7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Finite size effects on the metamagnetic phase

{ M) Check for updates ‘
transition in a thick B2 FeRh nanocluster filmf¥

Cite this: Nanoscale, 2024, 16, 11679

Guillermo Herrera, (2 *@ Anthony Robert,® Sara Gonzalez,® Patrick Schoeffmann,©
Alexandre Tamion,? Florent Tournus,® Laurent Bardotti,® Olivier Boisron,?
Clément Albin,? Nicholas Blanchard,? Ingrid Canero-Infante, 2 °

Pedro Rojo Romeo,” Bruno Canut,® Edwige Otero, Philippe Ohresser,©

Fabrice Wilhelm,® Andrei Rogalev,® Matthieu Bugnet, )¢ Damien Le Roy? and
Véronigue Dupuis (2@

FeRh alloys in the CsCl-type (B2) chemically ordered phase present an antiferromagnetic to ferro-
magnetic order transition around 370 K observed in bulk and continuous films but absent in nanoclusters.
In this study, we investigate the thermal magnetic behavior of a thick film composed of assembled FeRh
nanoclusters preformed in the gas phase. This work reveals a broad and asymmetric metamagnetic tran-
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sition with a consequent residual magnetization at low temperature. Due to the coexistence of different
grain sizes in the sample, we confront the results with a description that involves two populations of B2-
FeRh particles, and the existence of a discriminating size below which the magnetic order transition does
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Introduction

Near the point of equiatomic composition, FeRh bulk alloys in
the CsCl-type (B2) chemically ordered phase present a meta-
magnetic transition from the antiferromagnetic (AF) state at
low temperature, with ug. = 3.3up and no observable magnetic
moment for Rh, to the ferromagnetic (F) state, with g = 3.2up
and ugn = 0.9up, above a critical temperature T; of 370 K. This
transition is accompanied by a 0.5% lattice parameter
expansion.”™ The competition between both magnetic orders
of FeRh occurs relatively close to room temperature (RT) and
holds great potential for applications in magnetocaloric
refrigeration due to its large negative magnetocaloric
effect,”*° in ultrafast spintronics by heating FeRh with a laser
to generate a spin current due to the uncompensated magnetic
moment,"* ™ as well as in antiferromagnetic spintronics'* and
recording data.’® Although the magnetic properties of FeRh
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nanostructures have been extensively studied for more than 25
years, the mechanism behind the AF to F transition is still
widely debated and not well understood due to the strong cor-
relation between structural, electronic and magnetic order in
such nanoalloys."®"”

The presence of both magnetic orders has been experi-
mentally observed in thin FeRh films, where the authors
propose that the inner region becomes AF at low temperature
while the surface remains F.'® In nanostructures, defects and
dislocations can also prevent the AF order in epitaxial FeRh
films."**° These works suggest that the AF order is very sensi-
tive to the crystallinity and to the strain at surfaces and inter-
faces in thin films.

The AF/F phase coexistence in thick FeRh films epitaxially
grown onto MgO(001) has also been experimentally observed
and related to supercooled F grains as a result of the elastic
lateral adaptation of the domains to the lattice mismatch with
the substrate.>" Even with the presence of the metamagnetic
transition, a wide range of thermal hysteresis loop shapes has
been reported.’® A sharp transition has been observed in a
50 nm thick FeRh (001) film grown over MgO (001), closing the
loop in ~40 K with similar shapes of the two branches,'® while
Loving et al. have reported a loop over ~300 K with a cooling-
down branch significantly wider than the heating-up branch.>?
Nevertheless, a linear correlation between the transition temp-
erature and the applied external field"®>® is consistently
observed, indicating that despite differences between the
material microstructure and system dimensions, the intrinsic
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properties of FeRh B2 alloys dominate this first order meta-
magnetic transition. Despite a lot of studies on thin films with
low defect density,'®****?* the study of single B2 FeRh nano-
magnets is rather rare. Some publications emphasized the
strong interplay between crystal faceting, surface configuration,
morphology and magnetic state in FeRh nanoparticles from DFT
calculations and experimental studies.”*>® By preparing FeRh
nanocrystallites using low energy cluster beam deposition
(LECBD) diluted in an amorphous carbon matrix, we demon-
strated the persistence of the F order down to 3 K for size-
selected clusters in B2 phase less than 10 nm in diameter.>*"
We proposed that significant surface relaxation affecting the
unit-cell parameter is responsible for the suppression of AF order
even at very low temperature. This effect is associated with a sig-
nificant surface-to-volume ratio, reaching up to approximately
70% in clusters of smallest nanosizes,*” as already observed in
other chemically ordered nanoalloys.>* In this work, in order to
enable a better understanding of the FeRh magnetic properties
at the nanoscale, we have prepared a 150 nm thick FeRh film
made of assembled nanoclusters preformed in gas phase. The
film has been post-annealed to achieve chemical order in larger
grains as possible by coalescence, resulting in a porous equia-
tomic B2 FeRh film with strongly correlated magnetic nanoal-
loyed grains. Our in-depth investigations of the metamagnetic
phase transition reveals the correlation of magnetic properties
with the nanometre size of FeRh grains.

