
communications physics Article
A Nature Portfolio journal

https://doi.org/10.1038/s42005-025-02066-5

Non-thermal electrons open the
non-equilibrium pathway of the phase
transition in FeRh
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Maximilian Mattern 1,2, Steffen Peer Zeuschner1, Matthias Rössle 3, Jon Ander Arregi 4,
Vojtěch Uhlíř 4,5 & Matias Bargheer 1,3

The optical excitation of metals initially creates short-lived non-Fermi distributions of the electrons.
The electrons and holes excited far above and below the Fermi level quickly relax to hot Fermi-
distributions that subsequently cool via electron-phonon scattering. Here, we show that such non-
thermal charge carriers beyond the Fermi-distribution speed up the prototypical first-order
antiferromagnetic-to-ferromagnetic phase transition in FeRh. In ultrafast x-ray diffraction
experiments, we vary themaximum electron temperature by increasing the pump pulse duration up to
10 ps. For direct optical excitation of FeRh, ferromagnetic domains nucleatewithin 8 ps as soon as the
successively deposited energy surpasses the site-specific threshold energy. In contrast, suppressing
the direct optical excitation by an optically opaque Pt layer leads to a nucleation on a 50 ps timescale
driven by the near-equilibrium heat transport. These findings unambiguously identify the photo-
excitation of non-thermal electrons and not electron-phonon non-equilibria to enable the rapid phase
transition in FeRh.

The selective excitation of electrons or phonons by femtosecond laser pulses
drives solids into non-thermal states1–7 and phases8–11 and opens transition
routes and kinetics12–16 that are not accessible upon equilibrium heating.
This includes coherent dynamics7, non-equilibria among different
subsystems1,2 and non-thermal populations of certain degrees of
freedom1,2,5. In addition to these non-thermal energydistributions, the laser-
pulse can directly modify the electronic and magnetic structure via field-
driven effects17–19.

In materials featuring first-order phase transitions, a fine interplay of
spin, charge, and lattice degrees of freedom9,10,20–22 leads to an abrupt change
of structural, electronic, and magnetic properties. In this context, the non-
equilibria introduced by femtosecond laser-excitationmay open novel non-
thermal routes of the phase transition through transient phases with dif-
ferent properties8,10,11,14 where individually tracking the different degrees of
freedom can provide unique insights into the microscopic processes and
driving mechanisms of the phase transition8,9,20,22.

Since its discovery, the prototypical first-order magneto-structural
antiferromagnetic-to-ferromagnetic (AFM-FM)phase transition of FeRh at
370 Kwas extensively studied due to its potential for future applications23–26.
Previous studies proposed a variety of different mechanisms driving the
phase transition, for example expansion-induced sign change of the

exchange constant27, excitation of spin waves28 and dominant FM exchange
of theFemomentsmediatedby an inducedRhmoment21,29–33. The latterwas
described as a competition between bilinear and higher order four spin
exchange terms in atomistic spin dynamics32, a combination of Heisenberg
exchange of Fe and a Stonermodel for Rh30 and amodification of the Rh-Fe
hybridization21,31,33. However, the microscopic pathway of the transition
upon femtosecond laser-excitation is still under debate.

Previous time-resolved experiments individually tracked the evolution
of the electronic, magnetic, and lattice degrees of freedom upon femtose-
cond laser excitation. While photoemission spectroscopy identified a rapid
modification of the electronic band structure within the first picosecond33,
the formation of a macroscopic magnetization takes hundreds of
picoseconds34–36. This is because a macroscopic magnetization requires the
alignment of the nucleated FM domains whose magnetization initially
points along different directions35,36. Thus, probing the macroscopic mag-
netization cannotmeasure the nucleation timescale of the FM domains. An
established workaround is probing the lattice expansion that accompanies
the phase transition via ultrafast x-ray diffraction (UXRD)35,37–39. The first
UXRD experiments probed thick inhomogeneously photo-excited films
and reported different rise times between 15 and 90 ps35,37 for different
excitation strength and probing depth. Recently, we related these
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observations to two pathways of the phase transition with considerably
different nucleation timescales38. In the near-surface region of thick FeRh
films which is excited by femtosecond laser pulses, the FM phase nucleates
on an 8 ps timescale while it takes 50 ps to transform the lower lying regions
that are only excited via near-equilibrium heat transport. In case of a
homogeneous optical excitation realized in laterally nano-structured FeRh
films that favors plasmonic absorption, we exclusively observed the 8 ps
timescale39. This illustrates that femtosecond laser-excitation unlocks the
fast non-equilibrium pathway of the phase transition in FeRh.

However, it has remained unclear, which aspect of the femtosecond
laser excitation is decisive for the pathway of the phase transition: is it
necessary to have transient non-thermal electron distributions induced by a
direct electron-photon interaction in FeRh? Or is it sufficient to have a
strongly heated Fermi distribution that only influences the population of
electronic states approximately 0.1 eV around the Fermi energy?

