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Abstract
It is well-known that FeRh undergoes an antiferromagnetic to ferromagnetic (FM) phase
transition where the high temperature phase is a low coercivity FM material. However, little is
known about the effect of lateral confinement on the transition dynamics in FeRh thin films.
Here, we pattern FeRh thin films into arrays of nanowires with a large aspect ratio (100:1) and,
with ultrafast probing of the magnetic state in an applied magnetic field, we determine the
influence of demagnetization fields on the stability of laser induced FM domains. In particular,
with pump-probe Kerr measurements, we demonstrate that, when a magnetic field is applied
along the nanowire length, the nanowire arrays exhibit an FM phase (>3.0ns) that is longer-lived
than that observed for continuous thin films (≈2.0 ns). With electrical measurements, we also
show that the transition temperature depends on the relative orientation of the magnetic field.
Indeed, when the FeRh film is patterned with sub-µm features, the transition temperature
decreases by up to 7 K depending on the field direction at applied magnetic fields of 1 T. The
effects of sample heating are explored using finite-element simulations to determine the heat
dissipation following laser excitation across a range of FeRh nanowire widths. These
simulations confirm that the increased lifetimes of the magnetic-field-aligned FM domains in
the nanowire arrays are not due to differences in heat dissipation. This suggests that FM domain
growth and relaxation through the ultrafast phase transition in FeRh nanowires is strongly
dependent on the shape anisotropy. This knowledge is important for the fine control of the phase
transition in patterned FeRh thin films for nanoscale devices.

4 Current Address: ESRF, 71 Av. des Martyrs, 38 000 Grenoble, France.
5 Current Address: European XFEL, Holzkoppel 4, 22 869 Schenefeld, Germany.
∗

Authors to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1361-6463/23/485002+12$33.00 Printed in the UK 1 © 2023 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6463/acf0cb
https://orcid.org/0000-0001-8000-923X
https://orcid.org/0000-0002-4320-4957
https://orcid.org/0000-0003-3843-6611
https://orcid.org/0000-0002-4110-1567
https://orcid.org/0000-0002-8116-8870
mailto:michael.grimes@esrf.fr
mailto:valerio.scagnoli@psi.ch
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/acf0cb&domain=pdf&date_stamp=2023-9-7
https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 56 (2023) 485002 M Grimes et al

Supplementary material for this article is available online

Keywords: magnetic phase transition, transient ferromagentism, FeRh nanowires

(Some figures may appear in colour only in the online journal)

1. Introduction

The control of magnetic phase transitions is of key interest
across a wide range of applications [1], with the most commer-
cially relevant being those in the field of magnetic data storage
[2, 3]. Magnetic phase transitions offer a method of switch-
ing magnetic states with lower total energy cost than current
technologies when implemented in emerging schemes such as
heat-assisted magnetic recording (HAMR) [3, 4]. Fe50Rh50 in
the B2 crystallographic phase has become an archetype for
studying such magnetic phase transitions due to the transition
temperature being readily accessible under normal laboratory
conditions (TT ∼ 380 K [5]). As part of this transition, the Fe
atomic spins reorientate, going from an antiferromagnet (AF)
[6] to a ferromagnet (FM) [7] on increasing the temperature.
The FM ordering of Fe spins further induces a moment on the
associated Rh atom [8] increasing the total magnetic moment
of the unit cell (see figure 1(a)) [9].

FeRh has also attracted attention as a result of the coup-
ling between the electronic, spin, and lattice degrees of free-
dom across the phase transition. In particular, the change in
magnetic order is accompanied by a transformation of elec-
tronic structure, which reduces the resistivity by 33% [10, 11],
and there is also an isotropic expansion of the crystal lattice
volume by 1% where the ordered bcc (B2, CsCl-type) struc-
ture is maintained [12]. As a result of these coupled phys-
ical phenomena in FeRh, the modulation of the transition tem-
perature (TT) can arise from a wide variety of factors [13].
This is because the AF and FM ground states are relatively
close in energy as demonstrated by ab initio and atomistic
simulations [14–16]. Hence, a small perturbation that stabil-
ises either state can alter TT as well as the distribution of trans-
ition temperatures (∆T). Indeed, it is known that TT is sens-
itive to both long-range and short-range structural distortions
[16, 17], and interfacial strain can affect the transition prop-
erties via the choice of capping layer [18], or the substrate
[17]. When a tensile strain is imposed on the FeRh film (e.g.
through epitaxial growth on MgO) the FM state is accessed at
lower temperatures [19]. While this effect is more pronounced
in thinner films (<10 nm) [19, 20], permanent FM interfa-
cial layers are also reported in thicker FeRh films (100 nm)
[21–23]. Increases in local disorder can further promote the
stabilisation of FM behaviour by inducing the disordered fcc
(A1) phase of FeRh [16], which is FM across all temperat-
ures. With the implementation of ion-irradiation, the sensitiv-
ity of this A1 state has been demonstrated, which can be select-
ively induced as a function of film depth [21, 24]. Extrinsic
factors, such as an applied magnetic field, will also influence
TT, where the energy barrier for the transition to the FM state

can be modified. It has been reported that there is a reduc-
tion in TT under the application of strong magnetic fields
[23, 25], exhibiting a field dependence of TT of ≈9 K T−1.
This is understood by considering the effect of field induced
spin canting of the Fe in the AF phase, where simulations
have indicated a reduced energy barrier to spin re-orientation
[26, 27].

