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Magnetic microscopy and simulation of strain-mediated control
of magnetization in Ni/PMN-PT nanostructures

lan Gilbert!, Andres C. Chavez?, Daniel T. Piercel, John Unguris?, Wei-Yang Sun?, Cheng-
Yen Liang?, and Gregory P. Carman?

1Center for Nanoscale Science and Technology, National Institute of Standards and Technology,
Gaithersburg, MD 20899

2Department of Mechanical and Aerospace Engineering, University of California, Los Angeles,
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Abstract

Strain-mediated thin film multiferroics comprising piezoelectric/ferromagnetic heterostructures
enable the electrical manipulation of magnetization with much greater efficiency than other
methods; however, the investigation of nanostructures fabricated from these materials is limited.
Here we characterize ferromagnetic Ni nanostructures grown on a ferroelectric PMN-PT substrate
using scanning electron microscopy with polarization analysis (SEMPA) and micromagnetic
simulations. The magnetization of the Ni nanostructures can be controlled with a combination of
sample geometry and applied electric field, which strains the ferroelectric substrate and changes
the magnetization via magnetoelastic coupling. We evaluate two types of simulations of
ferromagnetic nanostructures on strained ferroelectric substrates: conventional micromagnetic
simulations including a simple uniaxial strain, and coupled micromagnetic-elastodynamic
simulations. Both simulations qualitatively capture the response of the magnetization changes
produced by the applied strain, with the coupled solution providing more accurate representation.

One of the primary goals of the field of spintronics is to electrically control magnetization in
areliable and efficient mannerl~4. Many methods for manipulating magnetization
electrically have been explored experimentally. For example, the coupling between
ferroelectric and magnetic order parameters in single-phase multiferroic systems such as
BiFeO3° is one avenue by which electrical control of magnetism may be achieved’—°.
Another is to utilize the spin transfer torque exerted on an ultrathin magnetic free layer by a
spin-polarized current10:11 from a ferromagnetic polarizer or a pure spin current generated
by spin-orbit torque in a heavy metal layer'213, Finally, one can take advantage of the
magnetoelastic coupling in a piezoelectric/ferromagnet heterostructure, an approach that is
currently gaining significant attention14-17. An applied electric field generates a strain in the
piezoelectric layer via the converse piezeoelectric effect, and this strain changes the
ferromagnetic layer’s easy axis through magnetostriction. Simulations suggest that strain in
a piezoelectric can switch the moment of a nanomagnet while dissipating less than 1.5 aJ,
making this approach the most promising from the perspective of energy efficiency1819,

Here we use scanning electron microscopy with polarization analysis (SEMPA)29-21 to
investigate the magnetization changes generated in Ni films and submicron disks by strain in
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the underlying ferroelectric [Pb(Mg1/3Nb2/3)O03]0.68[PbTiO3]g 32 (PMN-PT) substrate
produced by an applied electric field. SEMPA images before and during the application of
the electric field allow us to precisely determine the induced changes to the three-
dimensional vector magnetization with resolution in the tens of nanometers. The
magnetoelectric coupling has a strong effect on vortex magnetization patterns in the Ni
disks: it can compress a vortex into two antiparallel domains that point along the easy axis
defined by the strain, or it can completely remove the vortex core, converting the disk to a
single-domain state. We then use these images to quantitatively evaluate the accuracy of two
types of micromagnetic simulations: one which treats the strain with a simple uniform
uniaxial anisotropy, and another that fully couples elastodynamic equations with the Landau-
Lifshitz-Gilbert (LLG) equation to capture the effects of the local structure of the strain on
the magnetization. While both models produce satisfactory results, the fully-coupled
elastodynamic and micromagnetic simulation produces more accurate results, demonstrating
a deficiency in the standard micromagnetics formalism that uses a spatially uniform uniaxial
anisotropy to model magnetoelastic effects. The improved accuracy of the fully coupled
solution would be crucial in accurately predicting device designs/responses near instabilities
or studies relying on highly magnetoelastic materials such as Terfenol-D (Thg 3Dyg.7Fe1 92).