Here, we disentangle the role of electron–photon interactions and
strongly elevated electron temperatures for the laser-induced phase transi-
tion in FeRh by utilizing pump pulses with picosecond duration combined
with femtosecond x-ray probe pulses accessing the evolution of the struc-
tural order parameter. Irrespective of the pumppulse duration between 0.06
and 10.5 ps, we observe the FM phase to rise on an 8 ps timescale where the
final FM volume fraction is exclusively given by the total deposited energy
and the transition starts as soon as the successively deposited energy over-
comes the site-specific threshold of the first-order phase transition. These
results indicate the decisive role of photo-excited non-thermal charge car-
riers for the dynamics of the laser-induced first-order phase transition in
FeRh. To cross-check this conclusion, we additionally performed experi-
ments on a thin FeRh layer that is only indirectly excited by heat transport
via thermalized electrons generated in an optically opaque Pt capping layer
that suppresses the direct optical excitation of FeRh. Under this condition,
the FM phase rises only on a 50 ps timescale irrespective of the excitation
strength.

UXRD experiments
Figure 1a, c sketchs the sample structures consisting of epitaxial
LFeRh = 12 nm thick FeRh(001) films grown by magnetron sputtering from
an equiatomic FeRh target40 on double-side polished MgO(001) substrates.
The second sample is capped by a 31.6 nm thick Pt(001) layer, which is
much thicker than the inelasticmean free path of the electrons (4 nm)41 and
the optical penetration depth (δPt = 9 nm)42. Previous experiments with

variable Pt capping layer thickness additionally reported a reduced heating
of buried layers for thicknesses above 7 nm42. Therefore, thePt capping layer
ensures the indirect excitation of the buried FeRh layer by thermalized
electrons. Figure 1b, d displays the temperature-dependent out-of-plane
lattice constant d (symbols) and the magnetization MFeRh (solid lines) of
both samples.Wefindgood agreement between the twoorder parameters of
the phase transition. However, the hysteresis for this locally probed lattice
constant is narrower than the global temperature-dependentmagnetization
due to the spatial heterogeneity of the transition temperature. The different
average transition temperatures of the two samples originate from a lattice
deformation induced by the Pt capping layer (see Methods section). The
magnetization data indicate the presence of a residual FM phase of ≈20%
originating from interface effects43–45. This residual room-temperature FM
phase is consistent with the reduced out-of-plane expansion across the
phase transition of ηthinAFM�FM ¼ 0:48% compared to ηthickAFM�FM ¼ 0:6%
observed in thicker films38,39.

Figure 1a, c sketch the performed UXRD experiments including the
depthprofile of the optically deposited energy calculated in a transfermatrix
formalism (see Methods section). The sample structures are excited by
p-polarizedpumppulseswith a centralwavelength of 800 nm.Weprobe the
transient out-of-plane strain response of the FeRh layer via symmetric
θ− 2θ scans46 with 200 fs hard x-ray pulses provided by a table-top laser-
driven plasma x-ray source47 (see Methods section for further details).
The Bragg peak position along the reciprocal space coordinate qz encodes
the mean out-of-plane lattice constant d of the FeRh films via qz = 4π/d.
The lattice strain ηFeRh =Δd/d0 is the relative change Δd of the lattice con-
stant with respect to its value d0 before excitation. The bare FeRh film is
excited by pump pulses of different durations between 0.06 and 10.5 ps
realized by detuning a grating compressor.

Results and discussion
Phase transition driven by picosecond pump pulses
Figure 2a displays the laser-induced transient strain response of the bare
FeRh film on MgO for a below-threshold excitation Fbt = 0.4mJ cm−2 with
pump pulses of 60 fs and 5.2 ps duration that do not drive the AFM-FM
phase transition. Thus, the strain response upon femtosecond laser excita-
tion is the superposition of only two contributions: (i) A quasi-static
expansion originating from heating the electrons and phonons of FeRh and
(ii) propagating strain pulses driven by the rapidly rising unbalanced stress
at the surface and the substrate interface upon femtosecond laser

Fig. 1 | Static characterization of the FeRh films.
a Sketch of the FeRh sample, the optical absorption
profile and the ultrafast x-ray diffraction (UXRD)
experiment, mapping the reciprocal space via θ− 2θ
scans. b Characterization of the antiferromagnetic-
to-ferromagnetic phase transition in the bare FeRh
film by the temperature-dependent magnetization
(solid line) and the average out-of-plane lattice
constant d (symbols). c, d Same as a, b for the sample
with Pt capping layer.
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excitation48. The launched strainpulsepropagateswith soundvelocity vs and
is reflected at the surface and partially transmitted into the substrate. This
leads to a decaying oscillation48 with a period of 2LFeRh/vs that is super-
imposed with a decreasing quasi-static expansion due to heat transport into
the substrate. The 5.2 ps pump pulse slowly heats FeRh. This drives a stress
on the latticewhich rises slower than its relaxation by lattice expansionwith
sound velocity. Therefore, pump pulses with durations significantly
exceeding 2LFeRh/vs disable the coherent excitation of picosecond strain
pulses and thus we only observe the slowly rising quasi-static expansion of
FeRh. Since the strain pulse launched by femtosecond laser excitation
completely enters the MgO substrate within 20 ps, the strain response for
t > 20 ps is independent of the pump pulse duration.