Patterning FeRh thin films into nanostructures provides
a mechanism whereby substrate-induced strain is mitigated
by strain relief at feature edges [28, 29]. However, nano-
scale sample damage (a by-product of the ion milling pro-
cess) close to patterned feature edges (within 100’s nm)
must also be considered [28]. In addition to a shift in TT

in FeRh nanowires, an asymmetric phase transition has also
been observed [30]. Specifically, the FM→ AF reverse trans-
ition exhibited a narrower ∆T with step-like behaviour in
comparison to the smooth AF → FM transition. Uhlí̌r et al
[30] speculated that the applied magnetic field is enhanced
by a significant demagnetization field in the nanowires. This
demagnetization field is reduced when FM domains begin
to relax to the AF phase, resulting in a sharper transition
behaviour upon cooling. Indeed, the switching of individual
domains are observed with step-like changes in electrical
resistivity.

Despite the large body of work on FeRh thin films,
the effect of lateral confinement on the transition dynam-
ics remains under-reported. The dynamics of the FeRh phase
transition have been explored with probing of the electronic
[15], magnetic [31, 32], and lattice [33] transformations across
a range of timescales from sub-ps [15] up to ns [34, 35]. It
is known that the AF → FM transition mechanism differs
from the reverse transition as a consequence of the differ-
ent domain sizes (AF domain sizes are <100 nm, while FM
domain sizes ≈1 µm) [36–38]. The FM domains are estab-
lished through a nucleation-growth process while AF domains
require only nucleation [37]. The modification of TT arising
from the shape anisotropy [30] and the lithography-induced
structural disorder [28] is expected to alter the switching
behaviour according to previous reports of the FeRh phase
transition [13, 16]. When the size of the patterned elements
approaches the domain size of the FM phase, it is expected
that the sample demagnetization field can affect the transition
behaviour, as has been demonstrated in static measurements
[30].

Here we report on time-resolved magneto-optic Kerr effect
measurements (TR-MOKE) of the magnetization dynam-
ics across the phase transition of patterned arrays of FeRh
nanowires. The wire length provides the dominant easy
axis along which to align the magnetization assuming
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Figure 1. (a) Magnetometry performed on the FeRh thin film
sample at an in-plane applied field of 1000 Oe. The AF→ FM
transition upon heating is seen where the magnetization increases at
around 355 K. The corresponding spin configuration of the system
in each phase is provided (inset). (b) Optical microscope image of
nano-patterned wire array with wire width of 2.5 µm. (c) Atomic
force microscopy image of the surface is provided for the marked
region of interest (ROI) in part b. The roughness (root-mean square)
of the shown nanowire surface was 2.3 nm.

an insignificant in-plane (IP) magnetocrystalline magnetic
anisotropy [39]. Samples with a large shape anisotropy show a
sensitivity to the direction of the applied magnetic field, with
increased lifetimes of FM states observed for smaller demag-
netization fields. Simulations of heat dissipation and static
electrical measurements confirm that the increased stability of
the FM phase in the nanowire arrays is a result of the smaller
demagnetizing fields associated with the nanowire shape.

2. Methods

Fe50Rh50 (30 nm) thin films were dc magnetron sputter depos-
ited on to MgO(001) substrates and capped with a 3 nm thick
Pt layer to inhibit the formation of surface oxides [22]. The Pt
layer is deposited at room temperature to minimize the prob-
ability of Pt interdiffusion. The details of the sputter para-
meters for the FeRh thin films can be found in previously
published work [17, 22]. The film was characterised by x-
ray diffraction (XRD), x-ray reflectivity (XRR), and vibrating
sample magnetometry to confirm the expected crystal struc-
ture, lattice expansion, andmagnetic transition present in these
samples (see supplementary material). B2 order is confirmed
by the observation of FeRh (001) and (002) XRD peaks. From
the relative intensity of these peaks, a structural order para-
meter, S = 0.8 is obtained, demonstrating good crystallo-
graphic quality [40]. The XRR data (supplementary material)
confirms that Pt from the capping layer does not measurably
interdiffuse into FeRh. The expected AF→ FM transition was

observed on heating with TT = 353 K and ∆T = 25 K (red
curve in figure 1(a)).

