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Abstract:
properties of equiatomic B2-ordered FeRh thin films irradiated with single high-intensity ultrashort

In this study, we present a novel investigation into the magnetic and morphological

laser pulses. The goal is to elucidate the effect of femtosecond laser ablation on the magnetic
properties of FeRh. We employed Scanning Magneto-Optical Kerr Effect (S-SMOKE) microscopy to
examine the magnetic phase after laser processing, providing high spatial resolution and sensitivity.
Our results for the first time demonstrated the appearance of a magneto-optical signal from the
bottom of ablation craters, suggesting a transition from antiferromagnetic to ferromagnetic behavior.
Fluence-resolved measurements clearly demonstrate that the ablation threshold coincides with the
threshold of the antiferromagnet-to-ferromagnet phase transition. The existence of such a magnetic
phase transition was independently confirmed by temperature-dependent SSMOKE measurements
using a CW laser as a localized heat source. Whereas the initial FeRh film displayed a reversible
antiferromagnet-ferromagnet phase transition, the laser-ablated structures exhibited irreversible
changes in their magnetic properties. This comprehensive analysis revealed the strong correlation
between the femtosecond laser ablation process and the magnetic phase transformation in FeRh
thin films.
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1. Introduction

Magnetic properties of matter and their control by external stimuli play a crucial
role in various fields such as information storage, spintronics, and energy conversion.
The behavior of materials, i.e., magnetic susceptibility, depends on the arrangement of their
magnetic moments, leading to different types of magnetic phases, such as ferromagnetic
(FM), antiferromagnetic (AF), and paramagnetic (PM).

One of the easiest ways to induce magnetic phase transition is to increase the tempera-
ture, leading to the FM-to-PM transitions followed by the Curie-Weiss law [1]. An elegant
way to locally heat the material is provided by focusing a beam of continuous or pulsed
laser radiation on the sample surface. The pulsed laser excitation of magnetic materials
offers the design of various magnetic phenomena as a function of the absorbed laser energy
per unit area, the so-called laser fluence. For example, after applying femtosecond laser
pulses at low absorbed fluences, the phenomenon of ultrafast demagnetization induced by
the rapid increase of the spin temperature was observed by J.-Y. Bigot on the subpicosecond
timescale [2]. At longer picosecond-to-nanosecond time scales, it is possible to observe
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and quantify the precessional magnetization dynamics induced by thermal [3-5] and/or
acoustic transients [6-9].

At higher laser fluences, but still below the laser damage threshold, it was readily possible
to achieve irreversible changes in magnetic properties. For instance, Kisielewski et al. inves-
tigated magnetic phases in Pt/Co/Pt multilayers after irradiation with single and multiple
femtosecond laser pulses [10]. At fluences below the ablation threshold, the magnetization
could be switched from an in-plane to an out-of-plane state. Increasing the number of applied
pulses led to a more extensive modification of regions with switched magnetization [10].

Irreversible changes in magnetic properties have also been explored in more complex
materials. Back in 1981, Urner-Wille et al. demonstrated the formation of regions with
distinct hysteresis loop shapes after irradiating amorphous GdFeBi films with a single
picosecond pulse [11]. More recent investigations on B2-ordered FegyAlyg revealed the
possibility of switching to a ferromagnetic state after the laser-induced melting of the
material [12,13]. The authors attributed this observation to a chemical order—disorder phase
transition in the crystal lattice [14,15] due to laser-induced melting and rapid resolidifica-
tion. Subsequent treatment with a lower-intensity laser pulse allowed for the "erasure" of
the ferromagnetic state [12]. Magnetization reversal was also achieved in GdFeCo films
due to irradiation with circularly polarized femtosecond pulses [16,17]. The switching
phenomenon (Faraday effect), which was originally interpreted as the coherent helicity-
dependent phenomenon, appeared to be fine-tuned through the small (~1%) difference in
the absorbed laser fluence due to the magneto-circular dichroism, i.e., of purely thermal
nature [18]. This example demonstrates the sharp threshold in the absorbed laser fluence
for ultrafast laser-induced phase transitions.

