piezoelectric principal strain 
components for deterministic domain rotation [18,22]. The 
Fe-L3 absorption edge (~708.3 eV) signal was used to 
maximize the contrast in the magnetic domain images. The 
images were collected with a field-of-view (FoV) of 45𝜇𝜇m, 
capturing all four structures in the (2x2) array. Scans were 
conducted prior to applying an in-situ electric field to observe 
the multi-domain structures in the micro-ellipses. Images were 
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retaken at 0.2 MV/m electric field increments to observe the 
magnetic domain structure evolution. An image processing 
scheme was developed for the structures shown in Figure 1(b) 
at 0 MV/m to quantify their normalized remanent 
magnetization. The FeGa structures on a Si-substrate were 
used to quantify the average magnetization. The micro-
ellipses on the Si-substrate were characterized using a SQUID. 
These measurements were performed along two different 
directions, at 45º relative to the ellipse long axis and parallel 
to the short axis. 

3. Results 

3.1. Magnetoelectric Characterization 

3.1.1. Strain Gauge Measurements 
Figure 2 (a) shows the PMN-32PT strain versus electric 

field in the linear piezoelectric region (“green”) and the non-
linear region where an electric field driven phase 
transformation takes place (“red” and “blue”). The 
ferroelectric response is linear at increasing electric fields 
(solid arrows) up to 0.45 MV/m. The PMN-32PT goes through 
a phase transition at 𝐸𝐸𝑐𝑐 ≈ 0.45 𝑀𝑀𝑀𝑀/𝑚𝑚 from rhombohedral to 
orthorhombic, yielding a jump in the strains 𝜀𝜀[011] and 𝜀𝜀[001] 
along both crystallographic [011] and [001] directions. In the 
orthorhombic phase (𝐸𝐸 > 0.45 𝑀𝑀𝑀𝑀/𝑚𝑚 ) the polarization 
rotates to the [011] direction, producing the maximum in-
plane strain. The maximum compressive strain component 
(𝜀𝜀[001]) is larger than the tensile strain component (𝜀𝜀[011]) with 

an anisotropic in-plane strain ratio of ~0.153. As the electric 
field is decreased (hollow arrows), a second jump in the strain 
occurs at an electric field of ~0.15 MV/m, as the reverse phase 
transformation from orthorhombic to rhombohedral occurs 
[21,23-25]. In the second electric field cycle from 0 to 0.4 
MV/m (green curve), the piezo strain difference (∆𝜀𝜀 =
𝜀𝜀[011] − 𝜀𝜀[001]) is close to linear and does not display the jumps 
associated with the phase transformation. In the linear 
response regime, the piezoelectric coefficient was measured 
as 𝑑𝑑32 ≈ 2000 𝑝𝑝𝑝𝑝/𝑁𝑁 and the piezo strain difference was 
∆𝜀𝜀 ≈ 800 𝑝𝑝𝑝𝑝𝑝𝑝 at 0.4 MV/m. 

3.1.2. MOKE Measurements 
Figure 2 (b) shows the MOKE measured normalized 

magnetization (e.g., 𝑚𝑚 = 𝑀𝑀/𝑀𝑀𝑠𝑠) response of the FeGa 
continuous film on the PMN-32PT substrate along the 
compressive [001] and tensile [011] axes. The magnetoelastic 
easy and hard axis orientations were determined by the 
changes in the coercive fields and shape of the hysteresis 
loops. Prior to applying an electric field, the magnetic coercive 
fields along the compressive [001] (“blue”) and tensile [011] 
(“green”) axes were ~42.6 and ~76.2 Oe, respectively. The 
coercive field difference along these two axes is attributed to 
anisotropic residual stress associated with the PMN-32PT 
remanent strain. Averaging these magnetic coercivities yields 
59.4 Oe, close to the magnitude reported for bulk FeGa (~50 
Oe) [12]. The opposite shift of the coercive field from the 
average values is due to the opposite strains felt from both 
directions. A remanent magnetization (𝑚𝑚𝑟𝑟) of ~0.8 was 