The FeRh thin films were subsequently patterned into
arrays of nanowires with wire widths ranging from 2.5 µm
down to 300 nm. The period of the arrays (nanowire centre-
to-centre distance) was four times that of the wire width, and
the number of wires in each array varies from 10 (in the case
of 2.5 µm wires; see figure 1(b)) up to 80 (0.3 µm wires). A
Vistec EBPG 5000Plus electron-beam writer was used to pre-
pare resist masks with electron-beam lithography. Following
development, the nanowire arrays were created by Ar+ ion-
milling using an Oxford Ionfab 300Plus. Edge damage was
limited through the use of a relatively low acceleration voltage
(300 V) of the ions during the milling process with the purpose
of minimising changes in TT arising from structural disorder
[16, 28]. The quality of the resulting nanowire surfaces are
verified with a surface roughness of 2.3 nm as measured by
atomic force microscopy; see figure 1(c). A dielectric layer
was subsequently deposited to enhance the Kerr signal in
pump-probe experiments by acting as a resonant cavity for
light at a wavelength of 1030 nm [41]. Further details are avail-
able in supplementary material.

Measurements of the magnetization dynamics in the thin
films and nanowire arrays were performed using a lab-based
TR-MOKE system; see figure 2(a). For these measurements,
the sample was excited by a 150 fs laser pulse with laser
wavelength λ= 515 nm at a fluence of 4.0mJ cm−2 and a repe-
tition rate of 200 kHz, before being probed with a low fluence
pulse (λ = 1030 nm) [42]. The Kerr rotation at fixed pump-
probe delays was measured while sweeping the applied mag-
netic field between −110 and +110 mT. The FeRh samples
were automatically re-initialised to an AF state after each laser
pump event [43] as the laser repetition rate (200 kHz) allows
sufficient time for the sample to disperse the laser energy and
to return to thermal equilibrium.

In order to estimate the lifetime of the FM state in the FeRh
systems, finite-element modelling of the heat dissipation was
undertaken using COMSOL®. Tomodel the width of the trans-
ition conductivity, heat capacity, density, and Young’s modu-
lus are allowed to change gradually about T Ţ using an error
function with FWHM equal to the experimentally determined
∆T [29]; see figure 1(a). To determine the rate of heat loss
to the MgO substrate, the interfacial heat transfer coefficient,
κIF, was first estimated [44, 45]. Then the parameter κIF was
varied until the temperature profile of the film as simulated in
COMSOL® exhibited a relaxation profile comparable to the
TR-MOKE results over the 2–5 ns timescale; see figure 2(c).
The finite-element modelling simulation tracks the evolution
of the lattice expansion. As such, transient changes in volume
were used as a measure of the FM phase percentage as the sys-
tem relaxes since the lattice and spin systems are assumed to
be fully coupled in this regime [46].

A physical propertymeasurement system (PPMS)was used
to probe resistivity. Contact pads, which spanned all wires in
the arrays, were fabricated enabling electrical connections to
be made. The measurements were performed using a stand-
ard four-point probe methodology (see supplementary mater-
ial). The resistance of the nanowire arrays wasmeasured under
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Figure 2. (a) Schematic of the laser system used to perform the pump-probe Kerr measurements. The lock-in amplifier (LOA) is triggered
by the chopper with a rotational frequency of 1 kHz. The Kerr rotation is measured as both a function of probe delay and applied field
strength. (b) The magnetic response of FeRh thin films at different times on application of magnetic fields between +110 and −110 mT: (i)
at negative time delay, no signal is observed. At positive time delays, the response changes from a linear response (ii), to one at later times
that saturates under magnetic field (iii). Kerr rotation, ΘM, and remanence, ΘR, are extracted from linear fits to the data. (c) Plot of Kerr
signal and remanence as a function of pump-probe delay. The delay in the rise time of ΘR after excitation is evident from the fitting of the
data using a growth and decay model; a delay time of 150 ps for ΘR to emerge is found. The ΘM and ΘR growth rates are similar.

zero field (ZF) and in an applied magnetic field of 1 T, which
was applied both axially IP, parallel to the wire length, and
out-of-plane (OOP). In each case, the sample was heated in a
cycle; 300 → 400 → 300 K, with constant applied field of 0
or 1 Tmaintained throughout. Transition fields were measured
by performing isothermal field sweeps from +9 T to −9 T at
temperatures that span the FeRh phase transition. Isothermal
field sweeps were performed for both axial IP and OOP ori-
entations of the magnetic field.

3. Results and discussion

3.1. Magneto-optical investigation of phase transition in
patterned FeRh

The laser-induced AF → FM phase transition of FeRh has
been well documented in the literature, where magnetic order
evolves over hundreds of ps before micrometre-scale FM

domains are established [28, 32]. However, the effect of
applied magnetic fields on the progression to the FM phase
has only recently been explored [47]. It is also well known that
the transition temperature is dependent on the strength of the
applied field exhibiting a shift to lower temperatures at a rate
of 9 K T−1 [23]. Furthermore, in FeRh samples with signific-
ant IP shape anisotropy, it has been shown that the application
of a magnetic field parallel to the IP easy axis has the effect
of stabilizing the FM phase [27]. Here, we extend this work to
shorter time scales using a pump-probe technique, with TR-
MOKE experiments performed on arrays of nanowires (see
figure 1(b)) under different applied magnetic fields and at a
fixed temperature (RT≈ 295 K). The full experimental details
can be found in the methods section.