Methods

Synthesis

The LECBD technique has been used to prepare a thick nano-
granular FeRh sample. Briefly, a pulsed laser (Nd:YAG with
wavelength 4 = 532 nm, frequency of 20 Hz and 8 ns of duration)
vaporizes the surface of an equiatomic FeRh target rod.>®** The
plasma created at the rod’s surface is then cooled down with an
He gas stream at 30 mbar of partial pressure. This process
initiates the nucleation and growth of nanoparticles in-flight,
culminating in their deposition onto a substrate positioned
within a connected UHV chamber. We report that nanoclusters
directly deposited on a transmission electron microscopy grid
present a size histogram with a log-normal distribution
between 2 nm and 10 nm in diameter.>® A thick FeRh sample
has been UHV deposited on a Si wafer with a 150 nm nominal
equivalent thickness. Then to limit subsequent oxidation, the
sample was rapidly capped by ~15 nm amorphous carbon layer
in UHV using a home-made evaporator (Patent Number WO/
2014/191688). Previous works on as-prepared nanocluster films
made in the same conditions have given ~60% of the bulk
density,?® close to a hard sphere model.*’

After transfer in air, the sample was post-annealed in a
UHV furnace at 500 °C for 2 h and then annealed again at
700 °C for 3 h to achieve the CsCl-like B2 phase. Due to
coalescence occurring during thermal treatments, the size dis-
tribution of incident clusters is no longer anticipated to be
present in the annealed self-assembled nanoalloyed sample.
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Characterization

Atomic force microscopy (AFM). A topographic image has
been performed in tapping mode at 70 kHz.

Transmission electron microscopy (TEM). A cross-section
lamella of the FeRh film was made by focused ion beam (FIB)
using the lift-out technique. The lamella was imaged using the
high angle annular dark field (HAADF) contrast in scanning
transmission electron microscopy (STEM) mode, in a FEI Titan
ETEM G2, operated at 300 kV. Energy-dispersive X-ray (EDX)
spectroscopy was performed in a Jeol JEM2100, equipped with
an Oxford EDX spectrometer and operated at 200 kV.

Rutherford backscattering spectrometery (RBS). RBS was
performed with “He" ions of 2 MeV and a detector at 165° and
21 keV of resolution.

X-ray diffraction (XRD). Conventional specular XRD was per-
formed in 6/26 geometry with Cu-Ko radiation.

Superconducting quantum interference device (SQUID)
magnetometry. Magnetization measurements were performed
using a commercial SQUID magnetometer (Quantum Design
MPMS 5XL) in the range of temperature (2-400 K) and for mag-
netic field direction parallel to the sample surface up to 5 T.

X-ray absorption spectroscopy (XAS) and X-ray magnetic cir-
cular dichroism (XMCD). XAS and XMCD experiments were
performed at the Rh M, ;-edge and Fe L, ;-edges on the soft
X-ray DEIMOS beamline at SOLEIL synchrotron (Saint-Aubin,
France), and at the Fe K and at the Rh L, ;-edges on the hard
X-ray ID12 beamline at ESRF synchrotron (Grenoble, France).
More details for each beamline are available elsewhere.*®?°
The specimens were transported in a sealed desiccator under
primary vacuum, from the PLYRA synthesis facility (UHV) to
the synchrotron beamlines where they were fixed on sample
plates (atmospheric pressure) prior to insertion in the beam-
line chambers (UHV). At DEIMOS, the total electron yield
(TEY) signal was collected and used to estimate the Fe mag-
netic moment, under a 6 T magnetic field parallel to the X-ray
beam along the normal to the sample surface plane. The total
fluorescence yield (TFY) probes a much deeper portion of the
sample (~100 nm from the surface) and was also collected at
the same time. At ID 12, the sample was placed under a 7 T
magnetic field parallel to the X-ray beam, which was aligned
with a 15° angle with respect to the sample surface. In the case
of hard X-rays, the TFY signal was collected and used to inter-
pret X-ray absorption near edge structures (XANES) and to esti-
mate the Rh induced magnetic moment at the L,; edge. As
the accessible temperature range is 4-320 K on both beam
lines, XMCD experiments were conducted under an applied
magnetic field as high as possible to increase the probability
to induce the metamagnetic transition.

