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Accelerating the Laser-Induced Phase Transition in
Nanostructured FeRh via Plasmonic Absorption

M. Mattern, J.-E. Pudell, J. A. Arregi,* J. Zlámal, R. Kalousek, V. Uhlí̌r, M. Rössle,
and M. Bargheer*

By ultrafast x-ray diffraction (UXRD), it is shown that the laser-induced
magnetostructural phase transition in FeRh nanoislands proceeds faster and
more complete than in continuous films. An intrinsic 8 ps timescale is
observed for the nucleation of ferromagnetic (FM) domains in the optically
excited fraction of both types of samples. For the continuous film, the
substrate-near regions are not directly exposed to light and are only slowly
transformed to the FM state after heating above the transition temperature
via near-equilibrium heat transport. Numerical modeling of the absorption in
the investigated nanoislands reveals a strong plasmonic contribution near the
FeRh/MgO interface. The larger absorption and the optical excitation of the
electrons in nearly the entire volume of the nanoislands enables a rapid phase
transition throughout the entire volume at the intrinsic nucleation timescale.
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1. Introduction

Reducing the structure-size of metallic fer-
romagnets to the nanoscale not only helps
increasing the information storage density
but also enables direct plasmonic coupling
of light to the magnetic nano-bit for magne-
toplasmonic control and readout.[1,2] This
is a particularly exciting perspective in the
context of femtosecond optomagnetism[3]

with ultrafast optical manipulation of
magnetic properties such as a polariza-
tion control of two magnetic nanolayers
mediated by plasmon-polaritons[4] and
plasmonic enhanced all-optical switching
in magnetic nanodisks.[5,6] Heat assisted
magnetic recording (HAMR)[7,8] already
uses plasmonic near fields to confine

the optical energy to sub-wavelength areas for highly local mag-
netic switching in the new generation of magnetic hard drives. In
nano-granular FePt films constituting the classical HAMR mate-
rial recent experiments confirm a plasmonically enhanced ultra-
fast switching.[9]

In the context of HAMR, it has been proposed that the write
process in FePt media could be further assisted in FeRh/FePt
exchange spring bilayers by utilizing the thermally induced
antiferromagnetic-to-ferromagnetic (AF-FM) phase transition in
FeRh around 370 K.[10] FeRh and its first-order phase transition
accompanied with a gigantic lattice expansion and a magneto-
resistance have been focus of extensive research with perspec-
tive on applications in spintronics, nanoscale sensing, or solid-
state magnetocaloric refrigeration.[11–14] The tunability of the
transition temperature by growth-induced strain and chem-
ical doping,[11] as well as the active electric-field control of
the magnetization and the electric resistivity via the strain of
ferroelectrics[12,13] make FeRh promising for future applications.

The potential consequences of nanostructuring FeRh go well
beyond plasmonic coupling. Lateral nanostructuring limits the
number of independent nucleation sites, which changes the
nature of magnetization reversal from multi-domain to single-
domain and results in discrete avalanche-like jumps of the
order parameter upon cooling.[15,16] In thermal equilibrium,
the phase transition crucially depends on the lattice structure.
The tetragonal distortion of the unit cell originating from an
in-plane substrate-induced compression enhances the transi-
tion temperature.[16–18] In FeRh nanoislands, the partial re-
laxation of this tetragonal distortion reduces the transition
temperature.[16,19] Generally, in-plane nano-structuring unlocks
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in-plane expansion on the picosecond timescale in contrast to
the exclusive out-of-plane expansion of laser-excited continuous
thin films.[20] The 3D nature of the picosecond strain response
of nanoislands preserves bulk-like material-specific expansion
properties and results in a complex strain response due to cross-
talk of in- and out-of-plane expansion via the Poisson effect.[21–24]

Previous experiments studied the laser-induced phase transi-
tion in FeRh by the emergence of magnetization,[25–28] changes
in the electronic structure,[29] spin currents injected into adja-
cent metals[30] and the rise of the larger FM lattice constant.[31–33]

