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Using photoemission electron microscopy (PEEM) to image ferromagnetism inFor 

polycrystalline disks of ferromagnetic Ni disks, on and ferroelectricity in their 

single-crystal substrates of ferroelectric BaTiO3 substrates, we find that voltage-

driven 90 ferroelectric domain switching we use voltage-driven compressive 

uniaxial strain from 90 ferroelectric domain switchingserves to to reversibly 

annihilate each magnetic vorticexs by overcoming growth strain. The resulting via 

uniaxial compressive strain, and that the orientation of the resulting  bi-domain 

states possess absolute domain orientationrevealss that follow from the chirality of 

the annihilated vortex. ( The reversible annihilation was identified via 

high-resolution vector maps of magnetization that we constructed from 

photoemission electron microscopy (PEEM) images, with contrast from x-ray 

magnetic circular dichroism (XMCD). Ferroelectric domains in the BaTiO3 

surrounding the discs were also imaged using PEEM, with contrast from X-ray 

linear dichroism (XLD). Micromagnetic simulations suggest reveal that vortex 

annihilation involvedonly  60% of this e uniaxial strain was required for 

annihilation that is available from the ferroelectric domain switching.) In addition 
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to electrically switching on and off the perpendicular stray field arising from vortex 

cores, we suggest that vortex chirality can be read via in-plane stray field after 

electrically transforming to the bi-domain state.  Voltage control of magnetic 

vortices is novel, and should be energetically favourable with respect to the use of 

a magnetic field or an electrical current. In future, stray field from , and bi-domains 

could be exploited to read vortex chirality. Given that core polarity can already be 

read via stray field, our work represents a step towards four-state low-power 

memory contrasts the use of magnetic fields and electrical currents, thus 

representing a low-power alternative for data storage applications. 

 

 

. In addition to electrically switching on and off the perpendicular stray field arising 

from vortex cores, we suggest that vortex chirality can be read via in-plane stray 

field after electrically transforming to the bi-domain state. 

 

Separately, magnetic vortices have been demonstrated in discs of permalloy [32,33], iron [34] 

and nickel [35]. Vortex geometry is, and  constrained by details of the host material, such that 

discs with vortices cannot be miniaturized down to the sub-10 nm dimensions associated with 

state-of-the-art magnetic tunnel junctions [36]. However, vortices have nevertheless attracted 

much interest for in the context of magnetic recording data storage because they are small and 

possess four well-defined stable states [37,38]. Specifically, a ~10 nm-wide vortex core [34] 

can be magnetized up or down to yield two states of polarity, while the curl of the surrounding 

in-plane magnetization can take either sign to yield two states of chirality. FourThe ability to 

independently switch-state memory is therefore possible [35] by using magnetic fields and 

electrical currents to independently switch core polarity [3739,3840] and vortex chirality 

[3941,4042] raises hopes of four-state memory [43]. However, and to reduce power 

consumption it would be attractive to drive such changes with a voltage (non-deterministic 

voltage-driven switching of vortex chirality was demonstrated in ref. [4144]) to reduce power 

consumption. Moreover, it would be attractive to reversibly modify vortices in order to create 

lateral stray field for reading chirality in devices. 

 

Here we exploit strain-mediated magnetoelectric coupling from a single-crystal substrate of 

BaTiO3 (BTO) in order to electrically annihilate/create magnetic vortices in polycrystalline Ni 

discs of thickness 25 nm and diameter 1 m. By imaging both the ferromagnetic domains and 
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the ferroelectric domains, we found that pre-existing vortices were annihilated when a voltage 

drove a  c ferroelectric domain switching in the underlying substrate, and that subsequent 

c  a switching reversed this annihilation. Micromagnetic simulations reproduce the observed 

magnetoelectric effects with reasonable fidelity, and suggest that our vortices were annihilated 

by a change of strain that is just 60% of the uniaxial 10-2 strain associated with a  c switching. 

Vortex Importantly, vortex chirality was found to uniquely information is stored indetermine 

the orientation of the bi-domain states that are formed byresulted from vortex annihilation, . 

This immediately suggests that one could identify the chirality of vortices in memory devices 

by converting them to bi-domains, and reading the lateral stray fieldand therefore vortex 

chirality could be read via the lateral stray field from these bi-domain states. 

