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A B S T R A C T

Nanoscale magnetic patterning can lead to the formation of a variety of spin textures, depending on the intrinsic 
properties of the material and the microstructure. Here we report on the spin textures formed in laterally 
patterned antiferromagnetic (AF)/ferromagnetic (FM) thin film stripes with a period of 200 nm (100 nm FM/100 
nm AF). We make use of the AF to FM phase transition in FeRh thin films at ~100 ◦C, thereby creating a 
nanoscale pattern that is thermally switchable between AF/FM stripes and uniformly FM. A combination of spin- 
resolved photoemission electron microscopy, magnetic force microscopy, and magnetometry measurements 
allow direct nanoscale observations of the stray magnetic fields emergent from the nanopattern as well as the 
underlying magnetisation. Our measurements reveal pinning centres resistant to temperature cycling that govern 
the modulated spin-texture as well as a sub-texture consisting of grain-driven nanoscale magnetisation structure 
directed out of the film plane. The nanoscale magnetic structure is thus strongly influenced by the film micro
structure. Signatures of exchange bias are not observed, most likely due to the small contact area between the AF 
and FM regions, combined with the fact that the interfaces between the damaged and undamaged regions are 
likely to be highly diffuse owing to the lateral scattering of incoming ions. These results show that temperature 
controllable spin textures can be created in FeRh thin films which could find application in domain wall, mi
crowave, or magnonic devices.

1. Introduction

The antiferromagnetic (AF) to ferromagnetic (FM) magnetic phase 
transition (MPT) in equiatomic FeRh in the B2 phase at the technolog
ically useful temperature of ~100 ◦C has sparked significant research 
interest in the last decade both to explore the fundamental physics of 
this coupled phase transition [1–5] and for potential applications [6–9]. 
A particularly promising use of the MPT in FeRh is in thermally 
switchable exchange springs, which may be used to enhance heat 
assisted magnetic recording [8,10]. At the same time, patterning mag
netic structures in the nanometre regime by irradiation with light ions 
opens new avenues for applications, whether it be for storing data in bit 
patterned media [11,12], spin-orbit torque (SOT) devices [13], domain 

wall and spin texture racetracks [14,15], magnonics [16], or neuro
morphic computing [17]. To enable these applications it is necessary to 
understand the magnetic behaviour of nanoscale patterned structures. 
The ability to modify the magnetic structure of FeRh thin films using ion 
irradiation has now been established [18–24], wherein the irradiation 
defines regions of distinct magnetic ordering within the FeRh lattice. 
Depending on the ion irradiation conditions, thin films of FeRh can be 
modified to remain ferromagnetic over the temperature range of interest 
or, for higher doses, become paramagnetic [3,20,22,25]. Here we create 
an FeRh patterned structure consisting of 100 nm wide stripes, with a 
period of 200 nm, over a large lateral area (8 × 8 mm). Thus, we have a 
system where one set of wires always responses to magnetic fields (the 
irradiated FM wires) and the other set to temperature (the unirradiated 
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AF to FM phase transition wires). The system of interspersed AF and FM 
wires responds to magnetic fields as well as temperature with the AF to 
FM modulation vanishing at elevated temperatures. This structure al
lows us to explore coupling effects and domain structures as a function 
of thermally controlled magnetisation in a system with well-defined 
in-plane shape anisotropy. We perform direct observations of the 
nanoscale magnetisation as well as stray-field configurations at varying 
temperatures to characterize its complex behaviour.

2. Experimental

A 36 nm thick Fe50Rh50 thin film was deposited via dc magnetron 
sputtering on to a commercial grade (001)-oriented MgO substrate. 
Details of the sputter deposition parameters, including the pressure, 
power, annealing temperature and time, can be found in our previously 
published work [1,6,10,22]. A 500 nm positive resist was applied to the 
film surface and stripes with 100 nm width and 200 nm period were 
patterned by electron beam lithography (EBL) using a Vistec EBPG 
5000+ electron-beam writer. The patterned area comprised a square of 
side length 8 mm, leaving an unpatterned border of 1 mm on the 10 × 10 
mm substrate. The patterned film was irradiated with Ne+ ions using a 
1090–50 ion implanter (Danfysik A S-1, Taastrup, Denmark), with irra
diation parameters calibrated to generate ferromagnetic ordering uni
formly through the depth of the film, following our previous work [22]. 
Ne+ ions were accelerated to an energy of 25 keV under vacuum (2 ×
10–6 mbar). The irradiating ion beam of 10 mm diameter was rastered 
over the sample at a rate of 1 kHz, subjecting the film to a fluence of 7.5 
× 1013 ions cm-2 in four minutes, corresponding to a beam current of 60 
nA cm-2. The resulting distribution of ion energy deposition was calcu
lated using the Stopping and Range of Ions in Matter (SRIM) code [26].