Probing the structural order parameter by ultrafast x-ray diffrac-
tion (UXRD), we recently disentangled optically induced nucle-
ation and heat-transport driven propagation of the FM phase in
inhomogeneously excited FeRh continuous films, whose thick-
ness exceeds the optical penetration depth.[33] We identified a
universal 8 ps nucleation timescale in FeRh, which does not de-
pend on the film thickness and temperature nor on applied
laser fluence and magnetic field.[33] The effects of nanostruc-
turing on the coupled ultrafast dynamics of demagnetization,[23]

remagnetization,[34] and strain[21–23] have been thoroughly stud-
ied for FePt. Ultrafast experiments on FeRh nanoislands that
study the influence of the in-plane expansion, reduced number of
nucleation sites and plasmonic excitation are lacking up to now.

Here, we use UXRD to explore the kinetics of the laser-driven
phase transition in FeRh nanoislands by probing the ultrafast
emergence of a larger lattice constant that parameterizes the FM
phase as structural order parameter. In order to access the effect
of finite lateral dimensions, we compare the results to a sim-
ilarly thick continuous FeRh film as reference. In the nanois-
lands, the AF-FM phase transition drives a partial in-plane ex-
pansion of the nanoislands both in equilibrium and on ultrafast
timescales. Upon laser excitation, we observe the same 8 ps nu-
cleation timescale in both samples indicating an intrinsic prop-
erty of the optically induced phase transition irrespective of the
sample morphology. However, while we observe a relatively slow
heat transport-driven growth of the FM phase into the depth of
the continuous film, the phase transition of the nanostructured
film occurs precisely on the intrinsic timescale of domain nu-
cleation. By modeling the absorption of the nanostructures, we
relate this acceleration of the phase transition to a homogeneous
optical excitation of the electrons in FeRh along the out-of-plane
dimension due to plasmonic effects enabled by the size of the
metallic islands below the excitation wavelength.

2. AF-to-FM Phase Transition in Equilibrium

In the first step, we characterize the morphology dependence of
the AF-FM phase transition of FeRh in thermal equilibrium as a
reference for the time-resolved experiments. Figure 1 compares
the properties of the phase transition of a continuous 55 nm thick
FeRh(001) film with a lateral nanostructured film with a mean
height of 52 nm. Figure 1a,b schematically sketch the sample
structures grown on MgO(001) substrates.

Figure 1c,f displays the diffracted intensity around the (002)
FeRh Bragg peak along the out-of-plane reciprocal space coor-
dinate qz recorded at the KMC-3 XPP endstation at BESSY II
in the low-alpha operation mode[35] with monochromized 9 keV
hard x-ray photons. With increasing temperature, we observe the
emergence of an additional Bragg peak at smaller qz values that

correspond to the arising FM phase when the temperature ap-
proaches the mean transition temperature of the thin film (370 K)
and the nanoislands (350 K), respectively. The integrated inten-
sity of this Bragg peak is directly proportional to the volume of
FeRh exhibiting the FM phase[31] and thus parameterizes the FM
phase during the temperature-driven AF-FM phase transition.
The proportion of the FM Bragg peak in the total intensity yields
the temperature-dependent FM volume fraction VFM. Figure 1d,g
compares this structural parameterization of the phase transition
(symbols) to the macroscopic magnetization normalized to its
maximum (solid lines) serving as complementary order parame-
ter of the FM phase. Note, the heterogeneous transition temper-
ature at different sample sites broadens the thermal hysteresis
of the magnetization with respect to the locally probed structural
order parameter.