 

 

Experimental methods 

A 200 nm-thick Pt electrode was sputter-deposited on the back of a 0.5- m mm-thick BTO 

substrate that adopted the pseudo-cubic (001) orientation. After ultrasonic cleaning with first 

acetone, then isopropyl alcohol and last deionised water, we used thermal evaporation to 

deposit first Ta and then Pt to form a 2 nm-thick top electrode of Ta(0.5 nm)/Pt(1.5 nm). We 

subsequently used electron-beam-assisted evaporation with a base pressure of 310-10 mbar to 

grow 25 nm of Ni, capped with 3 nm of Cu, through a lift-off mask defined by electron-beam 

lithography in a double layer of PMMA resist. This resulted in 1010 arrays of 1 m-diameter 

Ni discs, with nearest-neighbour centre-to-centre separations of 2 m [Fig. 1(a)]. Ni discs of 

this size are known to display vortices [35], whereas thinner Ni discs form single-domain states 

[35,4245]. 

 

Raw PEEM images (10241024 pixels) were obtained in zero applied magnetic field on 

beamline I06 at Diamond Light Source, where we used an Elmitec SPELEEM-III microscope 

to map secondary-electron emission arising from circularly polarized x-rays that were incident 

on the sample surface at a grazing angle of 16°. The probe depth of ~7 nm was sufficient to 

sample the Ni discs through their 3 nm-thick Cu caps, and to sample the surrounding BTO 

surface through the 2 nm-thick top electrode of Pt/Ta. The lateral resolution was typically 

~50 nm. A 300 V power supply was connected to the top and bottom electrodes via 

feedthroughs in the sample holder. 
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Raw XMCD-PEEM images were acquired during 1 s exposure times with right (R) and left (L) 

circularly polarized light, both on the Ni L3 resonance at 851 eV, and off this resonance at 

842 eV. The pixels in a raw XMCD-PEEM image describe the XMCD asymmetry 

   LRLR / IIII  , which represents the projection of the local surface magnetization on the 

incident-beam direction. Here,   R/L

off

R/L

off

R/L

on

R/L IIII  denotes the relative intensity for 

secondary electron emission due to x-ray absorption on (
R/L

onI ) and off (
R/L

offI ) the Ni L3 resonance 

(the comparison between intensities obtained on and off resonance avoids the influence of any 

inhomogeneous illumination). The pixels in a raw XAS-PEEM image describe the x-ray 

absorption (XAS) intensity Ion
R  + Ion

L , which represents topographical/chemical contrast. 

 

Raw XLD-PEEM images were acquired during 1 s exposure times with vertically (V) and 

horizontally (H) polarized light, both on the Ti L3 resonance at 457 eV, and off this resonance 

at 446 eV. The pixels in a raw XLD-PEEM image describe the XLD asymmetry 

   HVHV IIII  , which represents the projection of the local surface polarization on the 

incident-beam direction. Here,   V/H

off

V/H

off

V/H

on

V/H IIII  denotes the relative intensity for 

secondary electron emission due to x-ray absorption on (
V/H

onI ) and off (
V/H

offI ) the Ti L3 

resonance. 

 

All raw PEEM images were averaged for display or the subsequent construction of magnetic 

vector maps. We averaged 100 raw XMCD-PEEM images to obtain XMCD-PEEM images of 

ferromagnetic domains. We averaged 100 raw XLD-PEEM images to obtain XLD-PEEM 

images of ferroelectric domains. We averaged 100 raw XAS-PEEM images to obtain 

XAS-PEEM images of topographical/chemical contrast. Magnetic vector maps were obtained 

by combining two such XMCD-PEEM images for orthogonal sample orientations, after 

correcting for drift and distortion via an affine transformation that was based on the averaged 

XAS-PEEM image for each sample orientation. 