Figure 2: Results of the characterization in the continuous films magnetoelectric device. (a) Characterization of the PMN-32PT anisotropic 
in-plane strains using two axial strain gauges. Solid and hollow arrows (for blue and red curves) are the directions of the increasing and 
decreasing electric field, respectively. The green curve is the linear piezoelectric response. (b) Characterization of the FeGa film using 
MOKE with in-situ electric field. The “blue” and “red” curves are the measurements of the magnetic field Hy parallel to the compressive 
[001] direction (white). The “green” and “orange” curves are the measurements of the magnetic field Hx parallel to the tensile [011] direction 
(black). 
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observed along [001] and [011]. Upon application of E=0.8 
MV/m, the piezo strains induce (e.g., 𝜀𝜀[011] and 𝜀𝜀[001]) a 
magnetoelastic easy and hard axis were induced along the 
tensile [011] and compressive [001] axes, respectively. The 
anisotropic magnetostriction coefficients 𝜆𝜆[100] and 𝜆𝜆[111] for 
FeGa are both positive [26], therefore the magnetization 
rotates toward the tensile [011] axis, resulting in this being the 
easy axis. The magnetoelastic easy axis along the [011] 
orientation (“orange”) increases the coercivity up to ~93.4 Oe. 
This response is desirable since the [011] axis should be the 
favourable direction of magnetization. The magnetoelastic 
response along the compressive [001] direction changes the 
hysteresis curve (“red”) producing a relatively harder 
magnetoelastic axis. Along the [001] hard axis the magnetic 
field to saturate the film (𝐻𝐻𝑠𝑠) increased from ~70 to ~200 Oe, 
whereas the remanent magnetization dropped from ~0.8 
(“blue”) to ~0.6 (“red”). A reduction in the coercivity of 2 Oe 
is observed. The changes in saturation field and remanent 
magnetization were anticipated given the positive 
magnetostriction. 

3.2. XMCD-PEEM Imaging 

3.2.1. XMCD-PEEM with In-situ Electric Field 

These magnetoelastic easy and hard axes were induced in 
the micro-ellipse heterostructures to observe the evolution of 
the magnetic domains in response to the linear piezoelectric 
strain. Figure 3 shows the magnetic domains in the FeGa 
structures prior to and during application of the in-situ electric 
field in the XMCD-PEEM. In Figure 3 (a-b), prior to applying 
the electric field, the heterostructures were magnetized 
parallel to the short axis (SA) and middle axis (MA) of the 
ellipses, respectively. In Figure 3 (a) the heterostructures 
displayed “S” shape multi-domain with a net magnetization 
along the SA. In Figure 3 (b) the heterostructures display a 
“Zig zag” shaped multi-domain with a net magnetization 
along the long axis (LA), this 45º re-orientation is due to the 
shape anisotropy easy axis In Figure 3 (c) with 𝐸𝐸 =
0.2 𝑀𝑀𝑀𝑀/𝑚𝑚 a piezo-strain of 400 ppm (green 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒) is induced 
along the “x” axis (red/blue arrows), inducing changes in the 
domain structure. In Figure 3 (d) the tensile 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 was parallel 
to the shape anisotropy hard axis, resulting in a vortex state 
[17,22,27,28]. In Figure 3 (e) with 𝐸𝐸 = 0.4 𝑀𝑀𝑀𝑀/𝑚𝑚, the piezo 
strain difference (∆𝜀𝜀) of 800 ppm cause a switching into the 
vortex state. In Figure 3 (f) no significant change was 
observed compared to 3(d) since these structures had already 
reached the vortex state. The evolution of the magnetic 
domains (Figure 3 (a) to (e)) demonstrates that magnetic state 

Figure 3: XMCD-PEEM results for the FeGa microstructures. Initial magnetic domains state of microstructures oriented at (a) 45º and (b) 90º.  
Green, yellow, and orange axes are the orientations of the ellipses long (LA), short (SA) and middle (MA) axes, respectively. (c) and (d) 
Magnetic domains states at electric field of 0.2 MV/m. (e) and (f) Magnetic domains states at electric field of 0.4 MV/m. Bottom blue arrow 
correspond to the magnitude of the linear piezo strain difference. Top green axis is the orientation of the piezo strain difference. Top left arrow 
is the initial direction of the applied magnetic field.  (g) Legend for magnetization contrast (mx). The orientations of the red (+ x), orange (+ 
y), and blue (- x) arrows are the reference coordinate system. (h) and (i) Are the moments vector field (m) from the red dashed and blue dotted 
squares insets in (a) and (b), respectively. 
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switching from the multi-domain state to the vortex state can 
be driven using the linear piezoelectric strain. The vortex state 
persisted after removal of the electric field because the micro-
ellipses require an external magnetic field for re-
magnetization [19]. Variations between the domain structures 
in Figure 3 (a-f) is noticeable. These variations are attributed 
to local imperfections. An image processing scheme was 
conducted to quantify the remanent magnetization and its 
variations. 