The sample geometry considered here is illustrated in Figure 1a. Submicron Ni disks were
patterned on a 10 mm x 10 mm x 0.5 mm single crystal PMN-PT (011) substrate. The [100]
in-plane crystallographic axis of the PMN-PT substrate is aligned with the sample’s y-
direction while the [011] in-plane crystallographic axis is aligned with the x-direction.
Planar electrodes are deposited on the PMN-PT’s top (30 nm Pt) and bottom (30 nm Ta)
surfaces by electron beam evaporation. The disks (diameters 100 nm to 1000 nm) are
patterned with electron beam lithography on the top (Pt) surface using a double layer of
PMMA/MMA e-beam resist followed by electron beam evaporation of Ti(5 nm)/Ni(12 nm)
and liftoff. X-ray diffraction data on a similar sample are presented in Ref. 22. The PMN-PT
substrate was poled with a 0.8 MV/m electric field before the Ti/Ni film was deposited.
Applying a post-poling electric field of 0.8 MV/m produces anisotropic in-plane strain23,
The differences in strain between £=0 MV/m and £= 0.8 MV/m are ey, = 1200 pm/m and
eyx = —3200 um/m, as shown in Figure 1b for a similar substrate. The large strain jump at
0.6 MV/m is due to an electric field-induced phase transformation from the rhombohedral
phase to the orthorhombic phase that is strongly dependent upon the PMN-PT composition.
Optical and scanning electron micrographs illustrating the sample geometry are presented in
Figure 1c and d.

Nanoscale imaging of the magnetization of the patterned structures was performed at room
temperature using scanning electron microscopy with polarization analysis (SEMPA).
SEMPA is a scanning electron microscopy technique in which the spin polarization of the
secondary electrons is measured, allowing a map of the sample’s magnetization to be
constructed?0-21, The initial magnetization configuration was set by applying a 120 mT
magnetic field in the +x direction. The surface was cleaned in situ with Ar* ion beam
etching to remove contaminants and native oxide. The etch process was monitored with
Auger electron spectroscopy. Following cleaning, a few monolayers of Fe were evaporated
onto the sample, a standard technique used to increase the spin polarization measured by
SEMPA without altering the structure of the underlying magnetization?4. We first studied the
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effect of an applied electric field on the magnetization of large Ni rectangles. Figure 2 shows
SEMPA images of a corner of one of these rectangles. On the Ni portion of the sample, the
magnetization of the Fe layer follows that of the underlying Ni, whereas on the surrounding
substrate, the Fe magnetization forms its own domain structure. Note that the exchange
coupling between the Fe layer and the Ni structures is much stronger than magnetostriction,
so while the Fe deposited directly on the PMN-PT responds according to the Fe
magnetostriction alone, the Fe deposited on the Ni is locked to the Ni magnetization, which
has opposite magnetostriction. Without an applied electric field (Figure 2b), the Ni is mostly
magnetized in the xy direction (determined by the rectangle’s shape anisotropy), while the
Fe on the surrounding substrate is mostly magnetized in the +x direction. The differences in
orientation may be due to residual strain in the substrate that sets the initial Fe magnetization
configuration during growth. When an electric field of 0.8 MV/m is applied (Figure 2c), the
substrate is strained, and the Ni magnetization rotates to point in the +x direction while the
Fe rotates to point in the xy direction. In Figures. 2e and 2f, polar plots show the distribution
of magnetization directions extracted from Figures 2b and 2c, respectively. The opposite
preferred magnetization axes of the Fe and Ni regions of the sample are due to the opposite
signs of the magnetostriction coefficients for these two materials, i.e. Fe has a positive
magnetostriction coefficient while Ni has a negative magnetostriction coefficient. The
electric-field-induced anisotropic strain from the PMN-PT substrate produces an easy axis in
the Fe along the xy direction and an easy axis in the Ni along the +x direction.