 

Micromagnetic simulations performed using MuMax3 [4346] involved discretizing a Ni disc 

of the dimensions employed experimentally into 552.5 nm3 cells,  and assuming an exchange 

stiffness of 0.821011 J m-1 [4447] and a saturation magnetization of 434  kA  m-1 [our NiBTO 

paper21]. The uniaxial y-axis strain y from the substrate was assumed to introduce magnetic 
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stress anisotropy energy density -Kcos2, where 𝜃 is the angle between the in-plane 

magnetization and the uniaxial strain, K = 3

2
Ey, Young’s modulus E = 133 GPa, and Ni 

magnetostriction  = -32.910-6 [21]. Stable equilibrium configurations were indentified by 

dynamically relaxing the magnetization, and these configurations were confirmed via 

minimizations that exploited the conjugate gradient method [4346]. In both of these methods, 

MuMax3 internally suppresses the precessional term in the Landau-Lifschitz-Gilbert equation, 

and the user -defined damping constant is ignored, such that any user-defined  would be 

irrelevant. Images and polar plots describe the average magnetization of the upper two 

simulation cells, whose 5 nm thickness is similar to the ~7 nm PEEM probe depth. Image 

quality was improved by plotting four pixels for each of the 32428 pairs of double-height cells. 

 

 

Experimental results 

  

 

The vortex state in the virgin disc was anisotropic, given that polar-plot lobes were oriented 

somewhat along x. For negative-magnetostriction Ni, this suggests the possibility of tensile 

strain along y. Polycrystalline films can indeed experience tensile growth strain from BTO 

substrates along the long c axis of a domains [17,4245], possibly due to some degree of epitaxy. 

However, this indirect evidence for an a domain polarized along y is not compelling, as disc 

magnetization is not uniform, and the observed anisotropy could also arise from 

substrate-independent growth strain and any disc eccentricity. Instead, we will identify the 

ferroelectric domain structure via XLD-PEEM, but first we will discuss the effect of the voltage 

cycle on disc 1. 

 

The anisotropic vortex in the virgin disc was annihilated when 150 V stabilized a bi-domain 

state whose absolute domain orientations follow from the chirality of the annihilated vortex. 

At -300 V, the two magnetic domains adopted better antiparallel alignment, and a 

concomitantly straighter domain wall. Given that these two large bipolar voltages resulted in 

similar bi-domain states, we may infer that they caused the disc to experience similar strains 

from oppositely polarized ferroelectric c domains. It is therefore natural to anticipate that 

vortex annihilation is driven by a  c ferroelectric domain switching, as we will show below 

via Fig. 3. A vortex was recovered on returning to 0 V, suggesting that c  a switching took 
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place underneath. This recovered vortex possessed the same chirality as the starting vortex, 

given our observation that chirality information was stored in the absolute domain orientation 

of the bi-domain state. The polar plots show that the recovered vortex possesses greater 

anisotropy than the starting vortex, evidencing irreversible strain. 

 

Fig. 3(a) is a composite image that describes the virgin state of the sample in our 

15 m-diameter field of view. The vector map of disc 1 is accompanied by a vector map of 

disc 2, revealing another anisotropic vortex with opposite chirality. The XMCD-PEEM image 

representing the other discs reveals anisotropic vortices with different chiralities. The 

XLD-PEEM image representing the BTO between discs does not contain any domain walls, 

implying that the field of view shows a single ferroelectric domain. Below we will identify this 

ferroelectric domain to be a type. 

 

Fig. 3(b) corresponds to Fig. 3(a) after applying the 150 V. The vector map of disc 1 is 

accompanied by a vector map of disc 2, revealing another bi-domain state with the same easy 

axis. However, the two domain magnetizations were each reversed due to the opposite chirality 

of the virgin state. The XMCD-PEEM image representing the other discs reveals bi-domain 

states with the same easy axis as discs 1 and 2, while the absolute directions of magnetization 

likewise depend on virgin chirality. The XLD-PEEM image representing the BTO between 

discs reveals the presence of two outer ferroelectric domains that were associated with all of 

the observed discs, and a middle domain that was continuously annihilated over the course of 

several minutes (not shown). We attribute this lack of stability to an elastic energy cost 

associated with the unexpected [4548] meeting of long c axes and short a axes at the two 

observed walls. We may consequently deduce that the as-marked c-a-c configuration 

[Fig. 3(b)] arose from a  c switching under the discs, which thus experienced compressive 

strain along y to yield the observed easy axis along y. The complementary a-c-a configuration 

can be ruled out because it would imply that the discs experienced c  a switching with a 

domains polarized along y, i.e. tensile strain along y and thus an easy axis along x. 