3.2.2. Image Contrast Processing 
The variations observed in the multi-domains in Figure 3 

(a-b) are attributed to material imperfections, fabrication 
anomalies, and randomness of the spin dynamics [19,29]. An 
image contrast processing scheme was developed to quantify 
the remanent magnetization (𝑚𝑚𝑟𝑟) from these multi-domains. 
Figure 3 (g) shows the conversion scale (180°/255𝑏𝑏𝑏𝑏𝑏𝑏) used 

to translate the magnetic moment contrast (±𝑚𝑚𝑥𝑥 and +𝑚𝑚𝑦𝑦) 
into moment orientation (𝜃𝜃). This conversion is only valid for 
𝑚𝑚𝑦𝑦 > 0 and 𝑚𝑚𝑧𝑧 ≈ 0.  It is assumed that the multi-domain in 
Figure 3 (a-b) satisfy these conditions. This analysis was not 
implemented to the vortex state from Figure 3 (c-f) since there 
no net magnetization (e.g., 𝑚𝑚𝑟𝑟 = 0). After converting every 
pixel (0 to 255 bits) within the micro-ellipses to moment 
angles (𝜃𝜃) the moments components 𝑚𝑚𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝑚𝑚𝑦𝑦 =
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 were calculated and plotted. Figure 3 (h) and (i) are the 
computed moment vector fields resembling the “S” and “Zig 
zag” multi-domain states. These multi-domain configurations 
illustrate ~90º rotations between adjacent domains as expected 
from soft-ferromagnetic 90º domain-walls (DWs) for a 
material such as FeGa.(29) Equation (1) and (2) were used to 
calculate the average magnetization components 𝑚𝑚𝑥𝑥,𝑎𝑎𝑎𝑎𝑎𝑎 and 
𝑚𝑚𝑦𝑦,𝑎𝑎𝑎𝑎𝑎𝑎. The values from equation (1) and (2) were used to 

Figure 4: Micro-ellipses SQUID characterization on the Si-substrate and MuMax3 modelling. (a) Magnetization response along the MA of 
the microstructures. (b) Magnetization response along the SA of the microstructures. In (a) and (b), “blue” and “red” lines are the SQUID 
and MuMax3 results, respectively. Left insets in (a) and (b) are the Si-substrate orientation to the external magnetic field. Right inset in (a) 
and (b) are the snapshots of the multi-domains from the model moment component 𝑚𝑚𝑥𝑥 (top) and XMCD-PEEM imaging (bottom) rotated 
45º clockwise. (c) MCA surface potential for FeGa. “Red” arrows are the <100> crystallographic orientations and magnetocrystalline 
anisotropy easy axes.  (d) Columnar profile in FeGa textured polycrystal thin film. Zoom-in, [110] OOP crystallography orientation of FeGa. 
The crystallographic orientation [001] arrow is pointing out-of-page. (e) Voronoi tessellation used to model texture polycrystal thin films. 
Zoom-in, each colour represents a unique [001] crystallographic/MCA in-plane orientation. 
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approximate the remanent magnetization (𝑚𝑚𝑟𝑟) using equation 
(3), with the results given in Table 1. Collectively the 𝑚𝑚𝑟𝑟 
values for the microstructures in Figure 3 (a) were lower than 
those of the microstructures in Figure 3 (b). The lower 𝑚𝑚𝑟𝑟 
values from the microstructures in Figure 3 (a) were due to 
magnetization alignment with SA, since the magnetic 
moments do not favor the shape anisotropy “hard” axis. The 
higher values of 𝑚𝑚𝑟𝑟 for the structures in Figure 3 (b) were 
attributed to the magnetization being oriented along MA, 
which favours the shape anisotropy “middle” axis. Despite the 
standard deviation (S. D.) shown in Table 1, the influence of 
the shape anisotropy is evident. 

,
1

1 pN

x avg x
pp

m m
N =

= ∑  (1) 

,
1

1 pN

y avg y
pp

m m
N =

= ∑  (2) 

2 2
, ,r x avg y avgm m m≈ +  (3) 

 
Figure 3 (a) 

(1) (2) (3) (4) AVG S. D. 

0.579 0.576 0.666 0.682 0.626 0.049 

Figure 3 (b) 

(5) (6) (7) (8) AVG S. D. 

0.696 0.640 0.743 0.736 0.704 0.041 

Table 1: Remanent Magnetization. 