The nickel disks were also measured with SEMPA (e.g., Figures 3a-3d). Consistent with the
micromagnetic simulations described below, the large disks exhibit a vortex magnetization
pattern, while the small disks exhibit uniform magnetization. The diameter at which the
crossover from vortex to single domain occurs (approximately 500 nm) is not completely
consistent due to the metastability of each state and the edge roughness in the individual
disks?®. Using SEMPA, however, we can directly image the magnetization of each
individual disk in its initial configuration and in the presence of an applied electric field, so
the exact magnetization changes due to the magnetoelastic coupling with the substrate can
be resolved on the nanoscale.

We focus on Ni disks initially magnetized in a vortex configuration, which allows us to
probe the effect of strain on magnetization in all in-plane directions. In Figure 3a—3d, we
present SEMPA images of 400 and 600 nm Ni disks before and during the application of a
0.8 MV/m electric field. The 400 nm disk initially contains an off-center vortex (a), but the
strain-induced anisotropy removes the vortex and rotates the disk’s magnetization to point in
the +x direction (b). The 600 nm disk initially contains a vortex located in the disk’s center
(c). Upon the application of the electric field, the regions of the magnetization parallel to the
x-axis grow, while the regions of magnetization parallel to the y-axis shrink (d), as one
would expect given the negative magnetostriction of Ni. The vortex core is not removed, but
the strain in the piezoelectric substrate effectively compresses the vortex into two
antiparallel domains. Note that because the strain is uniaxial rather than unidirectional, the
disk does not enter a uniformly magnetized configuration.

We use these results to validate two methods of modeling magnetization changes induced by
strain. First, two nickel disks, 400 nm and 600 nm in diameter, were simulated by coupling
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the LLG equation for micromagnetics with the mechanical strains and stresses via the
equations of elastodynamics2® (assuming small elastic deformations and linear elasticity).
This iterative modeling approach mathematically couples the magnetization and
displacement states to fully capture the interdependent nonuniform distribution of strain and
magnetization in the Ni disks. The nickel disk was discretized using tetrahedral elements
with a size on the order of the exchange length of nickel (8.5 nm). The ground state of each
disk was determined by starting the system from a randomly oriented magnetization state
and allowing it to settle into a stable configuration. A compressive strain of 3200 yum/m and
a tensile strain of 1200 um/m were applied along the x and y-directions of the substrate,
respectively23. The material properties used for the nickel disk were M= 4.8 x 10° A/m,
Apgy=1.05 x 10711 J/m, a=0.08, Aq0p = —46 x 1076, Aq11 = —24 x 1076, ¢; = 2.5 x 1011
N/m2, ¢y = 1.6 x 1011 N/m2, ¢4 = 1.18 x 1011 N/m2. The evaporated Ni film grain size is
on the order of 3 nm, so magnetocrystalline anisotropy is negligible due to its relation to
exchange length. Details of the numerical solution used have been previously presnted?’.
This model has also been experimentally validated for ring structures on the thick PMN-PT
substrates!® as well as on nanoscale structures?®.

The results of the fully-coupled simulations are presented in Figure 3e—h. Unlike the 400 nm
disk in Figure 3a, the 400 nm disk modeled here has a largely uniformly-magnetized ground
state, though the magnetization does rotate at the disk’s edge. The overall magnetization
rotates by 90° upon the application of strain. Again, we note that the edge roughness of the
experimental disks and the metastability of the vortex state prevent the completely consistent
experimental generation of a uniformly-magnetized ground state. The magnetization of the
600 nm Ni disk, initially in a circular vortex configuration, is compressed somewhat by the
application of strain, qualitatively consistent with the SEMPA images.