 

After completing the cycle shown in Fig. 2, vector maps of disc 2 (not shown) confirm that the 

virgin vortex chirality had also been restored in this disc, consistent with the reversed 

bi-domain state that we observed at finite voltage [Fig. 3(b)]. The corresponding XLD-PEEM 
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images at -300 V and 0 V were not measured. However, XMCD-PEEM images (not shown) 

confirmed that the bi-domain state was stable at 0 V. 

 

 

Modelling 

For an unstrained Ni disc of the dimensions employed here, the lowest energy state would be 

an isotropic vortex [Fig. 4(a-c)], as expected [35], and the core would be 30 nm wide 

[Fig. 4(b)]. Introducing the inferred tensile growth strain along y resulted in an anisotropic 

vortex [Fig. 5(a,e,i)], where we have set y = 210-3 to best match the anisotropic vortex state 

of discs 1 and 2 in the virgin sample [Fig. 3(a)]. The resulting value of K = 3

2
Ey = -10 kJ m-3 

has the expected order of magnitude for Ni on BTO [21]. 

  

Replacing the y-axis tensile strain arising from growth with a y-axis compressive strain due to 

the a  c switching observed at 150 V [Fig. 3(b)] resulted in a bi-domain state [Fig. 5(b,f,j)], 

where we have set y = -410-3 (K = 20 kJ m-3) to best match the bi-domain state in disc 1 at 

150 V [Fig. 2(j,n)]. The simulated bi-domain state at 150 V is 3% more energetically expensive 

than a vortex state that we modelled at the same strain (not shown). However, an unexplored 

energy barrier will determine the related issues of stability and interconversion, and 

experimentally the vortex vortices and bi-domain states were found to persist over many hours 

at a given voltage while collecting XMCD-PEEM images. The domain wall in the simulated 

bi-domain state at 150 V is seen to bend and widen at the top, explaining the slightly imperfect 

lobe alignment in the corresponding polar plot. This finding is reminiscent of our observation 

that disc 1 displays a wavy domain wall at 150 V, and misaligned polar-plot lobes. 

 

Increasing the y-axis compressive strain to model the subsequent application of a larger voltage 

with opposite sign resulted in an asymmetric bi-domain state [Fig. 5(c,g,k)], where setting 

y = -510-3 (K = 25 kJ m-3) achieved good agreement with the asymmetric bi-domain state in 

disc 1 at -300 V [Fig. 2(k,o)]. The agreement is better at -300 V than 150 V, implying the 

possibility that switching reduced some uncontrolled long-range strain from unobserved 

ferroelectric domains. On reaching 300 V, the growth of one domain at the expense of the other 

can be understood as a step towards the single-domain state expected at sufficiently high strain. 

Switching the y-axis strain to tensile in order to model the final c  a switching step resulted 

in an anisotropic vortex [Fig. 5(d,h,l)], where we have exceeded the growth strain of y = 210--
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3 by setting y = 510-3 (K = -25 kJ m-3) to best match the more anisotropic vortex that arose in 

disc 1 after returning to 0 V [Fig. 2(l)]. 

 

 

Discussion 

Let us now consider the magnitudes of the strains that we have used to model vortex 

annihilation in disc 1. By overcoming the tensile growth strain of 210-3 with a compressive 

strain of -410-3, we may infer that a  c switching resulted in a compressive strain of 610-3. 

This represents 60% of the uniaxial 10-2 strain that one would expect from a 90 rotation of the 

BTO unit cell, implying the likelihood of imperfect strain transmission. The increase of strain 

that we identified with the magnetic changes observed from 150 V to -300 V is likely to be 

associated with the concomitant ferroelectric domain reversal, as the increase of strain 

associated with the continuous piezoelectric effect [21] is two orders of magnitude too small 

to explain our calculated strain increase. 