3.3. SQUID Characterization 

The original magnetization direction (e.g., along SA and 
MA) affected the switching behaviour, therefore 
characterization of the micro-ellipses along these directions is 
required. Figure 4 (a) and (b) show SQUID magnetization 
measurements (blue curve) along the “middle” (MA) and 
“short” (SA) axis, respectively, for the micro-ellipses on the 
Si-substrate. Figure 4 (a) indicates a remanent magnetization 
(𝑚𝑚𝑟𝑟) of ~0.94 and coercivity (𝐻𝐻𝑐𝑐) of ~ 45 Oe along the MA. 
In Figure 4 (b) the remanent magnetization (𝑚𝑚𝑟𝑟) is ~0.81 and 
coercivity (𝐻𝐻𝑐𝑐) is ~ 25 Oe along the SA. These remanence 
values were compared to the multi-domains in Figure 3 (a-b).  

The remanent magnetization acquire from the SQUID 
characterization were ~0.94 and ~0.81 for the middle and short 
axis of the micro-ellipses on the Si-substrate (Figure 4). This 
difference is attributed to (1) the roughness of the PMN-32PT 
surface relative to the Si- substrate and (2) to the accuracy of 
the image processing scheme. Surface roughness (Ra) in Si-
substrates and PMN-32PT are < 1 and ≥ 5 nm, respectively. 

Rougher surfaces (Ra > 5 nm) are more susceptible to magnetic 
pinning sites. The accuracy of the image processing is limited 
by the number of structures, magnetic contrast images 
available, and quality/resolution of the images. The SQUID 
data is a collective average response from thousands of micro-
ellipses on the Si-substrate, while the results in Table 1 are 
limited to the four ellipses for each of the “S” and “Zig zag” 
configurations. 

Modelling of a micro-ellipse was conducted to further 
understand the remanent magnetization and coercivity from 
the SQUID, and the multi-domain observed in the XMCD-
PEEM images. 

3.4. Micromagnetic Modelling 

3.4.1. Modelling Crystallinity 

Modelling the magnetic domain Figure 3 (a-b) included the 
effects of long- and local-range magnetic moments. Shape 
anisotropy is a long-range effect. The films and 
heterostructures were polycrystalline with local intergranular 
interactions that include magnetocrystalline anisotropy 
(MCA) and magnetoelastic anisotropic. These intergranular 
effects contribute to the formation and evolution of the 
magnetic domains. In un-constrained ( 0σ = ) highly 

magnetostrictive materials, the MCA, elastic and 
magnetoelastic behaviour are coupled, causing a modulation 
in the effective 2nd order MCA (𝐾𝐾𝑐𝑐1

𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐾𝐾𝑐𝑐1 + ∆𝐾𝐾).(29) This 
modulation ∆𝐾𝐾 = (9/4)�(𝐶𝐶11 − 𝐶𝐶12)𝜆𝜆[100]

2 − 𝐶𝐶44𝜆𝜆[111]
2 � 

occurs in single crystals.(30) Bulk single crystal 
magnetostrictive Fe81.4Ga18.6 (𝜆𝜆[100] = �2

3
�395 𝑝𝑝𝑝𝑝𝑝𝑝) has 

been reported [31] to be BCC quasi-cubic, with 2nd order 
𝐾𝐾𝑐𝑐1 = 35𝑘𝑘𝑘𝑘/𝑚𝑚3 proportional to the 4th order 𝐾𝐾𝑐𝑐2 = −9𝐾𝐾𝑐𝑐1/4, 
indicating that the <100> are the MCA easy axes, and the 
<110> and <111> axes are equally hard. Figure 4 (c) shows 
the modulated MCA surface potential for magnetostrictive 
single crystal BCC FeGa, where the depth of the wells are the 
<100> easy axes, and the height of the ridges are the equally 
hard <110> and <111> axes. The nano-crystallite grains share 
the same cubic symmetry conditions as their bulk counterpart, 
therefore the modulation of the 2nd order (𝐾𝐾𝑐𝑐1

𝑒𝑒𝑒𝑒𝑒𝑒) and the 
proportionality of the 4th order (𝐾𝐾𝑐𝑐2

𝑒𝑒𝑒𝑒𝑒𝑒 = −9𝐾𝐾𝑐𝑐1
𝑒𝑒𝑒𝑒𝑒𝑒/4) must be 

considered for each grain in the textured polycrystal film. The 
orientation of the cubic nano-crystallite axes (e.g., <100>, 
<110>, and <111>) are impacted by the dominant grain 
orientation from the growth process. For instance, sputter-
deposited FeGa films with columnar growth reported in the 
literature were textured films with a (110) out-of-plane (OOP) 
crystallographic orientation as shown in Figure 4 (d) with an 
average column diameter (i.e., Grain Size, GS) of ~40 nm 
[13]. The zoom-in image of Figure 4 (d) shows the easy axes 
orientations [100] and [010] at 45º from the OOP direction, 