Another interesting complex magnetic material is the binary alloy FeRh which ex-
hibits FM, AF, and PM state, depending on its temperature, composition and a structural
order [19-21]. Specifically, at the nearly equiatomic concentration, B2-FeRh exhibits AF
ordering at room temperature with a transition to FM ordering at around 370 K [19].
The transition temperature is sensitive to stoichiometry and structural disorder [22,23].
This unique tunability has generated significant interest in FeRh for applications such as
magnetic memory [19,24,25] and magnetocaloric cooling [26-28].

Modifications by doping or by applying strain on FeRh can also cause changes in
its magnetization behavior [29-33]. Numerous studies demonstrated that an irreversible
magnetostructural phase transition can be induced in FeRh by ion beam irradiation; ad-
ditionally, varying the fluence of irradiation can be used to tune the phase transition
temperature [23,34-38] as well as to induce a formation of fcc-FeRh phase [20]. In con-
trast, the laser excitation of FeRh was studied only with low-intensity pulses to generate
ferromagnetic order on subpicosecond timescales [39-42].

In this paper, we discuss the magnetic properties of FeRh after irradiation with a
single fs pulse at high intensities. Scanning MOKE (S-MOKE) microscopy was employed
to investigate the magnetic phase after laser processing, offering high spatial resolution
and sensitivity. A magneto-optical signal was observed inside the ablated film following
the laser irradiation. An analysis of the signal amplitudes as a function of fluence suggests
that the initiation of the ablation is responsible for the appearance of the magneto-optical
signal. Subsequent S-MOKE measurements during heating under ambient atmosphere
up to T > 600 K revealed the reversible temperature-driven AF-FM phase transition of the
initial B2-ordered film, while the magneto-optical signal in the ablated regions has been
erased by this heat treatment.

2. Materials and Methods

First, 45 nm thick films of equiatomic FeRh were sputter-deposited from an al-
loyed target on MgO(001) substrate at 600 °C. Prior to deposition, the substrate was
annealed at 600 °C for 8 h; after deposition, the FeRh film was kept at 600 °C for two
hours to achieve the B2-ordered structure. The base pressure of the vacuum chamber
was 3 x 1077 mbar (3 x 1077 hPa), sputtering was performed in Ar atmosphere at
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5.5 x 1072 mbar (5.5 x 1073 hPa) pressure. Next, the laser nanostructuring was com-
pleted under an ambient atmosphere. A train of the laser pulses (800 nm wavelength,
50 fs duration, 500 Hz repetition rate, pulse energy up to 300 uJ) was focused by a quartz
lens (F = 40 cm) into the beam waist of wy = 30 um under 45°. During the irradiation,
the sample was moving at a constant speed (10 cm/s), which allowed producing identical
fs-laser-induced structures. Surface characterizations were performed using a Bruker DI
3100 (Nanoscope V) atomic force microscope (AFM).

After the irradiation, we utilized magneto-optical Kerr effect (MOKE) microscopy to
study the magnetic properties of the produced structures at room temperature. Figure 1
illustrates the setup. The transversal MOKE configuration (T-MOKE, magnetization is
perpendicular to the plane of polarization) was employed for measurements, focusing on
the ratio of the reflected intensity change (AI) in the magnetic field to the initial reflected
intensity (Ip), i.e., Al/Iy. We used a p-polarized collimated laser beam, with a wavelength
of 632.8 nm, as the incident light. This beam was then diverged with a lens and focused
into a 2 pm spot using a 10x microscope. The reflected beam was focused on the windows
of the photodetector with a different lens. The sample was placed in an oscillating magnetic
field (m, = £1) of 50 mT at 1.5 kHz.
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Figure 1. Schematics of the setup for the S-S MOKE microscopy in the transversal MOKE configuration
with balanced photodetection using polarized light. m, is the projection of the magnetization vector.

In order to achieve a high-contrast MOKE signal, we employed a balanced detection
scheme. Using a half-wave plate (A/2), we introduced s-polarization into the p-polarized
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light. As a consequence, the p-polarized component experienced changes upon reflection
from the sample due to the influence of the magnetic field, while the s-component remained
unaffected by the field. A Wollaston prism separated the p- and s-components, directing
them to the differential photodetector. The difference between the magnetically influenced
and unaffected intensities (Al = I,, — I5) represented our magneto-optical signal, Al.
The reflected s-polarized light served as the reference reflectivity, proportional to Iy. The Al
value was derived using a lock-in amplifier in sync with the magnetic field and captured
using a data acquisition (DAQ) card programmed with LabVIEW. The reference value (Ip)
was ascertained directly from the photodetector.