To further validate these simulations, we also modeled the Ni disks using MuMax3, a
standard micromagnetic simulation package2®. We modeled a 400 nm and a 600 nm
diameter Ni disk first without and then with a 150 mT uniaxial anisotropy to capture the
effects of strain, where the effective field was calculated using A= 3\ s¢44(e xx = €4y)/ Ms.
These results are presented in Figure 3i—l. When the uniaxial anisotropy is imposed, the
magnetization rotates to the +x direction, consistent with Figure 3b. The 600 nm disk shows
a vortex ground state in the micromagnetic simulation and, consistent with the SEMPA data
shown in Figure 3d, the vortex in the 600 nm disk is compressed by the strain.

In order to more quantitatively compare the SEMPA images and the results of the two
simulations, we extracted several line cuts of the magnetization angle ¢ (defined in the inset
of Fig. 4a) taken in circles about the center of the 600 nm disk. Representative line cuts with
a 225 nm radius are displayed in Figure 4 as a function of angular position 6 on the disk.
The most important item to note from these plots is that all three cuts (experiment, uniaxial
anisotropy, and coupled solution) show the same functional form for both the unstrained and
strained configuration. For the unstrained state seen in Figure 4(a), the disk’s magnetization
is a circularly-symmetric vortex, and the magnetization angle varies linearly with angular
position on the disk. In the strained case, as a consequence of the negative magnetoelastic
response of the disk to the applied strain, magnetization in the x-direction (compressive
direction) is favored at the expense of magnetization in the y-direction (tensile direction),
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causing the two step-like features seen in Figure 4(b). The plot shows that the magnetization
in both the top (0-180 degrees) and bottom halves (180-360 degrees) of the disk is more
uniform than in the unstrained state, i.e., the slope of the ¢ vs © curve is shallower on the
steps in Figure 4(b) relative to Figure 4(a).

To be provide a better understanding of the differences between the experiment and
analytical solutions, we provide the following discussion. First, for the unstrained case
shown in Figure 4(a), both the uniaxial anisotropy and coupled solutions accurately
represent the Ni magnetization direction. Both solutions reasonably predict the ground state
of this material and selected geometry. This is to be expected because, in the absence of
strain, the coupled solution system of equations reduces to the LLG equation, which is the
basis for the uniaxial anisotropy model. However, for the strained case, there are distinct
differences between the experiment, the uniaxial anisotropy, and the coupled solution. In
particular, significant disagreement is seen for the top half of the disk (6 = 0-180°). For this
portion of the disk, Figure 3(d) shows geometric imperfections that result in pinning
effects30 not taken into account by either analytical model. Despite this, the coupled solution
more accurately reflects the slope of the experimental ¢ vs. © curve in Figure 4(b). For the
lower half of the disk (i.e., 8 = 180-360°), the coupled solution is again more accurate,
nearly matching both the measured slope of the ¢ vs. 6 curve and the measured
magnetization direction ¢. The improved accuracy of the eleastodynamics-LLG simulation
is due to the coupling between strain and magnetization: the applied strain modifies the
magnetization, which in turn modifies the strain state. This is in sharp contrast to the
uniaxial anisotropy solution, which only models the effect of strain on the magnetization
state, neglecting magnetization-induced changes to the strain state. In addition to this lack of
coupling, the elastodynamic-LLG solution represents the nonuniform strain through the
volume of the disk. However, this non-uniformity in strain only occurs near the edges for
this geometry and, in this case, is relatively insignificant compared to the coupling of the
magnetization and strain. Inspection of Figure 4(b) also shows sharp discrepancies between
the experiment and both analytical solutions at 0, 180, and 360 degrees. The discrepancy
arises from nearly antiparallel domain states achieved following the applied strain requiring
abrupt changes in magnetization direction at 0, 180, and 360 degrees along the diameter.
These regions are unlikely to be resolved by SEMPA because of their small size and the lack
of topographic contrast between areas near the edge of the disk. While the above data has
shown that the coupled solution is more accurate than the uniaxial anisotropy model, larger
disparity with the uniaxial model would expected for a stronger magnetoelastic material
such as Terfenol-D (Thg 3Dyg 7Fe1.92). Furthermore, greater disagreement between the
models (i.e. less accuracy of uniaxial model) is also expected for geometric configurations
that produce large strain gradients or are near magnetic instabilities.