 

 8  
 

and the [001] in the in-plane orientation (out of page). As 
shown, the [001] easy axis will be the preferred easy axis due 
to the in-plane shape anisotropy, but it is a localized 
interaction that changes as a function of the grain profile (e.g., 
GS, geometry, distribution, and random in-plane [001] 
orientation). Figure 4 (e) shows a 2D Voronoi tessellation that 
resembles the grain profile observed in texture thin films. The 
zoom-in image of Figure 4 (e) shows the microscopic random 
in-plane orientations of the [001] easy axis, where the 
magnetic moments within each grain were assigned a unique 
MCA orientation associated with the grain orientation.(32) 
The formation of the multi-domain structures in the modelling 
approach included a coupling response from the long range (> 
1 um) interactions of the shape anisotropy, and short range 
intergranular interactions (GS ~ 40 nm) of the MCA. The 2nd 
order modulation and the 4th order proportionality are 
necessary to model the multi-domains seen in Figure 3 (a-b). 
The MCA modulation ∆𝐾𝐾 in this model were derived on the 
assumption that this an un-constrained system 0σ = , 

therefore uniaxial anisotropy 𝐾𝐾𝑢𝑢1 representing magnetoelastic 
interaction cannot be implemented [29].  

3.4.2. Model Parameters 
The multi-domain structures were modelled using the finite 

difference (FD) micromagnetic solver MuMax3. It has the 
capability to integrate and couple these different anisotropic 
fields (long range and local interactions) [33]. The same 
ellipse dimensions (diameter, aspect ratio, and thickness) as in 
the experiments (XMCD-PEEM and SQUID) were used to 
capture the effect of shape anisotropy. Local nano-crystal 
interactions were modelled using a built-in 2D Voronoi 
tessellation function. A FD grid with element length of 6 nm. 
The magnetic and elastic properties for FeGa used in the 
calculations are provided in Table 2, i.e. exchange constant 
(𝐴𝐴𝑒𝑒𝑒𝑒), Gilbert damping coefficient (𝛼𝛼), magnetic saturation 
(𝑀𝑀𝑠𝑠), 1st order MCA constant (𝐾𝐾𝑐𝑐1), and the anisotropic 
magnetostriction coefficients 𝜆𝜆[100] and 𝜆𝜆[111], and the 
stiffness coefficients are 𝐶𝐶11, 𝐶𝐶12, and 𝐶𝐶44. The computational 
study consisted of sweeping an external magnetic field (𝐻𝐻𝑥𝑥) 
±500 Oe under ramp function of 1 Oe/ns. Two studies were 
conducted with 𝐻𝐻𝑥𝑥 along the MA and SA, top-right insets in 
Figure 4 (a) and (b) respectively. 
 

𝐴𝐴𝑒𝑒𝑒𝑒(𝑝𝑝𝑝𝑝 𝑚𝑚⁄ ) 14 

𝛼𝛼 0.06 

𝑀𝑀𝑠𝑠(𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐⁄ ) 1300 

𝐾𝐾𝑐𝑐1(𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ) 35 

𝜆𝜆[100](𝑝𝑝𝑝𝑝𝑝𝑝) 263.3 

𝜆𝜆[111](𝑝𝑝𝑝𝑝𝑝𝑝) 13.3 

𝐶𝐶11(𝐺𝐺𝐺𝐺𝐺𝐺) 195 

𝐶𝐶12(𝐺𝐺𝐺𝐺𝐺𝐺) 155 

𝐶𝐶44(𝐺𝐺𝐺𝐺𝐺𝐺) 120 

Table 2: FeGa Properties. 