The comparison of the two samples reveals a dependence of
the AF-FM phase transition in thermal equilibrium on the sam-
ple morphology. The enhanced surface-to-volume ratio of the
nanoislands results in a noticeable residual FM phase that per-
sists below the transition temperature TT at the symmetry break-
ing surface[36] and at the film-substrate interface.[37] In addi-
tion, the small lateral extent of the islands partially relaxes the
substrate-induced tetragonal distortion of FeRh, which lowers the
transition temperature for the nanoislands.[16,17,19] This is indi-
cated by the lower mean out-of-plane lattice constant d with re-
spect to the continuous film (see Figure 1e,h) given by the center-
of-mass (COM) of the diffracted intensity via d = 4𝜋/qz, COM.
This applies in particular to the out-of-plane expansion associ-
ated with the phase transition. While, we find 0.4% expansion for
the nanoislands close to the bulk value of 0.3%,[38] the substrate-
induced clamping of the in-plane expansion suppresses the Pois-
son effect[20] and results in an out-of-plane expansion of 0.6%
for the thin film. We quantified this morphology-dependent in-
plane clamping by modelling the temperature-dependent lattice
constant in Figure 1e,h (symbols). Utilizing literature values for
the thermal expansion of FeRh and MgO, Equation (2) (solid
lines) yields excellent agreement if the thin film purely follows
the in-plane expansion of the MgO substrate and if 58% of the
volume of the nanoislands behave bulk-like where the relaxation
of the in-plane constraints is expected to increase toward the sur-
face and to depend on the in-plane dimensions of the different
nanoislands[39] (see Experimental Section).

3. Ultrafast Phase Transition Tracked by UXRD

In the UXRD experiment, we track the emergence of the FM
Bragg peak upon excitation by a 600 fs near-infrared laser pulse.
The time-dependent integral of the FM Bragg peak quantifies
the transient laser-induced FM volume fraction VFM. Figure 2a,b
displays the diffracted intensity along qz before and after an ex-
citation with 11.2 mJcm−2 at 340 K for the thin film and with
5.2 mJcm−2 at 230 K for the nanoislands, respectively. The emerg-
ing FM Bragg peaks indicate the optically induced AF-FM phase
transition for both samples. The AF and FM Bragg peaks are well
separated for the thin film. For the nanoislands, an ultrafast in-
plane expansion on short timescales is enabled by their small lat-
eral extent.[20] The concomitant transient out-of-plane Poisson-
contraction results in less separated Bragg peaks (Figure 2b) for
the nanoislands. This indicates a reduced tetragonal distortion
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Figure 1. Morphology-dependent phase transition in thermal equilibrium: Schematic of the UXRD experiment mapping the reciprocal space via 𝜃 − 2𝜃-
scans and the sample structure of the continuous film (a) and a sketch of the nanoislands (b). Panels (c–e) and (f–h) characterize the equilibrium AF-FM
phase transition in the continuous film and the nanostructures, respectively. c, f) The diffracted intensity (grey symbols) is the superposition of an AF and
an arising FM Bragg peak at a larger out-of-plane lattice constant during heating above TT. d, g) Temperature-dependent ferromagnetic volume fraction
VFM determined by the relative integrated intensity of the FM Bragg peak (symbols) as structural order parameter and the magnetization normalized to
its maximum value as magnetic order parameter (solid lines). e, h) Temperature-dependent lattice constant (symbols) modeled by Equation (2) using
bulk expansion parameters (solid lines).

of the unit cell upon laser-excitation and the emergence of more
cubic FM unit cells upon nucleation in the nanoislands, as al-
ready discussed for thermal equilibrium. In addition to the lat-
tice constant change across the phase transition, the dynamics
of the laser-induced phase transition also depends on the sam-
ple morphology. While the integrated intensity of the FM Bragg
peak barely changes between 40 and 240 ps for the nanoislands,
the FM Bragg peak clearly increases after 40 ps for the thin film.

Figure 3 displays the resulting transient FM volume frac-
tion VFM for both samples under various excitation conditions
(symbols). For the nanoislands, we observe an exponential rise
of VFM associated with an optically induced nucleation of FM
domains[31,33] according to:

VFM(t) = V∗
FM ⋅

(
1 − e−t∕𝜏) (1)
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Figure 2. Morphology-dependent tetragonal distortion across the laser-induced phase transition: a) Transient Bragg peaks of the thin film for an excita-
tion of 11.2 mJcm−2 at 340 K dissected into the FM (green) and AF (blue) Bragg peak that are well-separated in reciprocal space. b) In the nanoislands, the
FM (pink) and AF (purple) Bragg peak are less separated due to the partial in-plane expansion of the unit cell across the laser-induced phase transition
for 5.2 mJcm−2 at 230 K. The data for different pump-probe delays are vertically off-set to improve visibility.