We use SEMPA to directly image the vector magnetization of Ni structures before and after
straining the underlying ferroelectric substrate and show that the magnetoelectric coupling
allows the magnetization patterns to be manipulated. In particular, we demonstrate that the
strain produces a uniaxial easy axis for the magnetization. For a disk initially magnetized in
a vortex, the magnetization configuration is either eliminated from the disk or compressed
into two antiparallel domains. These results can be successfully modeled both with basic
micromagnetic simulations incorporating a spatially-uniform uniaxial anisotropy to model

Appl Phys Lett. Author manuscript; available in PMC 2017 October 01.
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the strain as well as by fully-coupled micromagnetic elastodynamic simulations. However,
the coupled solution more accurately captures the local effects of strain and for stronger
magnetoelastic materials or operation near instabilities a fully coupled solution should be
used rather than simply adding a spatially-uniform magnetic anisotropy. We anticipate that
the techniques described here will be useful in the design of devices utilizing strain to
control magnetization4-17,

Acknowledgments

This project was supported by the National Institute of Standards and Technology, Center for Nanoscale Science
and Technology under project number R13.0004.04. 1.G. acknowledges support from the National Research
Council’s Research Associateship Program. Work at UCLA was supported in part by FAME, one of six centers of
STARnet, a Semiconductor Research Corporation program sponsored by MARCO and DARPA.

References

1. Wolf SA, Awschalom DD, Buhrman RA, Daughton JM, von Molnér S, Roukes ML, Chtchelkanova
AY, Treger DM. Spintronics: A spin-based electronics vision for the future. Science. 2001;
294:1488. [PubMed: 11711666]
2. Zutic I, Fabian J, Das Sarma S. Spintronics: Fundamentals and applications. Rev. Mod. Phys. 2004;
76:323.
3. Chappert C, Fert A, Van Dau RN. The emergence of spin electronics in data storage. Nature Mater.
2007; 6:813. [PubMed: 17972936]
4. Hoffmann A, Bader SD. Opportunities at the frontiers of spintronics. Phys. Rev. Appl. 2015;
4:047001.
5. Wang J, et al. Epitaxial BiFeO3 multiferroic thin film heterostructures. Science. 2003; 299:1719.
[PubMed: 12637741]
6. Trassin M. Low energy consumption spintronics using multiferroic heterostructures. J. Phs.
Condens. Matter. 2016; 28:033001.
7. Chu Y-H, et al. Electric-field control of local ferromagnetism using a magnetoelectric multiferroic.
Nature Mater. 2008; 7:478. [PubMed: 18438412]
8. Heron J, et al. Deterministic switching of ferromagnetism at room temperature using an electric
field. Nature. 2014; 516:370. [PubMed: 25519134]
9. Ramesh R, Spaldin NA. Multiferroics: progress and prospects in thin films. Nature Mater. 2007;
6:21. [PubMed: 17199122]
10. Meyers EB, Ralph DC, Katine JA, Louie RN, Buhrman RA. Current-induced switching of domains
in magnetic multilayer devices. Science. 1999; 285:867. [PubMed: 10436150]

11. Ralph DC, Stiles MD. Spin transfer torques. J. Magn. Magn. Mater. 2008; 320:1190.

12. Sinova J, Valenzuela SO, Wunderlich J, Bach CH, Jungwirth T. Spin Hall effects. Rev. Mod. Phys.
2015; 87:1213.

13. Hoffmann A. Spin Hall effects in metals. IEEE Trans. Magn. 2013; 49:5172.

14. Buzzi M, Chopdekar RV, Hockel JL, Bur A, Wu T, Pilet N, Warnicke P, Carman GP, Heyderman
LJ, Nolting F. Phys. Rev. Lett. 2013; 111:027204. [PubMed: 23889436]