The film was characterised by X-ray diffraction (XRD), X-ray 
reflectivity (XRR), and vibrating sample magnetometry (VSM) to 
confirm the expected crystal structure, layer structure, and magnetic 
phase transition are present in these samples. The X-ray measurements 
(see supplementary material) were conducted using a Rigaku SmartLab 
diffractometer with a one-dimensional D/teX Ultra 250 detector and 
either a two-bounce Ge(220) monochromator (for XRD) or 5◦ Soller slits 
(for XRR). The goniometer step size was 2θ = 0.01◦. The FeRh layer 
thickness, density, and roughness were confirmed by fitting a simulation 
to the measured data using GenX [27], from which the scattering length 
density (SLD) profile was obtained (supplementary Fig. S1 d. and e.). 
Crystallographic ordering in the B2 phase was confirmed by the obser
vation of FeRh (001) and (002) XRD peaks (supplementary Fig S1 a.-c.). 
Variable temperature VSM measurements parallel and perpendicular to 
the axis of the stripes were conducted using a MicroSense Model 10 
magnetometer. Magnetisation vs. applied field data were normalised to 
the sample volume using the thickness as measured by XRR. Background 
correction was performed by subtracting linear fits to the high field 
diamagnetic response.

To understand the effects of irradiation on the magnetic structure of 
the film, magnetic force microscopy (MFM) measurements were con
ducted over a range of sample temperatures using a Bruker Dimension 
Icon scanner in conjunction with a Bruker NanoScope V controller. MFM 
allows the stray field above the sample surface to be imaged with high 
spatial resolution, typically on the order of a few tens of nanometres 
[28]. The probe used was a Bruker MESP-V2. Temperature setpoints 
were chosen according to a known calibration curve to compensate for 
the small distance between thermocouple and sample surface. At each 
temperature setpoint the system was allowed to equilibrate for several 
minutes prior to measurements being made. All MFM data were ac
quired over (5.5 × 5.5) µm areas with 272 lines, a scan rate of 1 Hz, and a 
lift height of 15 nm. Between each successive image, x and y piezo offsets 
were adjusted to account for sample drift during temperature cycling, 
which was monitored by tracking the sample topography.

To complement the MFM measurements, which provide insight on 
the out-of-plane component of the stray field, we also conducted high- 

resolution X-ray magnetic circular dichroism photoemission electron 
microscopy (XMCD-PEEM) imaging. Contrast in XMCD-PEEM images 
results from the in-plane component of the magnetisation along the 
incident X-ray beam. Thus, combining this technique with MFM allows 
us to build a comprehensive picture of the magnetic structure within the 
embedded wires. The XMCD-PEEM was conducted using the Spin- 
resolved Photo Emission Electron Microscope (SPEEM) at the BESSY II 
storage ring in Berlin [29]. This end station comprised an Elmitec III 
instrument permanently attached to an undulator beamline with full 
polarization control in an energy range from 80 eV to 2000 eV. The 
X-ray beam was tuned to the L3 resonance of Fe at 707 eV and images 
were recorded under incidence of positive and negative X-ray helicity. In 
XMCD-PEEM, photoelectrons are generated due to excitation from the 
2p core levels of Fe to the exchange-split 3d band. From selection rules 
the process is spin-selective and dependent on the helicity of the incident 
photon, resulting in spin-polarized photoemission. Secondary electrons 
emitted from within a 5 nm depth of the surface are collected by 
applying a potential of up to 20 kV before being directed onto a 
multi-channel plate detector. The pixel intensities under the two hel
icities, I+ and I-, are individually averaged and the magnetic contrast 
image is obtained via (I+ - I-)/(I+ + I-). The sample temperature was 
controlled using a heating coil and a liquid He cooling. The red/blue 
contrast in the resulting images is indicative of the magnetisation being 
parallel/anti-parallel to the incident X-Ray beam. Non-magnetic fea
tures which give no XMCD contrast are used for drift correction and the 
lateral resolution of the measurement is typically better than 25 nm.