The solid lines in Fig. 2a denote our strainmodel utilizing themodular
PYTHON library UDKM1DSIM49 and literature values for the

thermoelastic parameters (see Methods section). We apply a diffusive two-
temperature model (2TM) to describe the spatio-temporal distribution of
the optically deposited energy among electrons and phonons. Their exci-
tation drives the lattice response according to the linear one-dimensional
elastic wave equation. We find excellent agreement of our model with the
experiment, if we assume aGaussian shape of the pumppulses and consider
their experimentally determined durations. We emphasize that the green
line, which represents the modeling for a 5.2 ps pump pulse is indis-
tinguishable from the convolution of the strain model for 60 fs (blue line)
with a Gaussian of 5.2 ps full-width half-maximum in case of a below-
threshold excitation. This is consistent with the strictly linear thermoelastic
strain response expected for metals as a function of the fluence48. Figure 2b
displays the respective transient electron and phonon temperatures. While
the electrons and phonons experience a pronounced non-equilibriumupon
femtosecond laser-excitation, the 5.2 ps-long pump pulse suppresses this
non-equilibrium by drastically reducing the maximum electron tempera-
ture because a considerable amount of energy is already dissipated to the
phonons during the optical absorption.

In the following, we utilize this calibration of the thermoelastic strain
ηbtFeRh to extract the signatures of the AFM-FM phase transition from the
strain response ηatFeRh to above-threshold excitations in Fig. 2c, d. Figure 2c
exemplarily displays the signature of the laser-induced phase transition to
the strain response for various above-threshold excitations by pump pulses
of 5.2 ps duration. Thedashed lines denote themodeled thermoelastic strain
contributions for Fbt = 0.4mJ cm−2 (green solid line in a) scaled to the flu-
ences Fat in the experiment. The difference to the actual measurementΔη(t)
highlighted by colored areas is related to an additional expansion that
parametrizes the phase transition38. To determine the absolute value of the
transient FM volume fraction, we consider the expansion across the phase
transition in thermal equilibrium ηthickAFM�FM and the latent heatQAFM−FM of
the first-order phase transition. The latent heat is given by the integral of the
contribution of the first-order phase transition to the heat capacity per
volumeCAFM−FM(T)

50. This energy required for transforming FeRh into the
FM phase reduces the local temperature51 by ΔT =QAFM−FM/Cph, which
reduces the quasi-static expansion of FeRh by ηAFM = αAFMΔT with the
expansion coefficient αAFM in the AFM phase. This relates ΔηðtÞ ¼
ηatFeRh � Fat=Fbt � ηbtFeRh to the laser-induced FM volume fraction ΔVFM via:

ΔηðtÞ ¼ ðηthickAFM�FM � ηAFMÞΔVFMðtÞ; ð1Þ

where the total FM fraction VFMðtÞ ¼ ΔVFMðtÞ þ V0
FM additionally

includes the residual FM phase V0
FM ¼ 0:2 present before the laser excita-

tion as characterized in Fig. 1b. Figure 2d displays the strain response for
systematically variedpumppulse durations andanexcitationof 2.1mJ cm−2

driving the phase transition as identified by the fluence dependence in Fig.
2c. With increasing pump pulse duration the oscillations in the strain
response originating from coherently driven picosecond strain pulses are
successively suppressed and completely vanish for 5.2 ps-long pump pulses.
In contrast to the coherent dynamics, the expansion of FeRhbeyond 20 ps is
identical for all pump pulse durations. This already indicates that the final
FM volume fraction V�

FM is independent of the pump pulse duration.
Figure 3 displays the extracted laser-induced FM volume fraction

ΔVFM(t) that parameterizes the optically driven phase transition. For 60 fs
pump pulses, ΔVFM(t) in Fig. 3a is very well reproduced by a single expo-
nential rise associated with the nucleation of domains35 on an τ = 8 ps
timescale38 by:

ΔVFMðtÞ ¼ HðtÞΔV�
FM � 1� e�t=τ

� �
; ð2Þ

with theHeaviside functionHðtÞ and the final FM volume fraction increase
ΔV�

FM that depends on the fluence. For femtosecond laser excitation we
previously calibrated38 ΔV�

FM > 0 if F > Fth = 0.6 mJ cm−2, ΔV�
FM ¼ 0:6 for

1.8mJ cm−2 and ΔV�
FM ¼ 0:8 if F = 2.1mJ cm−2. This fluence dependence

upon femtosecond laser excitation is perfectly reproduced by the

Fig. 2 | Transient strain response containing expansion from the phase transi-
tion. a Thermoelastic strain response to a below-threshold fluence of
Fbt = 0.4 mJ cm−2 for 60 fs and 5.2 ps-long pump pulses (symbols). The solid lines
denote the strain response modeled by utilizing the UDKM1DSIM library49 and
literature values for the thermo-elastic parameters. b The transient average electron
(dashed lines) and phonon (solid lines) temperatures in FeRh extracted from the
strain modeling by applying a diffusive two-temperature model (2TM). c The strain
response to various above-threshold excitations with 5.2 ps-long pump pulses
additionally includes signatures of the driven antiferromagnetic-to-ferromagnetic
phase transition highlighted by the colored area representing the difference Δη(t)
between the measured strain (symbols) and the fluence-scaled thermoelastic strain
(dashed lines). d The strain response for a fixed above-threshold fluence of
Fat = 2.1 mJ cm−2 and various pump pulse durations (symbols). The solid lines in (c)
and (d) are the sum of strain due to the phase transition according to Eq. (1) and the
fluence-scaled sub-threshold strain response depicted in panel (a). The results are
off-set for clarity.
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fluence-dependentΔVFM(t) upon excitation by 5.2 ps pumppulses in Fig. 3.
This agreement demonstrates that the threshold of the first-order phase
transition is insensitive to the duration of the pump pulse.

The dashed lines in Fig. 3 represent ΔVFM(t) from Eq. (2) convoluted
with a Gaussian representing the pump-pulse duration in the experiment.
This approach assuming a linear response to the optical excitation was used
tofit the laser-induceddemagnetization inNi associatedwith a secondorder
phase transition52. However, for the first-order phase transition in FeRh this
approach clearly deviates from the measurement for long pump pulses.
With increasing pump pulse duration this deviation within the first pico-
seconds becomesmore pronounced (see Fig. 3a). Interestingly, the data rise
faster than the convolution although the rise starts later, which we attribute
to the non-linearity associated with the threshold for the phase transition.
This means that driving the phase transition also leads to a deviation
between the strain response in Fig. 2c, d and a simple convolution of the
strain response upon femtosecond excitation with a Gaussian. Thus, the
effect of the ps-pump pulse on the strain response goes beyond a simple
reduction of the time-resolution.

As an improvedmodel ofΔVFM(t) for long pump-pulses, we explicitly
consider the successively deposited energy that leads to the unlocking of the
AFM-FM phase transition in an increasing volume fraction of the film
during the pump-pulse. This explicit treatment of the threshold character of
first-order phase transitions extendsEq. (2) in the case of picosecondpump-
pulses to

ΔVFMðtÞ ¼
Z

Hðt � t0ÞV�
FMðt0Þ � 1� e�ðt�t0Þ=τ

� �
dt0: ð3Þ

Here, the FMvolume fractionV�
FMðt0Þ is unlocked at delay t0 by the increase

of the deposited energy and subsequently rises on the τ = 8 ps nucleation
timescale. This transiently unlocked phase transition adds to the already
present FM phase driven at delays t < t0. The Heaviside functionHðt � t0Þ
ensures a start of the phase transition at t0. To model the transient FM
volume fraction we assume a linear increase of V�

FM from 0 to 0.8 between
the fluences Fth = 0.6mJ cm−2 and 2.1mJ cm−2, which corresponds to a full
phase transition38.

Under this assumption, Eq. (3) yields excellent agreement (solid lines)
with the experimentally determined transients ΔVFM(t) in Fig. 3a, b for
various pump-pulse durations and above-threshold fluences. The model
also agrees very well with the measured dependence of the transient strain
on the fluence and pulse duration in Fig. 2c, d. The solid lines represent the
sum ηatFeRhðtÞ ¼ Fat=Fbt � ηbtFeRhðtÞ þ ΔηðtÞ, i.e., the fluence-scaled thermo-
elastic below threshold strain plus the strain contributionΔη(t) determined
in Fig. 3 using Eqs. (3) and (1). Ourmodel accounts for the threshold of the
first-order phase transition. Therefore it can reproduce both the delayed
start of the nucleation of FMdomains relative to the beginning of the pump
pulse for longer pump-pulses and decreasing fluence. Furthermore, it
demonstrates that the nucleation of FM domains proceeds on the intrinsic
8 ps timescale upon laser excitation even for 10.5 ps long pump pulses that
suppress any electron–phonon non-equilibrium.