with the universal nucleation timescale 𝜏 = 8 ps previously identi-
fied for thin films.[33] The convolution of the exponential growth
according to Equation (1) with the 17 ps-long x-ray pulse limit-
ing the time-resolution (solid lines) yields an excellent agreement
with the experimental VFM(t) of the nanoislands in Figure 3a,b.
The final FM volume fraction V∗

FM is adjusted to the experimen-
tal value of VFM(t = 40 ps) for the respective measurement and
we include the residual FM phase in Figure 1g being present be-
fore excitation. With increasing fluence and initial sample tem-
perature a larger fraction of the nanoislands volume is excited
above the critical threshold characteristic for the first-order phase
transition,[26,31] which results in an enhanced V∗

FM.
For the continuous thin film, we observe a strong depen-

dence of the rising VFM on the initial sample temperature (see
Figure 3c,d). At 260 K the FM volume fraction rises on the same
timescale as in the nanoislands and reaches its maximum within
40 ps. For higher temperatures, we observe an additional slow
rise of VFM after 40 ps. The amplitude of this additional contribu-
tion, as well as its timescale depend on the fluence and tempera-
ture. We recently associated this delayed rise with a propagation
of the FM phase into the depth of the inhomogeneously excited
film (see Figure 4f) via near-equilibrium heat transport that heats
the substrate-near part above the transition temperature.[33] Ad-
ditionally, we showed that the propagation of the FM phase is
slower than expected from the equilibrium heat transport. Here,
we nicely capture the experimental fluence- and temperature-
dependent VFM(t) by a straight forward model (solid lines in
Figure 3c,d),which keeps the nucleation timescale fixed in all
graphs of Figures 3. The model describing additional dynam-
ics of VFM in Figures 3c,d beyond 40 ps considers the heating of
FeRh above the transition temperature calculated by solving the
1D heat diffusion equation using literature values of the thermo-

physical parameters. Further details are given in the Experimen-
tal Section 6. The excellent simultaneous agreement with both
the fluence- and temperature-dependent rising dynamics and
amplitudes with a fixed set of parameters verifies our interpre-
tation of a propagation of the FM phase into the depth of the
inhomogeneously excited thin film via heat diffusion.

In addition to this morphology-dependent dynamics of VFM,
Figure 3a,b show that a fluence of 6.2 mJcm−2 induces the FM
phase in nearly the complete volume of the FeRh nanoislands
within 40 ps. In contrast, Figure 3c,d shows that nearly twice
the fluence only transforms 35% of the continuous thin film
within 40 ps. After 40 ps the FM volume fraction continues to rise
slowly, however not beyond 60%. This comparison unambigu-
ously demonstrates that the laser-induced AF-FM phase transi-
tion in laterally nanostructured FeRh is faster and more complete
compared to the continuous thin film. This observation cannot be
explained by the additional 2 nm Pt capping layer of the continu-
ous film that only reduces the absorption in FeRh by ≈10 %.

4. Modeling the Absorbed Light Power by Classical
Electrodynamics

To explain the observed morphology dependence of the laser-
induced AF-FM phase transition, we calculate the local energy
dissipation in the nanoislands by classical electrodynamics (see
Experimental Section 6 for further details). To describe the exper-
iment as realistically as possible we reproduce the topography of
the irregularly shaped nanoislands characterized by atomic force
microscopy (AFM) (Figure 4a) by ellipsoids (see Figure 4b).