Results and discussion
Morphology and microstructure

The microstructure of the FeRh film was investigated at the
nanoscale, with a topographic view of the sample surface
using AFM (Fig. 1a), and with a lateral view of a cross-section
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Fig. 1 AFM top view of the FeRh nanocluster assembled film with 150 nm nominal thickness measured in tapping mode (a), and topography profile
along line 1 (white) with a 30 nm length dome delimited with the red vertical dotted lines (inset). STEM-HAADF lateral view on a cross-section

lamella of the FeRh nanocluster assembled film (b).

lamella of the sample using STEM-HAADF (Fig. 1b). Both AFM
and STEM-HAADF images reveal clearly that the film conserves
a granular structure after the thermal treatment. The
STEM-HAADF image shows that the sample is apparently
~310 nm thick due to high film porosity compared to the
150 nm nominal thickness determined from Quartz Crystal
Microbalance that monitors total mass deposition assuming
full film density. In addition, it is significant that the anneal-
ing led to a large nanoparticle size dispersion: the nano-
particles are ~10 nm in diameter in the upper ~60 nm part of
the film and close to the interface with the substrate, while
nanoparticles are ~100 nm or greater in diameter in the center
of the film. Given the large porosity of the film, the
STEM-HAADF image does not allow to obtain a precise size
dispersion of the nanoparticles, but instead highlights the
heterogeneous spatial distribution between the surface and
middle of the film as well as at the interface with the substrate,
as shown in Fig. 1b. The AFM image also reveals height fluctu-
ations and lateral coalescence of nanoparticles upon annealing
(Fig. 1a). These observations suggest the coalescence of FeRh
nanoparticles, which occurs preferentially in the middle of the
film. Such complex 3D microstructure with a large porosity
leads to a higher apparent thickness for the annealed sample
compared to the nominal value estimated from quartz balance
during cluster deposition.

Chemical composition and crystallography

The alloyed Fel:Rh1l composition of larger grains is clearly
observable in ESI (Fig. S11) from an EDX map performed on
the same cross section lamella as the STEM-HAADF. RBS also
reveals an Fe/Rh relative concentration of 50%/50% + 4% (see
ESI Fig. S27), which overlaps, within the error, the range of
equiatomic concentration needed for the occurrence of the
metamagnetic B2 FeRh phase transition.*’

XRD on the annealed sample (3 h at 700 °C) showed that
the FeRh CsCl-like B2 phase with a = 2.98 A (bulk value)? is

This journal is © The Royal Society of Chemistry 2024

dominant in the sample as shown in Fig. 2a. However, the film
still contains a minor quantity of chemically disordered A1l
FeRh phase with @ = 3.77 A, which is ~2% larger than the
lattice parameter reported for the bulk.*" By using the Scherrer
formula for the XRD peaks of FeRh A1 (111) and FeRh B2 (011)
with the shape factor 0.9 of the sphere,’* a ~14 nm size was
estimated for the crystallites in A1 phase and a ~27 nm size
for the crystallites in B2 phase (Fig. 2b) from the full width at
half maximum (FWHM) of the respective diffraction peaks.
The main peak of Fe;O, (311),"> which has a low intensity
here, suggests the oxidation of iron in a minor proportion. In
the following, we will see that the weak magnetic contribution
of the FeRh A1 phase can be neglected compared to the high
magnetic moment expected for the FeRh B2 majority
nanoparticles.*