3.1.1. Dynamic evolution of Kerr signal in FeRh thin films.
The transient magnetic properties of FeRh thin films following
laser excitation are first determined.We identify three stages in
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the Kerr response through the laser-induced AF → FM phase
transition; see figure 2(b). Before laser excitation, the Kerr
signal shows no response to field. This is consistent with the
AF phase. For the 150 ps following excitation, a linear rela-
tionship with field (up to 110 mT) is seen. This is quantified
from the peak-to-peak value across the field applied, referred
to as ΘM. After 150 ps have elapsed, it is observed that the
Kerr signal saturates above certain magnetic field strengths.
This is expected when the sample has transitioned to the FM
phase, considering the soft nature of the FeRh in this state.
The positive and negative saturated response is fit for both the
positive and negative applied magnetic fields to estimate the
height of the hysteresis loop at ZF, which we call the Kerr
remanence, ΘR. It should be noted that, with such a dynamic
probe, information about the transient coercivity is unavail-
able due to relaxation to the AF phase between laser pulses
[48]. As seen in figure 2(c), the Kerr and remanence signals
exhibit slightly different transitory behaviour. The Kerr sig-
nal, ΘM, increases rapidly after excitation showing maximum
response within 500 ps. In contrast, ΘR is slower to emerge,
appearing 150 ps after excitation, with the maximum value in
ΘR observed after 700 ps. In order to model this behaviour,
the transition is quantified by adapting the traditional growth-
decay model [31] to include a time delay:

Θ(t) = G(t) ·

[
A

(
1− e

−(t− t0)/τG

)
+B

(
e
−(t− t0)/τR

)]
,

(1)

where Θ(t) is the transient Kerr signal, τG and τR are the
respective growth and decay lifetimes, and t0 is the time delay
for the signal to emerge. When this model is applied to theΘM

signal (where t0 is assumed to be 0), we find that sample mag-
netization quickly grows with a growth lifetime, τG = 75 ps.
The rapid initial increase in the ΘM signal seen in figure 2(c)
would suggest the emergence of small FM regions within
some fraction of the sample in a matter of ps, consistent with
results seen in recent x-ray absorption spectroscopy studies
[49]. The signal shows no remanence in this time frame, which
is likely to be due to the presence of regions with randomly
oriented magnetization and high coercive field. In contrast,
ΘR has a delay, t0, of 150 ps, whilst possessing a similar τG.
This signal tracks the growth of FM regions with magnetiza-
tion aligned to the field within the probed area. The measured
lifetimes are consistent with previous x-ray magnetic circular
dichroism (XMCD) studies [9]. The XMCD results showed
that the initial formation of FM regions occurs within 100 ps
but domains with µm size are established over a timeframe
of several ns [36]. We have also estimated the magnetiza-
tion (ΘM) decay lifetimes to be 2.7 ns; see figure 2(c). This
value is in good agreement with values reported in the x-ray
photoemission electron microscopy work of Ünal et al [35].
Specifically, by tracking the spatial extent of FM domains as a
function of probe delay (with a time resolution of 50 ps), they
observed that relaxation occurred over 2 ns, consistent with
the timescale of heat dissipation inmetals. The agreement with
previous pump-probe experiments is strong evidence that we

can track the growth and decay of FM domains with the ΘM

and ΘR values.

3.1.2. Dynamics of patterned FeRh nanowire arrays in an
axial magnetic field. In this section, we report the growth
dynamics of FM domains in patterned samples. The pump-
probe measurements performed on the thin films in the pre-
vious section were repeated for the series of nanowire arrays
described in the methods section. The IP magnetic state
was monitored by measuring the longitudinal Kerr response.
Initially, the experiment is performed with the magnetic field
applied parallel to the wire length; see figure 3(a). This mag-
netic field orientation is referred to as the axial field through-
out this work. Under an axial field, the array of 2.5 µm wide
nanowires exhibits a ΘR that peaks within 400–500 ps and
does not decay appreciably over the 2.5 ns timescale investig-
ated; see figure 3(b). This is similar to the dependence seen for
the thin films; see ΘR in figure 2(c). Considering the demag-
netising field, we have estimated that the applied magnetic
field strengths should be sufficient to saturate the magnetic
moment of the soft FM phase (coercivity, Hc < 30 mT [7]).

The results from our series of nanowire arrays are shown
in figure 3, where the wire width varies from 0.3 to 2.5 µm.
The FM-type behaviour, with a rapid increase in the ΘM,
is observed across the range of wire widths for an axial
magnetic field. The maximum signal emerges within 0.5 ns
and possesses lifetimes 2–3 times longer than those seen for
FeRh thin films of the same thickness (compare figure 3 with
figure 2). The entire range of the lifetimes extracted from fit-
ting equation (1) to the ΘR data is available in supplementary
material. Since the time delay betweenΘR andΘM is still 100–
200 ps, this indicates that the mechanism for aligning the mag-
netization in the FM domains to the magnetic field is similar
to that for thin films. This agrees with previous dc electrical
measurements where the AF → FM transition did not differ
from that seen in thin film samples [30].