15. Sohn H, et al. Electrically driven magnetic domain wall rotation in multiferroic heterostructures to
manipulate suspended on-chip magnetic particles. ACS Nano. 2015; 9:4814. [PubMed: 25906195]

16. Gao Y, Hu J-M, Wu L, Nan CW. Dynamic /n situ visualization of voltage-driven magnetic domain
evolution in multiferroics heterostructures. J. Phys. Condens. Matter. 2015; 27:504005. [PubMed:
26613293]

17. Chen AT, Zhao YG. Research update: Electrical manipulation of magnetism through strain-
mediated magnetoelectric coupling in multiferroics heterostructures. APL Materials. 2016;
4:032303.

Appl Phys Lett. Author manuscript; available in PMC 2017 October 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Gilbert et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 7

Roy K, Bandyopadhyay S, Atulasimha J. Hybrid spintronics and straintronics: A magnetic
technology for ultra low energy computing and signal processing. Appl. Phys. Lett. 2011;
99:063108.

Roy K, Bandyopadhyay S, Atulasimha J. Energy dissipation and switching delay in stress-induced
switching of multiferroic nanomagnetis in the presence of thermal fluctuations. J. Appl. Phys.
2012; 112:023914.

Scheinfein MR, Unguris J, Kelley MH, Pierce DT, Celotta RJ. Scanning electron microscopy with
polarization analysis (SEMPA). Rev. Sci. Instrum. 1990; 61:2501.

Allenspach, R. Modern Techniques for Characterizing Magnetic Materials. Zhu, Y., editor. Boston:
Kluwer Academic Publishers; 2005.

Wu T, Bur A, Kim HKD, Zhao P, Carman GP. Giant electrical control of magnetic anisotropy in
magnetoelectric heterostructures using (011) PMN-PT single crystal. Proc. SPIE. 2011;
7978:797818.

Wu T, Zhao P, Bao M, Bur A, Hockel JL, Wong K, Mohanchandra KP, Lynch CS, Carman GP.
Domain engineered switchable strain states in ferroelectric (011) [Pb(Mg1/3Nb2/3) O3] (1-x)-
[PbTiO3]y (PMN-PT, x~ 0.32) single crystals. J. Appl. Phys. 2011; 109:124101.

VanZandt T, Browning R, Landolt M. Iron overlayer polarization enhancement technique for spin-
polarized electron microscopy. J. Appl. Phys. 1991; 69:1564.

Chung S-H, McMichael RD, Pierce DT, Unguris J. Phase diagram of magnetic nanodisks
measured by scanning electron microscopy with polarization analysis. Phys. Rev. B. 2010;
81:024410.

Liang C-Y, Keller SM, Sepulveda AE, Sun WY, Cui JZ, Lynch CS, Carman GP. Electrical control
of a single magnetoelastic domain structure on a clamped piezoelectric thin film—analysis. J.
Appl. Phys. 2014; 116:123909.

Szambolics H, Toussaint JC, Buda-Prejbeanu LD, Alouges F, Kritsikis E, Fruchart O. Innovative
weak formulation for the Landau-Lifshitz-Gilbert equations. IEEE Trans. Magn. 2008; 44:3153.
Liang C-Y, Keller SM, Sepulveda AE, Bur A, Sun W-Y, Wetzlar K, Carman GP. Modeling of
magnetoelastic nanostructures with a fully coupled mechanical-micromagnetic model.
Nanotechnology. 2014; 25:435701. [PubMed: 25288449]

Vansteenkiste A, Leliaert J, Dvornik M, Helsen M, Garia-Sanchez F, VVan Waeyenberge B. The
design and verification of MuMax3. AIP Advances. 2014; 4:107133.