To better understand the MFM and XMCD-PEEM data, we performed 
micromagnetic simulations of the FeRh nanowires using MuMax3 [30]. 
The simulation grid consisted of 3000 × 500 × 40 cells with a cell size of 
2 nm × 2 nm × 1 nm correspondingly. The simulation geometry 
comprised five 6 μm × 100 nm × 40 nm wires with a pitch of 200 nm. 
Periodic boundary conditions were imposed in the x and y directions. To 
model the effect of lateral scattering of the irradiating ions, the wires 
were broadened to 120 nm in width at halfway through their depth. The 
saturation magnetisation was set to Ms = 1145 emu cm-3 (from the VSM 
measurements), the exchange constant was Aex = 7.5 × 10–7 erg cm-1 

[31]. For the magnetocrystalline anisotropy constant K1, the literature 
does not agree on a single value for FM FeRh, with calculated and 
measured values ranging from 1.3 × 105 erg cm-3 [32] to 2.7 × 106 erg 
cm-3 [33]. It has been shown that K1 in FeRh varies sensitively with 
lattice strain [34], which makes it particularly difficult to predict in our 
system where epitaxial strain is mixed with induced disorder. We 
therefore assumed a value approximately in the middle of the reported 
range of K1 = 1 × 106 erg cm-3. To account for FeRh polycrystallinity, 
the magnetocrystalline anisotropy and exchange parameters were var
ied by up to 10 % over a 2D Voronoi tessellation grain structure with an 
average grain size of 40 nm [35].

3. Results

The thickness, roughness, density, and crystallinity of the as-grown 
FeRh films were confirmed by X-ray reflectivity (XRR) and X-ray 
diffraction (XRD) measurements on the as-grown sample. The XRR data 
(supplementary Fig. S1 d. and e., with fitting parameters in Table S1) 
indicates that the FeRh has a thickness of (35.8 ± 0.3) nm and a density 
of ρFeRh = (0.03519 ± 0.0002) f.u. Å-3, equivalent to (9.28 ± 0.05) g cm- 

3, which is within 5 % of the bulk value [3]. Peak intensities measured 
using XRD give the order parameter S ≈ 0.84, indicating a high degree of 
B2 ordering [36] (supplementary Fig. S2). Fig. 1a. illustrates the irra
diation process, wherein the Ne+ ions define stripes of FM ordering in 
the FeRh film. SRIM simulations of the ion irradiation are shown in 
Fig. 1b. To model the effects of scattering beneath the resist mask, the 
simulations include a region in which incident ions are completely 
blocked from entering the film. The data show that the ions penetrate 
through the whole depth of the film, with a lateral scattering of up to 10 
nm beneath the resist mask. The distribution of displacements per atom 
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(dpa) in Fig. 1b. can be used to estimate the corresponding magnet
isation distribution [22]. The dependence of the measured Ms on the ion 
fluence observed on continuous, unpatterned films is fitted using an 
increasing s-curve for the AF/FM to paramagnetic transition. This gives 
a semi-empirical equation (see Supplement of [22]) which relates the 
magnetisation to induced atomic displacements i.e., m(dpa). The 
decaying magnetisation at higher ion-fluences has been considered, but 
these are negligible for conditions used in this work. The known m(dpa) 
is applied to the dpa-distribution in Fig. 1b., giving the lateral as well as 
depth distribution of m, as shown in Fig. 1c. The simulated distribution 
of Ne+ ions within the FeRh film after irradiation is shown in Fig. S3 of 
the supplementary information. The effect of any residual Ne+ ions is 
expected to be negligible, as throughout the film depth the concentra
tion remains below one Ne+ ion per 4000 atoms. This concentration is 
expected to reduce further as the smaller Ne atom escapes the FeRh 
lattice. Moreover the Ne atom is unlikely to affect the concentration of 
itinerant electrons, thereby having a negligible effect on the 
magnetisation.