3.1.3. Dynamics of patterned FeRh nanowire arrays in a tan-
gential magnetic field. The behaviour is expected to sig-
nificantly change when the magnetic field is applied in the
plane of the sample but perpendicular to the wire length.
This is because a greater demagnetization factor would res-
ult in a reduced total effective field. Indeed, the demagnet-
ising fields are expected to cause a transition asymmetry in
FeRh nanowires [30]. In particular, applying themagnetic field
along the short axis of the wires in the patterned sample is
expected to increase the barrier for the phase transition for a
fixed applied field strength. This is due to the well-known rela-
tionship between TT and the magnetic field strength, where an
increase of 1 T reduces the transition temperature by 9 K [23].

The effect of the demagnetising field was therefore determ-
ined by performing pump-probe measurements with the field
applied orthogonal to the wire widths, in the plane of the
sample [50]. This is termed the tangential configuration. We
report the longitudinal Kerr response as before, with applied
magnetic field strengths up to 110 mT.
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Figure 3. (a) Experimental geometry for the axial MOKE experiment. The blue double-headed arrow indicates the applied magnetic field
direction; the longitudinal Kerr signal was probed. (b)–(f) ΘM and ΘR as a function of pump-probe delay under an axial applied field for the
range of nanowire arrays probed. The scans are arranged in descending order of wire width, from 2.5 to 0.3 µm. ΘR is found to persist over
longer timescales than seen for FeRh thin films of the same thickness.

The different responses of 2.5 µm nanowires on applying
the magnetic field axially and tangentially are seen by com-
paring the FM relaxation dynamics in figures 3(b) and 4(b).
In contrast to the axial case, the tangential configuration TR-
MOKE scans exhibit a reduced ΘR that appears within 500 ps
but relaxes back to zero within the time frame of the scan
(<2.5 ns). As seen in figure 4, under a tangential magnetic
field, the nanowire arrays display a reduced ΘR, both in mag-
nitude and lifetime, which reduces as the wire width decreases.
The arrays with the narrowest 0.5 and 0.3 µm nanowires
exhibit almost zero ΘR. In all instances, ΘM is observed but
exhibits faster relaxation to the ambient state than seen for an
axial magnetic field. This would indicate a reduced stability of
field-aligned FM phase for the measured tangential fields (up
to 110 mT). The absence ofΘR in the thinnest nanowire arrays
is attributed to the large fields required to align the magnetiza-
tion of the FM domains in this direction, while the measurable
Kerr signal, ΘM, suggests that the magnetic phase transition
still occurs. In order to understand the origin of the longer-
lived remanence in the nanowire arrays (figure 3) when com-
pared to the thin films (figure 2), finite-element modelling is
used to determine any differences in the propagation of heat
through FeRh nanostructures following laser excitation.

3.2. Finite-element modelling of heat dissipation in FeRh thin
films and nanowire arrays

Slow relaxation to ambient temperatures is one potential
mechanism that would explain the longer-lived FM state
observed in the nanowire arrays. Therefore, in order to under-
stand the role of heat dissipation in the dynamics of the FeRh

phase transition in thin films and nanowire arrays, the heat
transfer within FeRh films grown onMgO substrates wasmod-
elled with the COMSOL® finite-element modelling software.

As a result of the coupling between the electronic, spin,
and lattice degrees of freedom across the phase transition in
FeRh [13], the evolution of the system into the FM state can
be probed (and simulated) with a range of physical transforma-
tions. For example, the isotropic lattice expansion can indicate
when the FM state is reached, assuming the phonon and spin
transformations are fully coupled. In modelling the heat dis-
sipation in metals, which occurs over ns, we assume the lattice
and the magnetic moments are fully coupled. Recent double-
pump THz emission studies indicate that a time interval of
≈10 ps exists between the spin and lattice transformations [47]
limited by the speed of sound. Therefore, our finite-element
modelling focuses on local isotropic expansion, where the nor-
malised density change is a measure of the FM state as a func-
tion of time. In figure 5(a), an example is shown of a 2D plot
of material density 50 ps after a simulated laser pulse illumin-
ates the central region. A series of simulations are conduc-
ted for FeRh thin films together with arrays of 2.5, 1.0, and
0.5 µm wide wires. The heat dissipation of a smaller ‘patch’
of FeRh thin film with surface area 100 × 200 µm2, which is
the same overall size as each of the nanowire arrays, was also
simulated using a similar mesh to eliminate modelling arte-
facts. This allows a comparison between the rate of thermal
dissipation found in each system. The laser heating was sim-
ilar to that used in the experiment with a fluence of 4 mJ cm−2

and a beamwidth (1/e intensity) of 40 µm. The normalised
change in density for each simulation is shown in figure 5.
These results demonstrate that equilibrium temperatures (RT)
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Figure 4. (a) Experimental conditions for the tangential geometry Kerr rotation measurements. The magnetic field is applied orthogonal to
the long axis of the nanowires, and the longitudinal Kerr signal is probed. (b)–(f) The total Kerr signal, ΘM, for all nanowire arrays
(presented in descending order of nanowire width) exhibits growth decay dynamics similar to that of the thin film seen in figure 2(c). In
addition, the FM remanence signal, ΘR, has a decreased response when compared to that of the axial field configuration. ΘR depends on the
nanowire width, disappearing as the nanowires become thinner. The arrays with 0.5 and 0.3 µm nanowire widths present Kerr signals with
negligible remanence signal.