A 3D-stage was used to scan the sample point-by-point in the x and y directions
(scanning MOKE or S-MOKE), as illustrated in Figure 1 (inset). Our microscope setup,
consisting of a 10 x objective, a beam splitter, a CCD, and a diode lamp, allowed for relative
positioning of the structures to the focused beam and monitoring of the scanning progress.

This setup, while acting as a 2D extension of the 1D-S-MOKE-methodology for
magneto-plasmonic applications [43], underscores the role of polarization optics in our
experiments. This configuration, compared to traditional methods that use a reference
beam from an additional beam splitter, is both simpler and more robust, and it can be easily
adapted to longitudinal and polar S-MOKE configurations.

3. Results and Discussion

In this section, we present our findings on the magnetic properties of the FeRh struc-
tures formed after laser irradiation and discuss the processes that contribute to the results.
Microphotographs of the structures created by laser irradiation revealed their morphology
and dimensions (Figure 2a—c). Figure 2b presents a microphotograph of the structure
created after irradiation by a laser pulse with a fluence of F = 0.88 J/cm?. At first glance,
this structure appears as a dark, elliptical blotch on the original film, with diameters of 20
and 30 pum, fringed by residual remnants. The red curve in Figure 2b,c represents an AFM
measurement of the relief profile within the structure, providing a more intricate under-
standing of its morphology. According to this analysis, the dark blotch is likely a result of
laser-induced material transformation or deposition on the film surface. Comparatively,
the structure created at higher fluences, as demonstrated in Figure 2c, exhibits clearer and
more defined boundaries. A close inspection of the relief highlights the formation of a
near 45 nm crater, which is accompanied by residues at the film base and around the crater
periphery. This observation suggests the film has undergone partial removal, i.e., ablation.

Figure 2d shows the Scanning Magneto-Optical Kerr Effect (S-MOKE) map at the
position previously visualized in Figure 2b. The absence of detectable signals within this
map suggests that the structure retains its antiferromagnetic (AF) phase after the laser
irradiation. Conversely, as demonstrated in Figure 2e, a structure with material removal
showcases identifiable signals within its confines, which is indicative of a phase transition.
However, the unaltered film surrounding the ablated region displays a lack of discernible
signals, implying it remains in its original phase.
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Figure 2. The microscopic pictures of the fs-laser produced structures in 45 nm thick B2-FeRh film:
(a) Optical microscopy of the obtained structures film under F in a range from 0.8 to 1.25 J/cm?. Opti-
cal microscopy of the structure obtained by the pulse with (b) F = 0.88 J/cm? and (c) F = 1.07 ] /cm?.
The red curve corresponds to the topographic profile measured with AFM. h;y,, corresponds to the
thickness of the film (45 nm). (d) S-MOKE pictures for the structures produced at the (d) F=0.88]/ cm?
and (e) F = 1.07 J/cm?. The turquoise curve describes the spatial distribution of the MOKE signals
obtained in the center along the orange line. AF stands for antiferromagnetic, FM stands for ferro-
magnetic.

In the experiments, laser irradiation exhibiting a Gaussian intensity profile was utilized
to generate the structures. A specific threshold fluence is necessary to initiate the ablation
process. By employing Liu’s method [44], the Gaussian distribution parameters can be
deduced from the pulse energy and dimensions of the structure. Consequently, a linear
relationship between the radial size (%) of the structure and the natural logarithm of the
pulse energy is established. Figure 3a demonstrates this relationship for the structures
obtained with ablation, plotting 72 against In(Epyise)- The intersection point of the linear
relationship with the zero value represents the fluence threshold for ablation. In the
case of FeRh, the threshold energy (Ey,) is (31 &£ 3) yJ, and the threshold fluence (Fy,) is
(0.92 £ 0.07) J/cm?.