Figure 4c displays the calculated local power absorption
Pabs of the nanostructures for the excitation conditions in the
experiment, i.e., p-polarized light with a wavelength of 1028 nm
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Figure 3. Morphology-dependent dynamics of the laser-induced FM volume fraction: a) Transient FM volume fraction of the nanoislands at T = 190 K
for various fluences F. b) Same for T = 230 K, which increases the conversion to the FM state at low fluence. c) Temperature series at a relatively low
fluence of F = 8.6 mJcm−2 for the thin film. d) Same for F = 11.2.0 mJcm−2. The two-step rise of VFM in the thin film (c and d) indicates propagation
of the nucleated FM phase into the depth of the layer driven by near-equilibrium heat transport. In (a,b), solid lines denote the kinetics of FM domain
nucleation according to Equation (1) convoluted with the time-resolution given by the duration of the x-ray pulse. The solid lines in (c,d) represent the
modelled VFM(t) considering the time-dependent heating above TAF-FM via heat diffusion (see Section 6 for further details). The vertical dashed lines
denote a break in the delay axis.

incident under 60 ° with respect to the sample normal. The
calculated local power absorption Pabs reveals the existence of
hot-spots with drastically enhanced absorption. By fitting an
exponential decay function to the local z-dependent absorption
(FeRh-MgO interface corresponds to z = 0), we find a large
spread of the optical penetration depth 𝛿p. Figure 4d shows this
distribution relative to the semi-infinite medium value 𝛿p, 0 =
14.7 nm, that also applies to the continuous film. Yellow color-
code indicates a locally strongly enhanced optical penetration
depth due to nanostructuring that leads to a more homogeneous
excitation along z. Figure 4e depicts an exemplary z-dependent
cross section of the absorption as function of the in-plane x
coordinate at y = 3.2 μm. This lineout displays an enhanced
absorption near the FeRh-MgO interface in several nanoislands
indicated by the yellow color.

To compare these results to a continuous film, we determine
the average total absorption in the nanoislands as function of
the distance from the FeRh-MgO interface (z = 0) from the local
power absorption Pabs(x, y) in Figure 4c. Figure 4f displays the av-

erage z-dependent absorption of the nanoislands (symbols) and
of a 55 nm continuous FeRh film scaled by the surface coverage
of the nanoislands (49%) in the studied sample (grey solid line).
This comparison highlights a more homogeneous excitation of
the nanoislands and a strong enhancement of the absorption in
the substrate-near region that is barely excited in the continuous
thin film despite the comparable average height of the nanois-
lands. Comparing the z-integrated absorption of the nanoislands
and the continuous film in Figure 4f, we find that the total optical
absorption of the nanostructures amounts to 34% of the incident
power, which exceeds the absorption of the continuous FeRh film
by a factor of 1.5.

5. Plasmonic Absorption

The enhanced absorption near the FeRh-MgO interface[40] re-
sponsible for the local absorption hot-spots shown in Figure 4c is
characteristic of localized surface plasmons (LSPs).[41,42] The as-
sociated resonance in the absorption spectrum crucially depends
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Figure 4. Depth-dependent optical excitation of nanostructured FeRh: Re-build of the topography of the FeRh nanostructures characterized by AFM
(a) in COMSOL (b). The AFM data are the same as in our previous publication[19] since we use the identical sample in this study. c) Calculated local
absorbed power per area of the FeRh nanostructures by solving the Maxwell equations for 𝜆 = 1028 nm. d) Local optical penetration depth determined
from Pabs as function of the depth relative to the semi-infinite medium value 𝛿p,0 = 14.7nm. e) Absorption of different nanoislands as function of z
at y = 3.2 μm. f) Total absorption profile integrated over all pixels (purple symbols). The purple solid line corresponds to the hypothetical scenario of
z-dependent absorption integrated over all pixels, for each assuming an absorption profile of a continuous film of an equivalent thickness given by 𝛿p, 0.
The grey line denotes the absorption profile of the continuous 55 nm thick FeRh film. The orange shaded area represents the effect of the plasmonic
absorption in the nanoislands.
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Figure 5. Spectral ellipsometry results for the complex dielectric function ɛ1 + iɛ2 of a 30 nm-thick continuous FeRh film. The negative ɛ1 for wavelength
between 300 and 1800 nm demonstrates that FeRh supports LSPs for a broad range of excitation wavelength around the pump wavelength of 1028 nm
used in the UXRD experiment.