Phase transition driven by near-equilibrium heating
These results obtained in a homogeneously excited 12 nm FeRh film show
that the direct optical excitation always triggers the phase transition within
8 ps.Ontheotherhand, our recent experiment on thicker inhomogeneously
excitedFeRhfilms show that longer timescalesmayapply in thedeeperparts
of the film, which are not directly optically excited38. In order to cross-check
this insight in a more directly comparable FeRh thin film, we performed an
UXRD experiment using 60 fs pump pulses on a similar 12 nm thin FeRh
film buried below an optically opaque Pt layer (see Fig. 1c) that suppresses
the direct optical excitation of FeRh. It is then only excited by heat transport
via thermalized electrons.

As for the sample without Pt cap, wemeasured andmodeled the strain
response of the FeRh layer to a below-threshold excitation. To make our
modeling more reliable, we additionally measured and modeled the strain

response of the Pt capping layer. Figure 4 shows an excellent agreement of
our model with the transient strain response of both Pt and FeRh with a
single set of parameters (see Methods section). Pronounced features of the
dynamics are the direct expansion of Pt and the clear 8.5 ps delay of
the sharp onset of the FeRh expansion, that precisely matches the time that
the longitudinal acoustic strain pulse takes to travel through Pt. Figure 4b
displays the associated average electron and phonon temperatures in FeRh.
We find a relatively slow heating of the electrons within the first picosecond
via heat diffusion from Pt. This indirect excitation leads to a delay of the
FeRh expansion with respect to the Pt capping layer (see Fig. 4a). Figure 4b
shows a rapidly rising average phonon temperature in FeRhwithin 3 ps due
to the strong electron–phonon coupling. However, this fast heating of FeRh
is spatially inhomogeneous since the strong electron–phonon coupling
localizes the electronic heat input near the Pt interface (see Fig. 4c). This
results in a slow equilibration of the phonon temperature within tens of
picoseconds across the 12 nm FeRh film, which is only homogeneously
heated after 30 ps.

With our model for the thermoelastic strain contribution at hand, we
extract the additional expansion contribution associated with the driven
AFM-FMphase transitionΔη(t) fromthe strain response to above threshold
excitations ηat(t) shown in Fig. 4d. The solid lines denote the thermoelastic
strain contribution scaled to the fluence and the deviation to the actual
measurement directly identifies the laser-induced phase transition. By
applying Eq. (1), we extract the corresponding change of the FM volume
fraction ΔVFM (see Fig. 4e). The gray solid lines denote a fit of the transient
FM volume fraction by a single exponential with a variable timescale and a

Fig. 3 | Phase transition induced by picosecond pump pulses. a Laser-induced rise
of the ferromagnetic (FM) volume fraction ΔVFM (symbols) for different pump-
pulse durations (assumed pulse profile indicated by gray solid lines) and a fluence of
Fat = 2.1 mJ cm−2. b Laser-induced rise of ΔVFM (symbols) for various above-
threshold excitations and 5.2 ps pump-pulse duration. In both panels, the dashed
lines represent the FM volume fraction according to Eq. (2), i.e., for ultrashort pulse
excitation, convoluted with a Gaussian representing the duration of the respective
pump-pulse. The data rise faster but start delayed compared to the dashed lines,
which correspond to a linear response via the convolution. The solid lines show the
appropriate model for the FM volume fraction according to Eq. (3), which accounts
for the non-linear threshold behavior. The plots are off-set for clarity.
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variable offset time tT atwhich the FMphase transition starts. Irrespective of
the excitation strength, we find a τeq = 50.7 ± 1.9 ps timescale for the rise of
the FM phase according to 1� e�ðt�tT Þ=τeq .

All data in Fig. 4d can be fitted with the same τeq, with the clear trend
that higher fluences lead to an earlier start tT of the nucleation and a larger
converted volume fraction ΔV�

FM. However, the precise timing and
amplitude of the emerging FM phase is not described by our straight-
forward thermodynamicmodel that yields the excellent agreement with the
sub-threshold strain in Fig. 4a. Although, the fluence scaling reproduces the

acoustic strain waves in the first 40 ps in Fig. 4c, the modeled phonon
temperature in FeRh for indirect excitation through Pt at 10.4 mJ cm−2