The magnetic properties of the patterned FeRh film were charac
terised by vibrating sample magnetometry (VSM). In-plane hysteresis 
loops parallel and transverse to the axis of the wires were obtained at a 
series of constant temperatures from 25 ◦C to 250 ◦C (Fig. 2a–g). The 25 

◦C measurement reveals that the irradiated portions of the film 
contribute ~370 emu cm-3 (normalised by the entire film volume) to the 
magnetisation M at room temperature. This value is reduced compared 
to the value reported for bulk FeRh [37], however it is approximately 
consistent with typical values of ~800 emu cm-3 reported in a number of 
thin film studies [1,20,21,38], given that half of the total volume is 
expected to be ferromagnetic. The effect of the patterning is manifest in 
the substantial in-plane magnetic anisotropy seen in the loops taken 
parallel and transverse to the axis of the wires. FeRh does not usually 
exhibit a uniaxial in-plane anisotropy; this is therefore solely attributed 
to shape anisotropy from the patterning. Note that the hysteresis loop 
does not indicate the presence of any exchange bias between the AF and 
FM phases, which are in close physical proximity. This observation can 
be explained by the small contact area between the AF and FM regions, 
as well as the polycrystallinity of the film likely leading to a broad dis
tribution of Néel vectors within the unirradiated AF regions.

On heating the sample, M increases and loops acquired along both in- 
plane directions become narrower as the unirradiated regions of the film 
undergo the temperature-induced MPT. The anisotropy as a function of 
temperature is given in Fig. 2h., where the area method was used. The 
data reveal that the uniaxial anisotropy vanishes as the film undergoes 
the MPT, and remains effectively zero up to the maximum measured 

Fig. 1. a. Three-dimensional representation of the irradiation of an FeRh thin film through a lithographically patterned resist mask, with complementary plan view. 
The irradiated regions, which have a width of 100 nm, become uniformly FM at room temperature throughout the film depth. They have a periodicity of 200 nm. The 
unirradiated regions are AF at room temperature. b. SRIM simulations of the displacements per atom as a function of both lateral position under the resist mask and 
of depth through the FeRh film. The incident ions cause damage throughout the film depth, with an appreciable effect directly beneath the resist mask due to lateral 
scattering. The dashed lines show constant dpa contours. c. Anticipated magnetic moment of the FeRh film resulting from the damage profile calculated in b. The 
FeRh is uniformly magnetised in the exposed regions, with a 10 nm broadening at the midpoint of the depth (leading to an overall broadening of the stripes by 20 nm 
halfway through their depth). Also shown is the shape of the wire boundaries in the micromagnetic simulations.
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temperature of 250 ◦C. This behaviour is consistent with unirradiated 
regions transitioning from the AF to the FM phase, with the irradiated 
regions experiencing only a slight reduction in Ms. Indeed, magnet
isation vs. temperature measurements on an unpatterned film irradiated 
by 7.5 × 1013 ions cm-2 (Supplementary Fig. S2) show that from 25 ◦C to 
200 ◦C the magnetisation only reduces by 28 %, as expected far from the 
Curie temperature. Hence, on heating through the magnetic phase 
transition, the patterned film becomes uniformly ferromagnetic.

Fig. 2i. shows an M vs. temperature loop measured at constant in- 
plane field of 1 kOe. The data show that on heating, the unirradiated 
portions of the film undergo the MPT, with the total magnetisation 
increasing by ~500 emu cm-3 (normalised by the entire film volume). 
The phase transition temperature TAF-FM can be characterised by the 
peak of dM/dT vs. T (inset to Fig. 2i), which in this case yields a value of 
TAF-FM = 125 ◦C.

To characterise the magnetic structure at the nanoscale, magnetic 
force microscopy (MFM) images were acquired as a function of tem
perature. Fig. 3 shows the evolution of the magnetic structure as the 
temperature increases from 24 ◦C (Fig. 3a) to 160 ◦C (Fig. 3b). MFM 
scans at intermediate temperatures in this range are provided in Fig. S4 
of the supplementary information. The MFM measurements are sensitive 

to the out-of-plane stray field at a fixed height of 15 nm above the sur
face of the sample. Fig. 3c. shows the phase of the oscillating cantilever 
averaged over the y-coordinate (along the wires) as a function of the x- 
coordinate (across the wires) for MFM measurements at several tem
peratures, while Fig. 3d. shows the absolute value of the Fourier trans
forms of the phase information. The averaged phase and Fourier 
transformed data are also provided alongside their corresponding MFM 
images in Fig. S4 of the supplementary information. All MFM data were 
obtained with a constant out-of-plane magnetic field of 1.5 kOe which is 
a feature of the thermal measurement stage used.