3.4.3. Model Results 
Figure 4 (a) and (b) show the modelled magnetization 

response (red curves) along the MA and SA of the micro-
ellipse, respectively. The remanent magnetization (𝑚𝑚𝑟𝑟) values 
were approximately 0.88 and 0.52 with respect to MA and SA. 
The magnetization along MA yielded a higher remanence 
relative to SA due to the shape anisotropy. These trends are 
consistent with the results from the XMCD-PEEM images and 
the SQUID measurements. The modelled coercivity (𝐻𝐻𝑐𝑐) 
values are ~ 24.5 and 15 Oe with respect to MA and SA. The 
coercivity (𝐻𝐻𝑐𝑐) along MA is higher than SA due to shape 
anisotropy. The top-right inset in Figure 4 (a-b) shows similar 
“Zig zag” and “S” shape multi-domain to those experimentally 
observed in the bottom insets of Figure 4 (a-b) from the 
XMCD-PEEM. The results from Figure 4 (a-b) suggest the 
multi-domain are caused by the local MCA, film texturing, 
shape anisotropy, and initial magnetization direction. The 
model captures the formation of these multi-domains but 
modelling the switching mechanism require a bi-coupling 
between micromagnetic and elastodynamics, therefore a fully 
bi-coupled FEA model is incorporated. 

3.5. Finite Element Modelling 

3.5.1 Theory 
A finite element analysis (FEA) framework is used to 

model the constrained magnetoelastic system that integrates 
the micromagnetics phenomenological Landau-Lifshitz-
Gilbert (LLG) equation, magnetostatics, and governing 
equations of elasticity through coupled partial differential 
equations. This multi-physics system provides a bi-coupled 
response seen in highly magnetostrictive materials.(34,35) 

Evolution of the magnetic moments were modelled using 
equation (4), the LLG equation, 

( )0 eff
m mm H m
t t

µ γ α∂ ∂ = − × + × ∂ ∂ 
 (4) 

where m is the magnetic moment, 𝜇𝜇0 permeability of free 
space, 𝛾𝛾 gyromagnetic ratio, and 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 is the effective 

magnetic field. The effective field effH equation (5) is an 

overall interaction from different magnetic anisotropies, 

eff ex mca ext d meH H H H H H= + + + +  (5) 
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where, exH is the exchange field, dH the demagnetization 

field, mcaH the magnetocrystalline field, extH the externally 

applied field, and meH the magnetoelastic field. The 

demagnetization field dH ϕ= −∇  is the magnetostatic long-
range moment interaction induced by the geometry of the 
microstructure, which was calculated using equation (6), 

2 ˆsM m nϕ∇ = − ⋅ (6) 
where 𝜑𝜑 is the magnetostatic scalar potential, and 𝑛𝑛� is the 
surface normal. The magnetoelastic field components were 
calculated using equation (7), 

( )
( )
( )

1 2
,

, 1 2
0

,
1 2

2
1 2

2

x xx y xy z xz
me x

me y y yy x xy z yz
s

me z
z zz x xz y yz

B m B m mH
H B m B m m

M
H B m B m m

ε ε ε

ε ε ε
µ

ε ε ε

 + +      = − + +        + + 

  

 (7) 
where 𝐵𝐵1 and 𝐵𝐵2 are the magnetoelastic coefficients, 𝜀𝜀𝑥𝑥𝑥𝑥, 𝜀𝜀𝑦𝑦𝑦𝑦, 
and 𝜀𝜀𝑧𝑧𝑧𝑧 are the normal strain components, and 𝜀𝜀𝑥𝑥𝑥𝑥, 𝜀𝜀𝑥𝑥𝑥𝑥 and 𝜀𝜀𝑦𝑦𝑦𝑦 

are shear strain components, which are dependent on the 
elastic and magnetoelastic strain, equation (8), 

el meε ε ε= +  (8) 

where 𝜀𝜀𝑒𝑒𝑒𝑒 and 𝜀𝜀𝑚𝑚𝑚𝑚 are the elastic and magnetoelastic strains, 
respectively. The magnetoelastic strains were calculated using 
equation (9), 

[100]

[111]

3 1  
2 3
3             
2

i j
me
ij

i j

m m i j

m m i j

λ
ε

λ

  − =   = 
 ≠

 (9) 

the elastic strains are calculated using the governing equation 
of elasticity and its constitutive relations. The elastic field is 
assumed to be in an equilibrium state, therefore 0σ∇ = . 

The constitutive relation elCσ ε= : and the total 

strain/displacement relation ( )( )1
2

Tu uε = ∇ + ∇  are 

coupled to the magnetic field using equation (8); the 
equilibrium equation is re-written as equation (10), 

Figure 5: Bi-coupled model set-up and results, following the same reference coordinate system. (a) Geometrical set-up with initial moment 
orientation (𝑚𝑚0) and mechanical boundaries (𝑢𝑢) conditions. (b) Time evolution of moment average components (left), and the bi-axial and 
piezo strain difference (right) response.  (c) Snapshots of magnetic moments (red arrows) and displacement/deformation of nanostructures 
at given time. 
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( )( )1 0
2

T meC u u C ε ∇ ⋅ : ∇ + ∇ −∇⋅ : =  
 (10) 

where 𝑢𝑢 is the displacement field. Equations (4), (6) and (10) 
are solved using a weak formulation in COMSOL Multi-
Physics package [35].  