on the spatial dimensions of the nanostructures. Changing the
diameter of metal nanodiscs with constant height shifts the res-
onance across the entire visible and near-infrared spectrum for
various metals.[43] An additional red shift and concomitant broad-
ening is observed when changing the aspect ratio of ellipsoids at
constant volume.[44] The distribution of nanoislands in our FeRh
sample is both inhomogeneous in size and aspect ratio, which
leads to an ultrabroad featureless absorption spectrum. Nonethe-
less, the plasmonic absorption mediated by the nanoscale size of
a metal and characterized by a negative permittivity (see Figure 5)
is central to explain the large amount of light energy dissipated
near the FeRh-MgO interface, i.e., at depths that receive only a
negligible amount of light energy in continuous thin films.

The calculated z-dependent absorption of the nanoislands in
Figure 4f contains signatures of both the dissipation of light
energy via plasmons and the local FeRh height that relates a
single height z to different depth relative to the local surface.
In order to isolate the contribution from the plasmonic absorp-
tion, we calculate the z-dependent absorption of the nanois-
lands sample by assuming that the absorption of each pixel
is identical to that of a continuous film of a thickness equiv-
alent to the local FeRh height. Thus, the z-dependent absorp-
tion for each pixel is determined by the semi-infinite medium
value of the optical penetration depth 𝛿p, 0 starting at the lo-
cal height. The sum over all pixels yields the purple solid
line in Figure 4f that matches the COMSOL simulation for
z > 50 nm where the absorption decreases with increasing z
because only nanoislands higher than the z value contribute
to absorption. However, the average absorption of nanostruc-
tures (symbols) for z < 30 nm is much larger than that pre-
dicted by the pixel-integrated absorption of equivalent thin films,
which neglects the plasmonic enhancement near the FeRh-MgO
interface.

This difference highlighted by the orange shaded area origi-
nates from the plasmonic absorption that increases the absorp-
tion beyond integration of a local Lambert-Beer exponential de-
cay. It enhances the absorption near the FeRh-MgO interface
where the plasmonic absorption is particularly strong because

the dielectric response of the substrate enhances the field. This
additional dissipation of the light energy in the nanoislands leads
to a more homogeneous optical excitation along the z direction
with respect to continuous thin films. Additionally, Figure 4f dis-
plays that the plasmonic absorption significantly increases the
total absorption of the nanoislands.

This increased and more homogeneous plasmonic excita-
tion, which mediates effectively a localized absorption of pho-
tons, is the key to enable the non-equilibrium pathway of the
phase transition in FeRh that was previously assigned to an
8 ps timescale for the nucleation of ferromagnetic domains upon
direct photoexcitation.[33] In the continuous thin film, the fer-
romagnetic phase only emerges in the optically excited near-
surface region on the fast 8 ps timescale - probably induced
by a rapid modification of the electronic band structure[29] -,
while the ferromagnetic phase only rises on a 60 ps timescale
in the lower lying regions after heating above the transition
temperature via near-equilibrium heat transport. Therefore, en-
abling the non-equilibrium pathway of the transition in the
entire volume of the nanoislands, plasmonic absorption dras-
tically accelerates the laser-induced phase transition in FeRh
that is even more efficiently driven due to the overall enhanced
absorption.

6. Conclusion

In summary, we studied the morphology dependence of the laser-
induced AF-FM phase transition by comparing a continuous and
a nanostructured thin FeRh film. We find an ultrafast in-plane
expansion of the nanoislands, whereas the thin FeRh film is
pinned to the MgO. This results in a less tetragonal distortion
of the unit cell across the phase transition, however, it has no
influence on the nucleation timescale of the FM domains. In-
stead, only the change of the absorption profile due to plasmons
affects the dynamics of the phase transition: By modelling the
spatially resolved optical absorption of the FeRh nanostructures,
we identified an enhanced absorption near the FeRh-MgO inter-
face and an enhanced optical penetration depth. This results in a

Adv. Funct. Mater. 2024, 34, 2313014 2313014 (7 of 10) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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homogeneous excitation of the nanoislands, which drives a nu-
cleation of FM domains on an 8 ps timescale within the volume
of the FeRh nanostructures. This accelerates the phase transition
in comparison with the continuous film that exhibits nucleation
only within the optically excited near-surface region and shows
a subsequent slow growth of the FM phase into the depth of
film at initial sample temperatures slightly below the transition
temperature.