Cui J, et al. Generation of localized strain in a thin film piezoelectric to control individual
magnetoelectric heterostructures. Appl. Phys. Lett. 2015; 107:092903.

Appl Phys Lett. Author manuscript; available in PMC 2017 October 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Gilbert et al.

Strain (um/m)

500

-500

-1000

-1500

-2000

-2500

-3000

-3500

Page 8

Z [011]

X [011] ‘J‘\‘ Y [100]

T T T T T

— &y i
— 8yy i
00 02 04 06 08
Electric Field (MV/m)
Figure 1.

(a) Diagram of the sample geometry used in this work. Pt and Ta electrodes on either side of
a 500 pm thick PMN-PT substrate are used to apply an electric field in the z direction, which
leads to a compressive stress in the x direction and a tensile stress in the y direction. This
stress changes the configuration of the magnetization of the Ni disks fabricated on the
substrate. (b) Plot of strain in a similar PMN-PT substrate as a function of applied electric
field. A large change in strain in both directions occurs around 0.6 MV/m. Uncertainties are
derived from uncertainty of the instrument and are less than 5%. (c) Optical micrograph of
the sample. The rectangular patterns include the large rectangle shown in Figure 2 and the
arrays of dots shown in Figure 3. (d) Scanning electron micrograph showing some of the Ni
disks ranging from 100 nm to 1 um in diameter.
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Figure2.
(a) A scanning electron micrograph showing the corner of a large Ni rectangle on a PMN-PT

substrate. The entire area (substrate and Ni) is covered with a few monolayers of Fe to
improve magnetic contrast in SEMPA. (b) SEMPA image showing the magnetization of the
Ni rectangle as well as the thin layer of Fe on the PMN-PT substrate without an applied
electric field. Panel (c) shows the same area after a strain in the substrate is generated by a
0.8 MV/m electric field. The magnetization directions in (b) and (c) are given by the color
wheel in (d). This color scale is also used for all subsequent magnetization images in this
work. Panels (¢) and (f): Polar plots showing the distribution of magnetization directions
present in images (b) and (c), respectively. The blue portions represent the Fe magnetization,
and the red portions represent the Ni magnetization. The strain produced by the applied
electric field rotates the magnetization 90° and also slightly reduces the spread of the
distribution of magnetization angles.
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Figure 3.
The effect of strain on 400 nm and 600 nm diameter Ni disks. Panels (a) and (b) show

SEMPA images of the magnetization of a 400 nm Ni disk before and during the application
of a 0.8 MV/m electric field to the substrate. The off-center vortex is removed and the
magnetization is mostly uniform in this case. Panels (c) and (d) show analogous SEMPA
images for a 600 nm Ni disk. In this case, the vortex is compressed by the uniaxial
anisotropy induced by the strain into two antiparallel domains. Panels (e) and (f) show the
results of the elastodynamic-LLG simulations of the magnetization of a 400 nm Ni disks
without (e) and with (f) strain. The strain rotates the magnetization by 90°. Analogous
results for the 600 nm disk are presented in (g) and (h). The initial vortex magnetization
configuration is compressed into two anti-parallel domains. Panels (i)—(I) show simulations
of the same systems as (e)—(h), this time modeled with MuMax3. The color scale used here
is the same as that in Figure 2d.
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Figure 4.
Magnetization direction as a function of angular position on the disk for the unstrained (a)

and strained (b) 600 nm disks. The inset in (a) defines the angles © and ¢. The circular line
cuts are taken at 7= 225 nm. The black line in (a) is a 4th order polynomial fit to the SEMPA
data, and the black line in (b) is a piecewise linear fit to the SEMPA data. The blue and red
curves are the results from the coupled elastodynamic-LLG and Mumax3 simulations,
respectively. The constant offset between the SEMPA data and the elastodyanmic-LLG
simulation around 6 = 0-180° is due to pinning at irregularities at the disk edge, as noted in
the text.
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