Figure 5. (a) Snapshot of density from COMSOL-simulated FeRh nanowire array (with nanowire width of 2.5 µm) 50 ps after laser
excitation. The FM phase is assumed to correlate with lower density (blue) regions of the sample that occurs due to the lattice expansion.
(b)–(d) Normalised density changes across the simulated FeRh nanowire arrays. (e)–(f) Normalised density changes of simulated FeRh
patch (100 × 200 µm2) and thin film. By fitting the dynamics with a growth decay model based on equation (1), it is seen that, in all
instances, the nanowire array samples relax to the ambient state more quickly than the film and the patch, where decay rates are increased by
a factor of 4.
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Figure 6. Resistance as a function of temperature for FeRh array of 1 µm-wide nanowires. This was performed for three magnetic field
configurations: ZF, axial IP, and OOP. The inset shows the different orientations of the applied field with magnitude 1 T. (b) TT, ∆T, and δT
were extracted in each case by fitting the first derivative of the heating (red) and cooling (blue) curves with Gaussian functions.

are reached within 2 ns in all instances. The finite-element
modelling simulations predict that the temperature of the thin-
ner wires will undergo a faster equilibration to ambient tem-
peratures than thin films in such experiments, where the relax-
ation lifetimes are reduced by a factor of 4. The film and patch
are almost identical in behaviour, indicating that the differ-
ences in dynamics of the simulations are not due to differences
in lateral heat transfer processes. This would suggest that the
heat dissipation is dominated by interfacial heat transfer.

The increase in the rate of heat dissipation in nanowires
may be interpreted by considering the smaller, fractured sur-
face area. Each wire has a larger effective heat sink in the form
of bare MgO substrate at the wire edges. The MgO substrate
absorbs some energy from the laser but the physical properties
of the ceramic result in a reduced absorption in comparison to
the metal [44]. While the increased initial temperature of the
substrate will reduce the rate of heat transfer, the simulations
indicate the heat sink effect, where the heat is more efficiently
transferred from the nanowire arrays to the surrounding sub-
strate, is more important for the dissipation of thermal energy.
Indeed, it can be seen in figure 5 that the lower overall heat
energy in nanowire arrays following laser excitation is eas-
ily dissipated to the MgO substrate and air within 1 ns. From
this analysis, we must discount the hypothesis that a differ-
ence in transient FM behaviour of nanowire arrays is due to a
reduced ability to transfer heat, when compared to thin metal-
lic films. Indeed, these simulations predict that overall, heat
dissipates more efficiently in the nanowire arrays than in the
film, which would give reduced FM lifetimes if the average
temperatures were the only criteria for the transition dynamics.
Considering an interval between laser pulses of 5µs (repetition
rate = 200 kHz), this demonstrates that the longer-lived FM
states observed in figure 3 are not due to poor heat dissipation.

3.3. Static electrical characterisation of FeRh nanostructures

In order to understand the effect of the demagnetization field
on the phase transition in the FeRh nanowire arrays, we meas-
ure the resistance of individual arrays to estimate the trans-
ition temperatures; see figure 6(a). This is performed under
an applied magnetic field, employing the two extreme cases:
that of the axial IP and the OOP field orientations, which will
give the strongest contrast in demagnetization field strength.
Initially, the transition temperature was characterised at ZF
to determine if there was a reduction in TT for the nanowire
arrays. This has been previously observed in FeRh nanois-
lands, arising from structural disorder that is a consequence of
the lithography processes [28]. Next, by probing the applied
magnetic field required to induce the lower resistivity FM
phase, we estimate the net field experienced by the nanowires
for a range of field configurations.

3.3.1. Resistance vs temperature curves. The coupled
transition of FeRh allows for local investigations of TT on pat-
terned samples [29] with the measurement of the resistance,
since the FeRh electronic band structure is modified as FeRh
transforms from AF →FM magnetic order and this is asso-
ciated with a change in resistivity of 33% [23]. Similar to
the treatment of the magnetometry data in figure 1(a), TT is
defined as occurring at the maximum of the dR/dT curve, see
figure 6(b). The phase transition, as tracked by resistance, dis-
plays a thermal hysteresis of δT≈ 33− 35 K, indicative of a
first order phase transition. Both TT and the transition width
agree with that found for the thin film from the magnetometry
data. The resistance of the 1 µm wire array through the phase
transition at ZF is shown in figure 6. It can be seen that there
is a shift in TT for the OOP applied magnetic field with a drop
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Figure 7. (a) Example of an isothermal field sweep where the resistance of a nanowire array (1 µm nanowire width) is measured at 310 K in
an axial IP applied magnetic field. This is performed on changing the magnetic field both from +9 →−9 T (blue curve), and −9 → +9 T
(red curve). The switching field is defined as the inflection point of the curve, where a decrease in resistivity is associated with the
AF → FM transition and vice versa. These switching fields are averaged for the two sweep directions for each measured temperature. (b)
The AF → FM (left plot) and FM→ AF (centre plot) switching fields are plotted as a function of temperature for magnetic field applied IP
and OOP. The difference in switching fields is assumed to be an indirect measure of the difference in internal magnetic field strength. The IP
configuration is found to reduce the switching field in 1 µm nanowires by an average of 0.8 T.