The MFM images provide a direct visualisation of the AF to FM 
switchability of the embedded stripes. The AF regions merge into the FM 
lattice as the temperature increases, then re-emerge as the sample is 
cooled. The Fourier transforms of the phase data clearly demonstrate a 
well-defined periodicity, with peaks at 5 μm-1 commensurate with the 
200 nm pitch of the patterned wires. The spectral data also feature 
prominent second harmonic peaks at 10 μm-1. For both harmonics the 
FFT peaks are suppressed on heating of the sample and are recovered on 
cooling, as shown in Fig. 4a., which plots the reciprocal of the spectral 
component at 5 μm-1 as a function of temperature. The variable tem
perature magnetometry data of Fig. 2i. is also provided in Fig. 4a. for 

Fig. 2. a. – g. Hysteresis loops measured along and across the patterned stripes at various temperatures. There is a significant in-plane uniaxial anisotropy at room 
temperature owing to the magnetic contrast defined by the irradiated regions. On increasing the temperature, this anisotropy diminishes and the total moment 
increases as the unirradiated regions undergo the MPT to FM ordering. The minor discrepancy in saturation magnetisation observed for the 250 ◦C data across the 
wires can be attributed to a small calibration error. The data are included as they demonstrate that there is no significant change in anisotropy for the highest 
temperature. h. The anisotropy field Hk as a function of temperature, measured from the data in a. – g. The anisotropy decreases as the MPT progresses. i. Mag
netisation under 1 kOe applied field along the stripe axis as a function of temperature, showing the MPT of the unirradiated regions. The inset shows the differential 
of this data, allowing the MPT temperature to be quantified as TAF-FM = 125 ◦C.
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comparison.
Examining the MFM data in more detail, it is apparent that the 

magnetic domain structure within the FM wires is unaffected by a 
heating and cooling cycle. For example, MFM images taken at 80 ◦C on 
heating and cooling are well-correlated, as shown quantitatively in 
Fig. 4c., which provides the two-dimensional cross-correlation of these 
two images. This analysis shows the similarity between pixel brightness 
values in the two images as a function of displacement of one of the 
images; a detailed illustration of this operation is provided in Fig. S5 of 
the supplementary information. The data feature an intense peak at 
close to the middle pixel (pixel 270). For comparison, Fig. 4b. shows the 
cross-correlation between the 80 ◦C (heating) image and the 160 ◦C 
image, which shows no such peak. The similarity between the domain 
structures in the 80 ◦C heating and cooling images is made more obvious 
by presenting the images with a different colourmap, as shown in Fig. S6 
of the supplementary information. To demonstrate this comprehensively 
and quantitatively, cross-correlation plots between all heating and 
cooling scans are provided in Fig. S7 of the supplementary information. 
These data evidence that the formation of the domain structure within 
the FM wires is not driven by thermal effects alone, which would be 
expected to produce randomized domain formation on repeated thermal 
cycling. Instead, the correlations between MFM images before and after 

heating to 160 ◦C suggest that the microstructure of the wires plays an 
important role in determining the formation of the domain state.

To further probe the magnetisation of the embedded FM wires, we 
also conducted variable-temperature XMCD-PEEM measurements on the 
sample under zero applied field. Illumination by circularly polarized soft 
X-rays allows M to be resolved along the direction of X-ray incidence. In 
Fig. 5, the X-rays are incident with their projection directed downwards 
along the vertical axis, and the blue (red) contrast indicates M parallel 
(anti-parallel) to the light vector. The patterned stripes are aligned 
slightly off-axis (by approximately 12◦) for the given sample mounting 
conditions. Similar to the MFM images of the stray field above the 
sample, M shows pronounced modulations with a periodicity which 
matches the patterning. Note that the heating and cooling images were 
acquired from different locations on the sample surface. To complement 
the Fourier analysis conducted on the MFM data of Fig. 3, a similar 
analysis is presented on the XMCD-PEEM data in Fig. S8 of the supple
mentary information.