3.5.2. FEA Results 
Figure 5 (a) shows the geometry of the model. A 

300x200x24 nm3 nano-ellipse was placed on top of a uniform 
elastic substrate. An elastic substrate was used to impose a 
strain through the nanostructure. The strain was generated by 
implementing roller boundary conditions at the left (𝑢𝑢𝑥𝑥0) and 
bottom(𝑢𝑢𝑧𝑧0) side of the substrate, and a displacement on the 
right (𝑢𝑢𝑥𝑥) side of the substrate. The displacement (𝑢𝑢𝑥𝑥) was set 
to produce the linear piezoelectric strain difference (∆𝜀𝜀). The 
displacement was ramped linearly at a rate of 800 ppm/ns. 
Once the maximum ∆𝜀𝜀 of 800 ppm was reached, the 
displacement (𝑢𝑢𝑥𝑥) was held fixed to observe the magnetic 
moment evolution under the imposed magnetoelastic easy 
axis. The initial direction of the magnetic moments (𝑚𝑚0) was 
at 45º from the “x” axis along the nano-ellipse middle axis. 
Figure 5 (b) and (c) show the average responses of the 
magnetic moment components, prior to and during the 
application of  ∆𝜀𝜀 inducing a magnetoelastic easy axis along 
the “x” direction. Initially, at 0 ns, the moments are uniformly 
aligned in-plane at 45º from the “x” and “y” axes (e.g., the 
ellipse middle axis); after relaxation of 0.5 ns the moments re-
aligned themselves along the ellipse long axis. The re-
orientation of the moments is due to the shape anisotropy 
induced easy axis. In addition, a single domain was observed 
due to the scale of the nano-ellipse where local- exchange 
interactions dominate over long-range demagnetization 
effects; therefore, no meta-stable multi-domain configuration 
is observed. This implies that nanoscale structures are not as 
sensitive of the initial magnetization direction as its 
microscale counterpart, therefore meta-stable multi-domain 
cannot be achieved in a nano-ellipses. Prior to applying ∆𝜀𝜀, a 
magnetostrictive strain 𝜀𝜀𝑚𝑚𝑚𝑚 was observed from the 45º 
rotation of the single domain, since the bi-axial strain (𝜀𝜀𝑏𝑏𝑏𝑏 =
𝜀𝜀𝑥𝑥𝑥𝑥 − 𝜀𝜀𝑦𝑦𝑦𝑦) was compressive. When ramping up ∆𝜀𝜀 in the 
substrate, the strain was transferred into the nano-ellipse 
elastic strain 𝜀𝜀𝑒𝑒𝑒𝑒 resulting in an increase of  𝜀𝜀𝑏𝑏𝑏𝑏 in the “x” 
direction. At the maximum strain (∆𝜀𝜀 = 800𝑝𝑝𝑝𝑝𝑝𝑝), the 
magnetoelastic easy axis along the shape anisotropy hard axis, 
caused the magnetic moment to be re-oriented. From 1.5 to 4 
ns the magnetic moment component 𝑚𝑚𝑦𝑦 started to collapse, 
and 𝑚𝑚𝑥𝑥 increased slightly to ~0.2. At the final stage of 4 ns, 
the magnetic moments transformed into a lower vortex state. 
During the transition of the magnetic domain state, 𝜀𝜀𝑏𝑏𝑏𝑏 
converges into ∆𝜀𝜀, which implies that the average 𝜀𝜀𝑚𝑚𝑚𝑚 in a 

vortex state is negligible, and only the average 𝜀𝜀𝑒𝑒𝑒𝑒 is observed 
(~800 ppm). In comparison to the structures from the XMCD-
PEEM results (Figure 3 (b) and (d)) where 400 ppm was 
needed for the magnetic state switching, the nano-ellipse 
requires double ∆𝜀𝜀. The difference in magnitude of ∆𝜀𝜀 was 
due to the difference between a stable single-domain and a 
meta-stable multi-domain configuration. The multi-domain 
“S” and “Zig-Zag” configurations (Figure 3 (a-b)) can rotate 
incoherently, whereas the single domain configuration rotates 
coherently. To capture the multi-domain configurations a 
larger structure would have to be modelled, but this is not 
possible with the constraint that elements size must be smaller 
than the domain wall width. The results of Figure 5 indicate 
that the bi-coupled model is a practical tool to model and 
design new strain-mediated multiferroics. The bi-coupled 
model has been validated on a Ni system [35]. This model was 
tested for Terfenol-D [34] and FeGa [36] but such systems has 
not been develop, therefore lacking validation. The results 
presented here are first validation for FeGa system. 