Figure 2e previously depicted the spatial distribution of the magneto-optical signal
within the structure. Given that the structure was produced using a laser beam with
a spatial intensity distribution, the association between the magneto-optical signal and
intensity can be ascertained by comparing these two distributions.

Figure 3b demonstrates the dependence of the magneto-optical signal on the laser
fluence. Up to 0.91 ]/cm?, FeRh retains its antiferromagnetic properties, exhibiting magne-
tization values approximating 0. Above 0.91 J/cm?, the magneto-optical signal experiences
a rapid increase, reaching its peak value of (3.8 & 0.4) x 103 between 1.2 and 1.4 ]/cm?.
Following this, a reduction to 2.9 x 1073 occurs.

As observed in Figure 3b, the ablation threshold and the value corresponding to the
phase transition from antiferromagnetic to ferromagnetic are nearly identical. This finding
implies that the ablation process is the primary factor responsible for the magnetic phase
transition observed in FeRh.
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Figure 3. (a) Squared radius of the ablation-induced structure dependence on the natural logarithm of
energy pulse (Epyise)- The intersection with the line y = 0 of the linear fit allows finding the threshold
energy (Ey,) and threshold fluence (Fy,) as well according to the inserted formula [44]. (b) T-MOKE
dependence on the fluence evaluated from the maps for each fs-laser processed structure. The lines
are to guide the eye along data points.

To investigate the effect of temperature changes on the magneto-optical properties, we
modified our experimental setup by incorporating an additional CW-laser from the back
side of the sample during magneto-optical signal measurements (Figure 4a) at ambient
atmosphere. This CW-laser, with a wavelength of around 450 nm, was focused into a
150 um spot. By adjusting the power of the laser, the temperature of the sample could be
altered, enabling the acquisition of magneto-optical signals at the selected power levels.

Figure 4b presents the results obtained for the initial FeRh film. The lower horizontal
axis represents power, while the blue curve corresponds to the MOKE signal measured
during sample heating. Magnetization appears at a power of approximately 0.5 W, in-
creasing to a maximum value of (4.6 + 0.4) x 1073 before declining and approaching 0
at 2.5 W. This behavior is consistent with the well-known FeRh phase diagram [19] and
represents the consequent AF-FM and FM-PM phase transitions observed in B2-ordered
FeRh [22]. Based on magnetometry tests conducted on the samples, the AF-FM phase
transition occurs at 370400 K, while the FM-PM phase transition is reached at 670 K [22].
With this information, the power scale can be converted to a relative temperature scale,
as displayed on the upper horizontal axis of Figure 4b.

Following the heating of the sample to a power of 2.5 W, measurements have been
continued as the power was reduced; i.e., the sample was cooled. Between 2.5 and 0.6 W,
or from 670 to 390 K, the magnetization was increasing on the same trajectory, while
it was decreasing under heating. However, in the temperature range of 390 to 360 K,
magnetization exhibited a continuous increase, which was followed by a rapid decline after
reaching its maximum value, i.e., performing the hysteresis. The magnetization eventually
approached zero at approximately 350 K, which is in agreement with the magnetometry
data. This observed behavior aligns with previously reported FeRh characteristics described
in the literature [22,45,46].
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Figure 4. (a) Schematics of the measurements under additional heating from the back side of the
film with an additional CW-laser (b) The results of the measurements under heating for untreated
FeRh. The blue curve demonstrates the magnetic behavior during the heating phase, with increasing
laser power resulting in increased film temperature, up to around 670 K (2.5 W). Upon reversing the
heating process, measurements exhibit a steady response until a critical range of ~370-390 K (0.6 W)
is reached, at which point the red trajectory becomes descriptive of the observed behavior.

After examining the initial film, we turned our attention to the structures created
through laser irradiation (Figure 5a). First, we carried out a spatial scan at room temperature
once again, with the results shown in Figure 5b for a structure obtained at F = 1.8 J/cm?.
Following the measurements, only the surrounding area displayed the FM phase, with a
width between 8 and 16 um. No ferromagnetic properties were evident in the center of the
ablated structure compared to the case before the heating of the initial film in Figure 5a,
which is a trend consistent across all structures.