To better understand the MFM and XMCD-PEEM images, micro
magnetic simulations of the irradiated system were conducted. Fig. 6a. 
shows the simulated magnetisation for the case of zero applied field. 
Here, a grain structure has been imposed on the stripes with an average 
grain size of 40 nm. The simulation shows that the stripes divide into 

Fig. 3. a. MFM image acquired from the sample under a 1.5 kOe out-of-plane magnetic field at 24 ◦C. The lift height was 15 nm. The irradiated stripes are clearly 
visible, resulting from modulations in the stray field above the FM regions. b. MFM image acquired from the same position on the sample surface as in a., now at 160 
◦C. The periodic modulations have vanished as the AF regions either side of the FM stripes undergo the MPT. c. Cantilever phase data averaged over the y coordinate 
(along the stripes) as a function of the x coordinate (across the stripes). The data were acquired over a range of sample temperatures. d. Magnitudes of fast Fourier 
transforms (FFT) of the y-averaged phase data from c., where prominent first and second harmonic terms at 5 μm-1 and 10 μm-1 respectively (inside the dashed boxes) 
signify the prevalence of the stray field periodicity. These peaks vanish on heating to 160 ◦C, then re-emerge on cooling.
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antiparallel domains oriented along the stripe axis which are separated 
by vortex domain walls, with each domain occupying a few microns 
along the stripe length. To directly compare with the XMCD-PEEM 
experiment, the component of the magnetisation along the length of 
the wires is shown in Fig. 6b., which is in good qualitative agreement 
with the room temperature XMCD-PEEM data of Fig. 5a. Interestingly, 
repeating the zero applied field simulations without inclusion of a grain 
structure leads to the stripes being magnetised uniformly along their 
length, with no vortex domain walls present (supplementary Fig. S9).

In the MFM experiments, the thermal measurement stage used ap
plies a constant perpendicular magnetic field of 1.5 kOe to the sample. 
Therefore, the simulations were repeated with a 1.5 kOe field applied 
along the +z direction, with the resulting magnetisation profile shown in 
Fig. 6c. To account for imperfect alignment of the applied field along the 
z axis, the applied field in the simulation was given 3 % components in 
the +x and +y directions. Unlike the zero-applied field case, all the wires 
become uniformly magnetised predominantly in the +x direction, with a 
small and spatially varying out-of-plane component. To compare with 
the MFM data, the magnetisation of Fig. 6c. was converted into a 
simulated MFM image with an assumed lift height of 50 nm, with the 
results shown in Fig. 6d. The simulated MFM image is in good agreement 
with the measured data of Fig. 3a., which was acquired at 24 ◦C.

4. Discussion

By imaging both the magnetisation and the stray field Hs emanating 

from a system of embedded FeRh nanowires, we are able to separately 
identify the effects of temperature, applied magnetic field, and crystal
lographic defects on the micromagnetic domain structure. For T < TAF- 

FM, the XMCD-PEEM data show high-aspect domains which span several 
stripes. While the out-of-plane component of the stray field imaged by 
MFM shows variations on length scales of ~100 nm, the in-plane 
component of M observed in the XMCD-PEEM images features do
mains which occupy several µm along the wire length and several wire 
widths in the transverse direction. Regardless of the magnetisation di
rection, the magnitude of M observed in the low temperature XMCD- 
PEEM images contains microscopic modulations with periodicity 
matching that observed in by MFM, with well-separated FM (blue and 
red regions of Fig. 5) and AF (white regions) phases. This is demon
strated quantitatively in the Fourier analysis of Fig. S8 of the supple
mentary information. In contrast, when T > TAF-FM, the periodic 
variation vanishes as the AF regions between the wires transform to the 
FM phase. A direct spatial comparison of the µm-scale domains at 
different temperatures shows small shifts of the domain boundaries; 
interestingly however, the approximate size, shape, and position of these 
domains are largely maintained, even at high temperatures wherein the 
AF regions have completely transitioned to the FM phase, indicating that 
domain pinning centres persist at throughout the heating process.