exceeds 440K. According to the characterization in thermal equilibrium in
Fig. 1d, this shoulddrive a full phase transition in the entirefilmandnotonly
in 15%. Even if we consider the energy consumed by the latent heat of the
phase transition and the enhanced transition temperature due to the laser-
induced tetragonal distortion of the unit cell by 4 K per 0.1 % out-of-plane
expansion25, we would still expect a complete phase transition from the
behavior in thermal equilibrium. Furthermore, the delay tT at which the
phase transition starts, is not simply given by the time at which the phonon
temperature exceeds the equilibrium phase transition temperature. For
higher fluences (15.7 and 18.4mJ/cm2) the nucleation starts at about 8.5 ps
and for lower fluences at about 25 ps. The latter qualitatively agreeswith the
time it takes to heat the near-substrate region above the transition tem-
perature (see Fig. 4c). This indicates that undernear-equilibriumheating the
FM phase emerges similar to experiments in thermal equilibrium that
reported a nucleation of FM domains as columns through the entire film53.
Assuming that the columnar grains composing our epitaxial film40 act as a
fundamental block for the phase transition, the top part of the FeRh film
cannot transitionuntil the bottompart is sufficiently heated, too. In a simple
picture, this means that the FM phase can only emerge when the phonon
temperature exceeds the transition temperature through the entire thickness
of theFeRhfilm. Furthermore,wefinda coincidence between the start of the
nucleation and the timewhen the expansionwave launched at the Pt surface
or its back reflection enters FeRh at 8.5 ps or 25 ps, respectively (Fig. 4d).
This suggest that the nucleation of the FMphase in a superheatedAFMstate
of FeRh is started by an impulsive expansion, similar to the nucleation of ice
in a supercooled liquid54. Despite the fact that the coherent strain pulsemust
be faster than the diffusion of heat via phonons, the first strain wave can
indeed impinge on a superheated FeRh as the electrons rapidly transport
energy from Pt into FeRh according to the 2TM (Fig. 4c).

To cross-check that the observed 50 ps nucleation timescale upon
near-equilibrium heating indeed originates from the excitation condition,
we compare all-optical reflectivity measurements upon laser-excitation
from the Pt-side (as in the UXRD experiment) to excitation through the
MgO-substrate (direct photo-excitation of FeRh). For experimental details
we refer to theMethods section. Figure 5 shows that for fluences exceeding
the transition threshold an additional change in the reflectivity appears that
originates from the lattice expansion induced by the phase transition. This
additional contribution probes the emergence of the FM phase30. In our
experiment it rises on a 50 ps timescale upon excitation from the Pt-side
(Fig. 5a) but on an 8 ps timescale upon direct photo-excitation through
the MgO substrate (Fig. 5b). The latter is identical to the dynamics in our
sample without a Pt capping layer. This proves that the different timescales
are indeed exclusively related to the excitation conditions of FeRh andnot to
different transition temperatures or other differences originating from the
sample growth.

Interpreting the direct and indirect excitation
Irrespective of the excitation condition, we find that the FMphase rises on a
single exponential timescale. According to the Avrami model of phase
transitions55 this is the expected behavior if FM domains nucleate at inde-
pendent sites with a fixed probability. The probability as well as the corre-
sponding timescale of this stochastic process can be described by an
Arrhenius activationover an energybarrier55,56,whoseheight is proportional
to the nucleation timescale.

The timescales of 8 and 50 ps associated with the non- and near-
equilibriumpathwaysof thephase transition inFeRhare consistentwithour
previous observation of a two-step rise of the FM phase in an inhomo-
geneously photo-excited thick FeRh film38 that can be conceptually sepa-
rated into two regions (i) the directly photo-excited near surface region and
(ii) the lower lying regions only excited via heat transport. The corre-
sponding depth-dependent activation of the non- and near-equilibrium
pathways explains why previous UXRD experiments on thick FeRh films
reported different rise times for different probing depth35,37.

Fig. 4 | Dynamics of phase transition in case of suppressed direct optical exci-
tation. a The strain response of the Pt and the FeRh layer (symbols) to a below-
threshold fluence of Fbt = 5.8 mJ cm−2. The solid lines represent the modeled strain
(see Methods section). b The average electron (dashed line) and phonon (solid line)
temperatures in FeRh extracted from the diffusive two-temperature model (2TM) of
the strain modeling for the same fluence. c The corresponding spatio-temporal
phonon temperature Tph as function of the delay t and the distance to the surface z.
The colorbar quantifies the initially inhomogeneous phonon temperature upon laser
excitation. d The strain response of FeRh to above-threshold excitations (symbols).
The additional expansion compared to the modeled thermoelastic strain response
(solid lines) is a clear signature of the laser-induced phase transition. e Extracted
transient change of the ferromagnetic (FM) volume fraction ΔVFM according to Eq.
(1) (symbols). The gray solid lines denote a single exponential fit with an average rise
time of 50.7 ± 1.9 ps. The results in (d) and (e) are off-set for clarity.
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The observation of the 8 ps timescale upon direct photo-excitation of
FeRh, regardless of the maximum electron temperature (related to the
pump-pulse duration), contrastswith the 50 ps timescale observedwhen the
electrons in FeRh are heated to high temperatures via rapid near-
equilibrium heat transport. This difference highlights the critical role of
photo-induced electrons and holes beyond a Fermi distribution in driving
the ultrafast phase transition in FeRh.