Subsequently, we conducted a scan along the horizontal line in the center of the
structure (indicated by the red line in Figure 5b), changing the temperature at each point.
Figure 5c presents the resulting data. The curved shapes of the areas can be attributed
to the movement of the sample due to the applied temperature. During the temperature
change, a drastic increase in magnetization was observed starting from ~370-390 K (0.6 W),
suggesting the AF-FM phase transition for the untreated FeRh.

Notably, no variation in the MOKE signal with temperature was observed inside
the ablated structure. Consequently, the magnetization behavior of the laser-produced
structures does not exhibit the same reversibility as the initial film.

before heating of the film after heating of the film T (K)

@

0
20 40 60 80 100 120 140 40 60 80 100 120

X (um)

330 350 370 380 400
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Figure 5. (a) S-MOKE picture taken on a laser-ablated structure in FeRh thin film obtained at
F=1.8]/cm? at room temperature. (b) SSMOKE picture taken on a laser-ablated structure in FeRh
thin film obtained at F = 1.8 J/cm? at room temperature after the heating with CW-laser to T > 600 K
at ambient atmosphere. (c) The SSMOKE signal taken along the red line from the left picture (b) with
changing the power of the heating laser (temperature) at every point. The curvature is due to a
sample drift.
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The correlation of the observed threshold in S-MOKE measurements with the ablation
threshold invites speculation about its physical origin. The metamagnetic AF-FM phase
transition in FeRh is sensitive to the composition [47], structural order [37] strain [33,48],
and thickness of the film [49], which offers a variety of ways to stabilize the FM state
of laser-ablated FeRh at room temperature. Experimental studies of femtosecond laser
ablation clearly demonstrate that it evolves through the sequence of intermediate states
characterized by low density [50]. Moreover, in the initial phase, the non-ablating part
of material film is separated by an optically thick shell of laser-melted material moving
away from the surface and existing on nanosecond timescales [51,52]. Both effects have
been confirmed by theoretical simulations [53]. This means that the remaining part of the
material, which has evolved through the low-density states, has been protected from the
contact with ambient atmosphere (and thus, atmospheric pressure, oxidation and photo-
chemistry in the liquid phase) for at least a few nanoseconds. An FM behavior in the ablated
region (Figure 2e) might be a result of the combined effect of non-stoichiometry, chemical
disorder and residual strains after the melting and the re-solidification during the ablation
process. The sensitivity of the observed MOKE signal to the thermal annealing of the
sample performed using a CW laser at ambient atmosphere can be caused by the annealing
of residual stresses combined with the oxidation effects of a thin FM layer remaining at the
crater of an ablated structure (Figure 2c). In contrast, the untreated area of a 45 nm thick
FeRh film around the ablated crater exhibits an AF-FM phase transition when heated at the
same conditions. A possible route for future experiments would be to create such structures
using controlled thermo-mechanical femtosecond laser spallation by illuminating FeRh
films through the substrate in the regime of closed spallation cavities [54]. Such experiments
with partially melted and cavity-protected FeRh spieces are expected to shed light on the
physical origin of ablation-induced phase transformation in FeRh film.

4. Conclusions

In summary, we have investigated the magnetic properties of FeRh thin films irradi-
ated by single high-intensity femtosecond laser pulses in the ablation regime. Scanning
MOKE (S-MOKE) microscopy was employed to study the magnetic phase after fs-laser
processing, revealing the appearance of a magneto-optical signal at the bottom of the
ablation crater. The dependence of the magneto-optical signal on the laser fluence demon-
strates a strong correlation between the ablation process and the magnetic behavior in
FeRh thin films. The transition from the antiferromagnetic to the ferromagnetic state in
the laser-ablated regions has been observed, while the surrounding initial film retained
its antiferromagnetic properties. CW-laser-assisted temperature-dependent measure-
ments performed both on the initial film and the laser-created structures revealed that
the magnetic properties of the ablated structures did not display the same reversibility as
the untreated B2-ordered film. This finding suggests that laser ablation-induced phase
transformation and changes in magnetic properties in FeRh thin films are irreversible
when performed under ambient atmosphere. The interplay of ultrafast metamagnetic
and structural phase transitions in FeRh [39,42] at elevated pump laser fluences remains
the subject of future investigations.
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