On the other hand, domains observed under stray-field contrast via 
MFM show nm-scale variations, suggesting that although M is pre
dominantly aligned along the pattern-length, it nevertheless contains 
microscopic z deviations which result in detectable stray-fields. Despite 

Fig. 4. a. The reciprocal of the spectral component of the FFT data at 5 μm-1 (Fig. 3d.) is plotted as a function of temperature (red squares, left axis), alongside the 
thermomagnetic measurements from Fig. 2i. (grey circles, right axis). The reciprocal FFT data show a hysteretic increase with increasing temperature as the AF to FM 
phase transition progresses. b. Cross-correlation plot between MFM data acquired on heating to 80 ◦C and at 160 ◦C. There is no discernible correlation. c. Cross- 
correlation plot between MFM images acquired on heating to 80 ◦C (from room temperature) and cooling to 80 ◦C (from 160 ◦C). There is a clear correlation, which is 
maximal close to the centre of the two images (pixel 270).
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the presence of these nm-scale deviations, Hs modulations due to the 
lateral stripe pattern are clear in the FFT data. The combined M and Hs 
imaging thus shows that the net magnetisation is aligned along the 
pattern-lengths and possesses modulations of wavelength 200 nm. There 
exist local microscopic deflections of the magnetisation away from the 
length axis, which form nm-scale sub-domains. Under zero applied field, 
large domains are formed which comprise bunches of magnetic stripes 
with parallel net-magnetisation over micrometre length scales. These 
microscopic domains are temperature resistant and are preserved even 
at elevated temperatures where the stripe modulations vanish. Simi
larly, the small, nm-scale out-of-plane component of the magnetisation 
is recovered with the same spatial distribution after thermally cycling, 
suggesting that it is directly correlated to the microstructure of the thin 
film.

The results of the MFM and XMCD-PEEM experiments at room 
temperature can be further understood through comparison with the 
micromagnetic simulations of Fig. 6, which shows the magnetisation in 
the topmost layer of the simulated system of FeRh stripes. For the case of 

the zero-field simulations in which there is a grain structure (Fig. 6a. and 
b) the magnetisation profile is commensurate with that observed during 
the XMCD-PEEM experiment (Fig. 5a). The fact that similar simulations 
with no grain structure lead to the stripes being magnetised along a 
single direction (Fig. S9 of the supplementary information) provides 
further evidence that the domain structure of the system of embedded 
FeRh stripes is a sensitive function of the film microstructure. Similarly, 
the nm-scale deflections of the magnetisation vector towards the out-of- 
plane direction observed in the MFM and the simulations with a 1.5 kOe 
applied field can be understood in terms of small changes to the 
anisotropy across crystalline grain boundaries.

5. Conclusions

We have demonstrated that it is possible to generate ferromagnetic 
stripes which are embedded in a thermally switchable antiferromagnetic 
lattice through ion irradiation over a large area. By imaging both the 
magnetic stray field above the stripes and the in-plane component of 

Fig. 5. XMCD-PEEM imaging of the magnetisation vector field M. The contrast mechanism relies on the spin-selective absorption of X-rays at the Fe L3-edge. The in- 
plane component of the X-ray wavevector points vertically from top to bottom, and M is therefore resolved along this direction. The red regions indicate that M is 
parallel to the wavevector, while blue shows the antiparallel case. Imaging was done at stabilized temperatures during warming (a.-i.) and cooling (j.-l.). Note that 
the cooling data were acquired from a different location on the sample surface to the heating data.
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their magnetisation as a function of temperature, we show that the 
magnetic periodicity of the irradiated system can be modulated, 
allowing an in-plane uniaxial anisotropy to be switched on and off. We 
furthermore show the stripes can be divided into two types of domains. 
On the one hand, under an out-of-plane applied field each stripe can be 
separated into regions with distinct out-of-plane components of the 
magnetisation, which vanish on heating but are fully recovered on 
subsequent cooling of the sample. The form of this intra-stripe domain 
pattern is attributed to the microstructure of the irradiated film. On the 
other hand, under zero field the in-plane component of the magnet
isation is separated into antiparallel domains spanning several stripes in 
width, and this inter-stripe domain state is imprinted on the high- 
temperature domain pattern in which the stripe periodicity has van
ished. Through simulations, we show that the separation of the stripes 
into antiparallel in-plane domains also results from the film micro
structure. Our results demonstrate the potential for the magnetic 
response of FeRh to be locally tuned for a diverse set of applications, 
such as in patterned media or switchable mm wave devices, and offer 
important insight to the magnetic characteristics of such nanoscale 
magnetic structures.
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simulation of the resulting MFM image is provided in d.
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