of ≈3 K when compared to the temperature sweep performed
to the ZF case. For the axial IP configuration, a larger shift
in TT is observed, up to 9 K. Similar shifts in TT were also
observed in 500 nm wires. The full set of transition paramet-
ers of the nanowire arrays extracted from these measurements
are available in the supplementary material.

When comparing the transition temperatures for the axial IP
magnetic field orientation to that obtained from the magneto-
metry data for an unpatterned film (see figure 1), no marked
change in transition behaviour is observed. We therefore con-
clude the lithography procedure has not induced widespread
structural disorder in the patterned samples [16]. Likewise,
the similar transition properties of the 1 µm and 500 nm wire
arrays indicate that strain relief due to nanoscale pattering has
not measurably affected the transition properties. Having dis-
counted a shift in the transition temperature, the changes in
the TR-MOKE response for the nanowire arrays are therefore
likely to be due to the shape anisotropy. However, in con-
trast to previous measurements on single wires [30], we do
not observe a step-like FM → AF transition of the nanowire
arrays during the IP measurements. One explanation for this
is that transitions of individual FM domains to the AF phase
cannot be observed when the response is averaged over the
array [29]. However, it is seen that the transition is narrower
for the IP magnetic field orientation when compared to the
transition with an OOP field (∆T of 12 compared with 15 K;

see supplementary material), which is evidence of FM phase
stabilisation.

3.3.2. Resistance vs magnetic field curves. We next estim-
ate the magnitude of the demagnetization fields, by measur-
ing the applied field at which the AF → FM phase trans-
itions occurs under different magnetic field orientations. The
resistance is measured as the applied magnetic field is swept
across ±9 T for both axial IP and OOP magnetic field orient-
ations. The width of the resistance versus magnetic field hys-
teresis loop, i.e. the difference between the fields at which the
AF → FM and FM → AF transitions occur (see figure 7(a)),
gives information on the stability of the FM phase, i.e. the
wider the transition width, the more stable the FM phase is to
the applied magnetic field. An example of an isothermal field
sweep is provided in figure 7(a), where the transition width
and AF → FM switching field are indicated on the resistance
profiles. In figure 7(b), it can be seen how the FM phase of
FeRh emerges at lower field strengths for an axial IP mag-
netic field at a given temperature (compare orange and green
data). However, there is little evidence of phase asymmetry
where the transition widths (given by the difference between
AF → FM and FM → AF switching fields) are marginally
increased for the IP versus OOP measurements (3.30 ± 0.05
versus 3.15 ± 0.16 T).
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By considering the demagnetization fields, it is possible to
explain the presence of field-stabilised FM phase under axial
magnetic fields. Comparing the data for the two field configur-
ations shown in figure 7(b) demonstrates that the IP field ori-
entation reduces the transition field by 0.8± 0.1 T when com-
pared to the OOP case. This is seen for both the AF→ FM and
FM → AF transitions (compare orange and green data). The
0.8 T reduction in the switching field of the FeRh nanowires,
when the axial IP field results are compared to those performed
with an OOP magnetic field, is consistent with the 7 K shift in
TT shown in figure 6(a), based on the empirical field depend-
ence of TT, which is reduced by 9 K T−1 [23, 51]. We attrib-
ute this change in behaviour to the shape anisotropy, as FeRh
has only weak magnetic anisotropy as a result of its symmet-
ric, cubic crystal structure [12, 39]. Calculating demagnetiza-
tion factors based on the ratio of sample length to thickness
and width [52], the coercive field, HC, of the wires can be
determined as a function of angle. Assuming HC < 30 mT,
for the FM FeRh [7] (see supplementary material), saturation
along the wire lengths for the axial IP geometry is expected
for applied field strengths < 40 mT. For an OOP geometry,
magnetic fields of 1.1 T are required to saturate 1 µm. The
predicted differences in the coercive fields for the axial IP and
OOP magnetic field directions (1.1 – 0.04 T) are similar to
the experimentally determined difference in switching field
(0.8 T). This indicates that measuring switching fields under
different field orientations is a suitable estimate of the demag-
netisation field strengths.