4. Discussion 

This work is the first to demonstrate that magnetoelectric 
composite heterostructures can be designed at the length scale 
of 10 microns that can be switched from a magnetized state to 
a vortex state using electric field induced strain.  Earlier work 
[19] had shown that single-domain nano-ellipses could be 
tripped to a vortex state, but this effect only occurred in a  
small fraction of the ellipses in sub-micron structures. The 
experiments presented here take advantage of the shape 
anisotropy of the ellipse shape that gives an easy axis along 
the MA and a hard axis along the SA. This was seemed 
through the remanence (𝑚𝑚𝑟𝑟) and coercive field (𝐻𝐻𝑐𝑐) values of 
the MA being relatively higher to the SA. This was used 
together with a magnetostriction induced easy and hard axis 
associated with a bi-axial strain state produced by a [011] 
PMN-32PT substrate (tensile and compressive in-plane strain 
components).  Initial modelling work using MuMax without 
the single crystal properties of FeGa did not produce the 
observed “S” and “Zigzag” domain structures. This led to 
consideration of the effects of grain structure in the textured 
film. Once the grain structure was added and the anisotropic 
elastic and magnetostriction included, the model produced the 
observed domain structures. This modelling approach should 
now work well for the design optimization of other shaped 
structures on the 10’s of micron scale. The interaction of the 
shape anisotropy with the strain induced magnetostriction was 
shown to trip the magnetization from a metastable multi-
domain configuration to a non-volatile vortex configuration. 
This behaviour cannot not be captured by the MuMax model. 
The energetics of the single-domain state and the vortex state 
were investigated using the FEA model. 

This FEA model is limited to nanoscale structures but did 
demonstrate the switching between the stable single-domain 
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state and the non-volatile vortex state, providing an 
assessment of the relative energy levels between the two 
states. Due to the nanoscale of the ellipse exchange interaction 
was dominant over long-range demagnetization interactions. 
The influence of the shape anisotropy was still noticeable, 
since 𝑚𝑚0 was initially at 45º from the shape anisotropy easy 
axis, therefore causing re-orientation of the single domain. 
Similar re-orientation was seen in micro-ellipses in Figure 3 
(b), but the demagnetization interaction was dominant, 
therefore causing a non-coherent rotation of the multi-
domains. The vortex state configuration was found to be at a 
global minimum in the energy landscape. The vortex state is 
stable and non-volatile, meaning that it does not switch back 
to its original configuration upon removal of the electric field 
[19].  

5. Conclusion 

In conclusion, piezoelectric strains were used to induce a 
magnetoelastic response in magnetostrictive continuous and 
patterned FeGa films. Magnetoelastic coupling was strongly 
correlated to the magnetostriction (𝜆𝜆𝑠𝑠) and piezoelectric (𝑑𝑑32) 
coefficients from the FeGa and PMN-32PT, respectively. In 
the micro-ellipses the piezo strain in conjunction with the 
shape anisotropy, converted the metastable multi-domain 
configurations into a vortex state, where switching was 
achieved using linear strains ≤ 800 ppm. The multi-domain 
configurations were a direct consequence of the size and 
geometry of the micro-ellipses, the initial magnetization 
direction, and the granular structures of the texture FeGa thin 
film, as indicate by the SQUID characterization and the FD 
modelling. This ability to switch off the magnetization in 
magnetoelectric composite heterostructures on the 10’s 
micron length scale is anticipated to be useful in biomedical 
and biotechnology applications where cells tagged with 
magnetic particles can be captured by the remanent 
magnetization (> 0.5 𝑀𝑀𝑠𝑠) and released upon localized 
application of electric field [17,18,22]. This quasi-static 
electric field driven magnetic state switching can be exploited 
in the design of multiferroic composites with localized 
electrodes where non-linear strains > 2000 ppm or electric 
fields > 0.4 MV/m are not available [7,8,37]. 
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