 

In summary, we have used XMCD-PEEM imaging and XLD-PEEM imaging to demonstrate 

that voltage-driven 90 ferroelectric domain switching in a BTO substrate can reversibly 

annihilate magnetic vortices in 1 m-diameter Ni discs, and that the chirality of the annihilated 

vortex determines the orientation of the resulting bi-domain state. We subsequently used 

micromagnetic modelling to suggest that vortex annihilation was achieved with 60% of the 

strain that one might expect for the ferroelectric domain switching, which demonstrates scope 

for optimization. The reversible magnetoelectric annihilation that we have demonstrated would 

should in future permit vortex chirality to be read via lateral stray field, just as the polarity of 

a vortex can be read via perpendicular stray field. 

 

Ultimately, it would be interesting to read all four stable vortex states [3543] via stray field, 

using the smallest discs of a given material to show vortices [35]. To exploit this ideafour-state 

vortex memory in low-power electric-write magnetic-read memory devices would require the 

followingtwo key improvements. First, it would be important to overcome the key challenge 

of electrically switching chirality and polarity, possibly via inhomgenous/dynamic electrically 

driven strain. Second, it would be important to define individually addressable ferroelectric 

elements that overcome clamping from a fixed substrate, possibly via pillars with a high aspect 

ratio. Third, it would be important to use These improvements could also be relevant for 
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magnetoelectric control of magnetic skyrmions. much smaller Ni discs that nevertheless show 
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Figure captions  

 

Fig. 1. Sample schematic and area of interest. (a) Cross-sectional schematic showing three 

of many Cu-capped Ni discs on an electroded BTO substrate in the pseudo-cubic (001) 

orientation. (b) XAS-PEEM image, obtained in the as-shown 15 m-diameter field of view. 

Disc diameter 1 m, Ni thickness 25 nm. Labels identify discs 1 and 2.  

 

Fig. 2. Magnetic images of disc 1 under voltage control. (a-h) XMCD-PEEM images 

obtained while applying the specified voltages across the BTO substrate, with the in-plane 

projection of the grazing-incidence X-ray beam parallel to (a-d) the red arrow and (e-h) the 

green arrow. Pairwise image combination yields near-surface magnetization direction , which 

we present on (i-l) magnetic vector maps and (m-p) polar histograms. Histograms show the 

fraction of pixels n with in-plane magnetization direction  after binning at 1. Data obtained 

in a 10 m-diameter field of view. Disc diameter 1 m. Vector maps in (j,k) also appear in 

Fig. 3(a,b). 

 

Fig. 3. Voltage-driven switching of ferroelectric domains and disc magnetization. 

Composite images at (a) 0 V and (b) 150 V, which each show magnetic vector maps of the 

near-surface magnetization direction  for discs 1 and 2, an XMCD-PEEM image of other Ni 

discs, and an XLD-PEEM image of the surrounding ferroelectric domains. BTO unit cell 

schematics overlie a and c domains. Blue bars in (b) help identify the surviving a domain. The 

XMCD-PEEM and XLD-PEEM images were obtained in the as-shown 15 m-diameter field 

of view that we used for Fig. 1(b), with the in-plane projection of the grazing-incidence X-ray 

beam parallel to the purple arrow. The vector maps were constructed from XMCD-PEEM 

images that were obtained in a 10 m-diameter field of view, with the in-plane projections of 

the grazing-incidence X-ray beam parallel to the red and green arrows. Disc diameter 1 m. 

The two vector maps for disc 1 also appear in Fig. 2(j,k). 

 

Fig. 4. Micromagnetic modelling of a Ni disc with no growth strain. We present the 

near-surface magnetization via (a) a map of in-plane magnetization direction , (b) a map of 

out-of-plane magnetization Mz, and (c) a polar histogram of  Histogram shows the fraction 

of pixels n with in-plane magnetization direction  after binning at 1. The magnitude of the 

local magnetization is denoted M. Disc diameter 1 m. 
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Fig. 5. Micromagnetic modelling of Ni discs under voltage control. For the uniaxial strains 

y that we identify for our experimentally applied voltages, we present the near-surface 

magnetization via (a-d) maps of in-plane magnetization direction , (e-h) maps of out-of-plane 

magnetization Mz, and (i-l) polar histograms of . Histograms show the fraction of pixels n 

with in-plane magnetization direction  after binning at 1. The magnitude of the local 

magnetization is denoted M. Disc diameter 1 m. 
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