Having determined the difference in demagnetization fields
for axial IP and OOP applied fields, we now try to explain
the observed behaviour of the Kerr remanence signal, ΘR, in
nanowire arrays under a tangential field shown in figure 4.
The electrical measurements show that changing the applied
magnetic field from OOP to IP, results in a change in the TT

of 6 K (figure 6(a)), which is not sufficient to explain the
strong divergence in behaviour seen when comparing axial
(figure 3) and tangential (figure 4). Based on the finite-element
modelling simulations and previous studies [33], a laser pulse
with a fluence of 4.0 mJ cm−2, is expected to induce a tem-
perature rise of > 150 K. As such, the excited sample will
transition to the fully FM state, irrespective of field direc-
tion. However, the demagnetisation field strength as a func-
tion of angle offers a more plausible argument. As seen from
the rapid rise in Kerr signal in both figures 3 and 4, the field
orientation does not measurably affect the initial formation of
the FM phase, which is induced by fs laser heating within
30 ps. This is consistent with recent x-ray absorption spec-
troscopy studies [47] where small FM regions are observed
within a few ps. We propose that the decreased demagnetiza-
tion field, when an axial IP magnetic field is applied, promotes
the field alignment of the magnetization of the laser-induced
FM domains.With the field strengths used (110 mT), the FeRh
nanowires are saturated by an axial field (HC < 50mT) but not
by a tangential field (HC > 200 mT). The subsequent inabil-
ity for the tangential field to saturate the wires along the field

direction would explain the reduced Kerr remanence signal
in figure 4 compared to figure 3. Indeed, the nanowire arrays
show a long-lived remanence signal under an axial field, and a
weak remanence signal under a tangential field. Furthermore,
the lifetime of the remanence signal is observed to increase
under an axial field when compared to the same experiments
performed on thin films. The field-aligned FM regions within
the FeRh nanowires relax more slowly when the demagnet-
ising field is minimised. Such a metastable FM state in FeRh
nanowires has previously been observed by Uhlí̌r et al [30],
where it was argued that the lower demagnetisation field sta-
bilised field-aligned FM domains. Using electrical measure-
ments, these authors observed an FM phase in 500 nm wide
wires at lower than expected temperatures (reduction of 10 K)
using axial magnetic fields of similar strengths. Recently,
memristive properties have been observed in FeRh nanopillars
of 300 nm width [53], with potential applications as artificial
synapses. The ability to control the lifetime of laser-induced
FM phase offers a method to engineer similar nanostructures
for neuromorphic applications.

4. Conclusions

We probed the transient ferromagnetism in Fe50Rh50 thin
films and nanowire array samples by measuring TR-MOKE
as a function of applied magnetic field, and obtained the
Kerr remanence signals as a function of time. Following fs
laser excitation in an axial field, the onset of ferromagnet-
ism appears to be similar for thin films and nanowire arrays,
with comparable growth lifetimes for the remanent Kerr sig-
nal, ΘR, of ≈75 ps. In contrast, the FM phase is found to per-
sist for longer times in nanowire arrays than in the thin films.
This indicates that there is an increased FM stability in the
nanowires, which has previously been reported in static meas-
urements, and leads to a slower relaxation to the AF phase on
the ns timescale.

Comparing the results for an axial IP magnetic field
with those for a tangential field, a transient Kerr response
is observed with a much increased remanence, ΘR, in the
nanowire arrays with an axial magnetic field, indicating
how increased internal fields stabilise the FM domains.
Furthermore, the total Kerr response was observed to relax
more slowly under axial applied fields. When the transition
temperature, TT, of individual nanowire arrays was determ-
ined using four-point probe measurements of the resistance as
a function of temperature, it was found that TT did not change
after patterning the thin films into nanowires. However, we did
find that TT is sensitive to the direction of applied magnetic
field (1 T) for the nanowire arrays, being reduced by 6 K when
field is applied axially IP as opposed to OOP. Estimation of
the effective fields within nanowire arrays indicate that, when
going from anOOP to an IPmagnetic field, there is an increase
in the internal field strength by up 0.8 T. We therefore attribute
the increased stability of the FM phase to this larger internal
field.
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In order to ensure that heat dissipation is not responsible
for the observed FM phase stabilisation, we developed a finite-
element model using COMSOL® to estimate the sample tem-
perature following laser excitation in both thin films and
nanowire arrays and found that there is no indication that
nanowire arrays have a reduced ability to dissipate heat
during these pumped laser experiments. We have therefore
demonstrated that shape anisotropy is a key factor that influ-
ences the phase transition where demagnetization fields within
nanowires stabilises the FM phase and reduces the energy bar-
rier of the AF → FM transition. Thus the relaxation times
of laser-induced FM regions can be controlled by modifying
the orientation and magnitude of the applied magnetic field as
well as the aspect ratio of the nanowires. Indeed, by changing
the applied IP magnetic field from tangential to axial for the
thinnest nanowires, the relaxation times can be increased by
a factor of 2. This should be taken into account when imple-
menting FeRh in high frequency HAMR applications, becom-
ing particularly important as the FeRh elements in the devices
are reduced in size. The ability to control FM lifetimes is also
of particular interest for memristive applications, such as in
neuromorphic computing.
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