This supports theprevious theoretical prediction that the laser-induced
change of Fe-Rh hybridization and the resulting charge and spin transfer
among Fe- and Rh-sites play a crucial role for the rapid modification of the
electronic band structure33. The important role of Fe-Rh hybridization in
FeRh was recently demonstrated by destabilizing the AFM state via spin
polarized conductionband electrons that induced a short-livedRhmagnetic
moment57. Other experiments also demonstrated a transfer of spin angular
momentum via conduction band electrons from an adjacent Cu layer upon
a photo-induced phase transition in FeRh58.

Based on the literature our results suggest the following series of events:
First, the photo-induced non-thermal electron distribution with charge
carriers excited far from the Fermi energymodifies the Fe-Rh hybridization
leading to a rapidmodification of the electronic band structure33. This non-
equilibrium state of FeRh lowers the energy barrier between the AFM and
FM phase which reduces the nucleation timescale compared to near-
equilibriumheating. Subsequently, FMdomains exhibiting the larger lattice
constant and anetmagnetization nucleate on the identified 8 ps timescale at
independent sites within the photo-excited region of the FeRh layer56,59. The
magnetization of the nucleated FM domains initially points along random
directions, which precludes the buildup of a macroscopic magnetization.
This is followed by domain expansion and coalescence, where finally FM
domains align within an external magnetic field via domain wall motion
forming a macroscopic magnetization within hundreds of picoseconds34–36.

The 8 ps nucleation timescale quantitatively matches the appearance of FM
domains in resonant small-angle x-ray scattering experiments59 and is on
the same order of magnitude as the rise of the magnetization in magneto-
optical Kerr effect experiments with strong magnetic fields up to 25 T that
suppress the slow alignment of the nucleated domains56. Such strong
magnetic fields influence the energy barrier between AFM and FM state,
which may explain the slightly faster nucleation observed in these
experiments.

Conclusion
In summary, we studied the laser-induced magnetostructural AFM-FM
phase transition in FeRh upon direct photo-excitation with variable pump
pulse duration and upon indirect excitation via heat transport from an
adjacent opaque Pt capping layer. Irrespective of the pump pulse duration
up to 10.5 ps, which exceeds the electron–phonon coupling time by far, we
find the FM phase to nucleate on an 8 ps timescale when the photons are
directly absorbed in the FeRh film. In contrast, the excitation of FeRh with
thermalized electrons optically generated in a Pt cap layer leads to the rise of
the FM phase on a 50 ps timescale. This experimentally identifies the
important role of photo-induced non-thermal electron distributions for the
pathway of the laser-induced phase transition in FeRh.

Our experiments with picosecond pump pulses illustrate that this
approach is generally useful to identify the non-linear threshold behavior of
(first-order) phase transitions and to disentangle the role of non-thermal
and strongly heated but thermalized electrons for (phase transition)
dynamics.

Methods
Sample growth and characterization
Nominally 12 nm-thick epitaxial FeRh(001) films were grown by magne-
tron sputtering from an equiatomic FeRh target40 on double-side polished
MgO(001) substrates. The second sample is capped by a 31.6 nm thick
Pt(001) layer. The FeRh layer thicknesses were measured via x-ray reflec-
tometry to be 12.3 and 12.6 nm for the uncapped and Pt-capped samples,
respectively. We used synchrotron radiation from the KMC-3 XPP end-
station at BESSY II60 to characterize the first-order AFM-FM phase tran-
sition of the FeRhfilms bymeasuring the change in the average out-of-plane
lattice constant d (symbols in Fig. 1b, d). The hysteresis for this locally
probed lattice constant is narrower than the global temperature-dependent
magnetization MFeRh (solid line) determined by vibrating sample magne-
tometry using a QuantumDesign VersaLab magnetometer. To avoid
intermixing of Pt and FeRh, the Pt capping layer was deposited at room
temperature once the FeRh film was cooled down after annealing. Despite
the lower growth temperature used for Pt, it partially grows epitaxially on
top of the FeRh layer. Pt has a lattice parameter of 3.92Å, which is smaller
than that of MgO substrate (4.21Å). Considering the 45∘ rotated epitaxial
growth of Pt(001) on FeRh(001), the mismatch is −7%. The resulting
growth-induced in-plane compression is expected to lead to the observed
increase of the transition temperature25,40 in Fig. 1. Both FeRh films studied
here show a sizable room-temperature residual FM phase, which amounts
to 20 % of the maximum magnetic moment in the fully FM phase. Earlier
works have identified the existence of FM stabilized regions both at the
surface43 and the film-substrate interface44, with the latter reaching thick-
nesses up to 6 to 8 nm. This interfacial residual FM region likely originates
fromFe diffusion into theMgO substrate and its suppression does not seem
so far feasible44,45. An estimated 2.5 nm equivalent thickness of the residual
FM region in the 12 nm-thick films highlights the good quality of our
samples.