7. Experimental Section
Sample Growth and Characterization: The continuous 55 nm thick

FeRh(001) film was grown by magnetron sputtering from an equiatomic
FeRh target[17] and capped by 2 nm of Pt. The nanostructured sample was
composed of epitaxial FeRh(001) nanoislands formed by solid state dewet-
ting of an 20 nm-thick epitaxial FeRh(001) film via self-assembly resulting
in maze-like structures[19] with a mean height of 52 nm. The sample was
the same as in the previous publication that also shows larger area scan-
ning electron microscopy images.[19] The magnetization was measured
via vibrating sample magnetometry using a QuantumDesign VersaLab
magnetometer. AFM topography measurements were performed using
a Dimension Icon microscope from Bruker Corporation while employing
commercial MESP probes. Figure 5 displays the complex dielectric func-
tion of a 30 nm-thick continuous FeRh film as function of the wavelength
𝜆 experimentally determined via ellipsometry. Literature consistently re-
ports a negative value of the real part ɛ1 for the visible an near infrared,
with spectral details depending on sample preparation.[45–47]

UXRD Experiment: The FeRh samples are excited by 600 fs p-polarized
pump pulses with a central wavelength of 1028 nm and a repition reate of
100 kHz that were incident at ≈30° with respect to the sample surface as
sketched in Figure 1a. The footprint of the pump pulse on the sample
was 1300 × 900 μm2 (major and minor FWHM-diameter), which was nine
times larger than the footprint of the x-ray probe pulse (400 × 300 μm2)
to ensure a laterally homogeneous excitation of the probed volume. The
emergence of the FM Bragg peak that parameterizes the laser-induced AF-
FM phase transition was probed by 9 keV hard x-ray pulses with a pulse
duration of 17 ps[35] performing symmetric 𝜃 −2𝜃 scans around the (002)

Bragg reflection at 28°. The diffracted x-rays were recorded on an area de-
tector (Dectris PILATUS 100K).

Modelling d(T) in Equilibrium: The influence of the substrate-induced
in-plane clamping on the out-of-plane expansion of the FeRh samples is
described by:[20]

𝛼eff = 𝛼bulk(T) + 2𝜒
c1133

c3333

(
𝛼bulk(T) − 𝛼MgO

)
(2)

where 𝛼bulk(T) and 𝛼MgO = 10.5 · 10−6K−1 denote the thermal expansion
coefficients of bulk FeRh and MgO, respectively. The expansion of FeRh
𝛼bulk(T) is given by the expansion coefficients 𝛼FM = 6.0 · 10−6K−1 and
𝛼AF = 9.7 · 10−6K−1 in the AF and FM phase[48] and the expansion of
0.3% across the AF-FM phase transition,[38] considering the temperature-
dependent volume fraction in the FM phase VFM(T), the derivation is
based on the integrated intensity of the FM Bragg peak in Figure 1c,f. The
elastic constants of FeRh c1133 and c3333 quantify the effect of the in-plane
expansion on the out-of-plane expansion via the Poisson effect[20] and 𝛼eff
denotes the modified expansion coefficient of the samples depending on
the parameter 𝜒 . This parameter measured the epitaxy to the substrate,
where 𝜒 = 0 corresponds to pure bulk-like in-plane expansion and 𝜒 =
1 to an in-plane expansion completely determined by the MgO substrate.
Excellent agreement was found for 𝜒 = 1 and 𝜒 = 0.42 for the continuous
film and the nanoislands, respectively.