UXRD experiment
The UXRD experiments on both FeRh samples were performed at room
temperature (295 K) without an external magnetic field in a co-planar
symmetric diffraction geometry. The independence of the results for
magneticfields up to 1 Twas previously confirmed38. The p-polarizedpump
pulseswith a centralwavelengthof 800 nmare incident at 40∘with respect to

Fig. 5 | Transient reflectivity verifies the role of the excitation condition. The
transient reflectivity of the FeRh film with a Pt capping layer probed through the
MgO substrate upon a below- (purple) and above-threshold (pink) excitation from
a the Pt side andb the substrate side. The below-threshold response (purple) is scaled
to the above-threshold fluence to extract the contribution of the laser-induced phase
transition by the difference (gray) as for the ultrafast x-ray diffraction (UXRD)
experiment or in previous transient reflectivity experiments30. Upon excitation from
the Pt side (as in the UXRD experiment), we observe a delayed rise of the FM phase
on the 50 ps timescale (dashed line). In contrast, if FeRh is directly photo-excited
through the substrate, the ferromagnetic (FM) phase rises on the 8 ps timescale
(dashed line) in perfect agreement with the response of the sample without Pt
capping layer.
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the sample normal with a repetition rate of 1 kHz and a beam footprint of
1300 × 1000 μm2. We vary the pump-pulse duration between 60 fs and
10.5 ps for the FeRh sample without Pt capping layer by detuning a grating
compressor. The sample with Pt capping layer is excited by 60 fs pump
pulses. The temporal overlap of pump and probe and the duration of the
picosecond pump pulses are independently determined by the laser-
induced response of a metal-insulator superlattice that serves as a reference
sample47. To probe the strain response of the Pt layer we kept fixed the
incident angle θ of the 200 fs-long hard x-ray probe pulses with a photon
energy of ≈8 keVprovided by a table-top laser-based plasma x-ray source at
23.2∘. The footprint of the x-ray probe pulse (600 × 300 μm2) is approxi-
mately seven times smaller than that of the pump pulse which ensures a
laterally homogeneous excitation of the probed volume. To probe the strain
responseof theFeRh layers,weperformed symmetricθ–2θ scans around the
(002) Bragg reflection at 31∘ for each pump-probe delay. The diffracted
intensity is recorded by a DECTRIS PILATUS 100 k area detector. The
lattice constant measured without laser excitation deviates less than 10−4

from the values measured for the highest fluence at t < 0, i.e., with the laser
exciting the sample 1ms before fs-probing. Thismeans that the quasi-static
heating of the laser is well below 5 K so FeRh recovers after each laser pulse
to its initial AFM state. In agreement with previous UXRD experiments37,
the threshold fluence of the laser-induced phase transition is defined by the
onset of the non-linear dependenceof the lattice expansionon the excitation
fluence. The precise determination of the threshold fluence is, however,
unnecessary. It is sufficient to compare the above-threshold measurements
to data obtained clearly below the threshold as estimated from the induced
temperature jump.

Modeling strain response
We model the laser-induced transient strain response by utilizing the
modular PYTHON library UDKM1DSIM49 and literature values for the
thermoelastic parameters inTable 1. In thefirst step, we calculate the optical
absorption using a transfer matrix model and consider the excitation geo-
metry in the experiment and the refractive indices nMgO = 1.72,
nPt = 0.5762+ 9.5776i and nFeRh = 4.12+ 5.25i. The latter was determined
from ellipsometry on a comparable FeRh film. We describe the subsequent
transfer of the deposited energy among electrons and phonons as well as
different regions of the sample in the framework of a diffusive 2TM48. The
calculated spatio-temporal energy density in the electrons and phonons are
linearly related to stress contributions via subsystem-specific Grüneisen

parameters. Their superposition drives the lattice response according to the
elastic wave equation. Finally, we calculate the corresponding shift of the
layer-specific Bragg peaks via dynamical x-ray diffraction. This shift is then
compared to the measured strain response in Figs. 2 and 4.

All-optical experiment
In the all-optical pump-probe experiment, the Pt-FeRh-MgO sample is
excitedby a100 fs-long p-polarizedpumppulsewith a centralwavelengthof
800 nm and a footprint of 800 × 800 μm2 under normal incidence either
from the Pt or the MgO-side. We probe the laser-induced change of the
reflectivity with a 100 fs-long p-polarized probe pulse with a central wave-
length of 400 nm and a footprint of 80 × 80 μm2 under normal incidence.
We compare the probe pulse reflected from the samplewith an unperturbed
reference pulse in a balanced photo-diode to enhance the signal-to-noise.
Furthermore, we mechanically chop the pump pulses to 0.5 kHz and
compare the pumped and unpumped reflectivity of the FeRh film.

Data availability
All data shown in the publication and additional data from the measure-
ment series together with the evaluation and modeling scripts are archived
under the https://doi.org/10.5281/zenodo.14937744.
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