Modelling VFM(t) in the Continuous Film: In order to describe the
fluence- and temperature-dependent additional slow rise of VFM in
Figure 3c,d, the heat transport was explicitly considered within the inho-
mogeneously excited FeRh film (𝛿p, 0 = 14.7 nm) by solving the 1D heat
diffusion equation utilizing literature values of the thermo-physical prop-
erties of Pt, FeRh, and MgO as described previously.[33] VFM was assumed
to rise on the 8 ps nucleation timescale in the fraction of the FeRh film that
is heated above the average AF-FM transition temperature TAF-FM = 370 K
(see Figure 1e) directly after the excitation (t < 200 fs). This already yields
excellent agreement for the measurements at 260 K within the first 50 ps.
In order to obtain a good fit for the delayed rise of VFM by heat transport, an
exponential rise on a 60 ps timescale was assumed after the local temper-
ature exceeds TAF-FM at larger delays due to the heat transport. To match
the decrease of VFM, i.e., the recovery of the AF phase on hundreds of pi-
coseconds, an exponential decay of the FM phase on a 220 ps timescale

Figure 6. Spectral absorption of FeRh nanoislands calculated with COMSOL: a) Absorption spectrum of an ellipsoidal FeRh nanoisland for p- or s-
polarized light incident within the x-z plane under 60 ° with respect to the surface normal. b) The same for a selected nanoisland of the investigated
sample consisting of several ellipsoids leading to an irregular shape. We find a clear plasmonic resonance peak for the regularly shaped nanoislands at
different wavelength 𝜆 for p- and s-polarization. As a superposition of structures with different resonance wavelengths, the absorption of the irregularly
shaped nanoisland is grey. The insets show the structures consisting of ellipsoids with two principal axes highlighted by solid lines.

Adv. Funct. Mater. 2024, 34, 2313014 2313014 (8 of 10) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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was empirically assumed, after the local temperature falls below the aver-
age FM-AF transition temperature TFM-AF = 350 K (see Figure 1e).

Modelling of the Light Absorption via Finite Element Analysis: To under-
stand the light absorption features of the nanostructured FeRh sample,
the experimental 5 × 5 μm2 AFM topography data of the nanoislands were
approximated by 220 (half-) ellipsoids utilizing an algorithm for rapid con-
tour detection.[49] The ellipsoids resembling the topography of the sam-
ple were imported into the COMSOL Multiphysics 6.1 simulation software
using a 10 and 5 nm discretization mesh along the lateral and vertical di-
rections of the sample, respectively. Maxwell’s equations were solved by
the COMSOL RF module assuming a p-polarized light wave with a wave-
length of 𝜆 = 1028 nm incident at 60 ° with respect to the sample nor-
mal and utilizing the refractive index of MgO refractive index of MgO[50]

nMgO = 1.72 and of FeRh nFeRh = 4.67 + 5.58i measured via spectro-
scopic ellipsometry at the pump laser wavelength. In a first calculation
step, the background field coming from the vacuum-substrate system is
obtained using periodic boundary conditions. Subsequently, the scattering
field from the FeRh nanoislands is attained by bounding the computational
domain to a perfectly matched layer. The simulation output consists of the
spatially resolved absorbed power Pabs(x, y, z) and electric field amplitude
E(x, y, z) in the modelled sample grid.

Figure 6a,b displays the COMSOL modelled absorption spectra for a
regularly and an irregularly shaped nanoislands in the sample, respec-
tively. As in the modelling in Figure 4, the light wave is incident in the
x-z plane at 60 ° with respect to the surface normal (z axis). The insets
display the nanostructures of different size and in-plane aspect ratio. For
the nanoislands described by a single ellipsoid in Figure 6a the modelled
absorption spectrum shows a distinct peak. Its spectral position differs be-
tween p- and s-polarization due to the different dimensions of the principle
axis along x and y. The enhanced absorption within the narrow wavelength
range indicated the excitation of plasmons in such FeRh nanoislands. The
absorption spectrum of the irregularly shaped nanoislands could be un-
derstood as a superposition of several plasmonic peaks with different res-
onance wavelength, which rendered the absorption spectrum rather grey.
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