Global magnetic measurements

SQUID magnetization measurements were performed on the
as-prepared sample and after several UHV annealing cycle dur-
ations at two temperatures namely 500 °C and 700 °C. For the
as-prepared sample initially in the A1 phase, we obtained a
very weak magnetic signal (as seen from m(T) under 2.5 T in
Fig. 3). This is consistent with the paramagnetic nature of bulk
FeRh A1, and similar observations have been reported for as
prepared continuous films.** While a 2 h annealing at 500 °C
slightly increases the magnetic signal, it is only after a 3 h
annealing at 700 °C that a strong magnetic signal is obtained.
Moreover, we detect a metamagnetic phase transition that
does not evolve after a further 7 h annealing at 700 °C. More
precisely, the dependence of the magnetic moment with temp-
erature, m(T), has been considered when cooling (heating) the
700 °C annealed sample from 400 K. Fig. 3 displays the m(T)
curves measured under magnetic fields ranging from 0.1 T to
5 T, all presenting a partial metamagnetic phase transition
around room temperature. Regardless of the applied magnetic
field, m(T) curves are characterized by (i) a large thermal hys-

Nanoscale, 2024, 16, 11679-11687 | 11681
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Fig. 2 Specular XRD pattern of the FeRh nanocluster assembled film with labelled peak positions of FeRh Al phase (orange), FeRh B2 phase (blue),
Si (green) and Fez O, (red) (a). Magnification of the XRD pattern in the region of FeRh Al (111) and FeRh B2 (011) peaks with Gaussian fits using the

Scherrer formula with shape factor 0.9 (b).
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(a) SQUID magnetometry between 4 K and 400 K for external magnetic field of 0.1 T (grey), 0.5 T (red), 1.5 T (orange), 2.5 T (blue) and 5.0 T

(dark blue). The m(T) curves measured after annealing are represented with full symbols, and compared to the m(T) curve measured at 2.5 T in the
as prepared state (open symbols). (b) The transition temperature determined from SQUID m(T) curves, in the cooling-down branch (upside-down
open triangles) and the heating-up branch (filled triangles) calculated as the maximum of the first derivative. The dashed lines are best linear fits.

The points at 7 T are obtained from the XMCD signal on Rh edge.

teresis extended over more than 200 K, (ii) similar asymmetry
with a smooth transition from F to AF states upon cooling,
and a sharper transition from AF to F states upon heating, and
(iii) a temperature range from 2 K to 50 K where the m(T)
curves are reversible. At such low temperature, the system dis-
plays a small coercivity, reflecting the persistence of a residual
ferromagnetic contribution. In other words, only a fraction of
the film transits into the AF state upon cooling. Besides, while
the high temperature F signal saturates at around 1.5 T, we
observe that the low temperature residual signal is still increas-
ing with the applied magnetic field. This non saturating con-
tribution has been attributed to spin canting effects in the AF
Fe sublattice.*” In order to estimate the amount of the residual
ferromagnetic phase, we compare the low temperature mag-
netic moment at 1.5 T with the maximum high temperature
moment. This procedure assumes that: (i) the AF signal (spin
canting) at such a field is negligible with respect to the F
phase, and (ii) the F signal is saturated and does not vary with
temperature in the 0-300 K range, and (iii) the magnetic con-

11682 | Nanoscale, 2024, 16, 11679-1687

tribution of minor A1 phase is fully negligible. We find that
~27% of the ferromagnetic signal does not vanish: in other
words, ~27% of the B2 FeRh remains in the F phase at low
temperature.

A substantial distribution in nanograin size, porosity, and
potential dispersion around the equiatomic composition
could contribute to the observed broad thermal hysteresis.
Interestingly, despite the nanogranular microstructure of the
presently characterised thick film, the magnetic field depen-
dence of the transition temperature closely resembles that
observed in continuous FeRh films** and wires,"? ie. nearly
linear with a slope of —9.1 K/T as seen in Fig. 3b. Let us
emphasize that the transition temperature, defined as the
maximum of the first derivative, is different for the heating
and cooling branches.

According to Biswas et a the broad metamagnetic
transition could be attributed to surface defects present in a
nanogranular system that slow down the kinetics of growth of
the new phase. Moty¢kova et al®® report similar thermal

46
L
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magnetization curves on self-assembled of sub-micron FeRh
nanoislands capable of sustaining a supercooled state at about
150-200 K below their transition temperature to FM states.
They suggest that as the size of FeRh nanostructures decreases,
the lack of availability of nucleation sites for the AF phase to
be nucleated during cooling causes supercooling, stabilizing
the F phase below its phase transition temperature. The asym-
metrical transition (sharp transition from AF to F and smooth
transition from F to AF) can be explained by the fact that an
individual grain is submitted to the net stray field created by
all neighbouring F grains, which favors this grain to remain in
the F state.

In our case, the local field hypothesis cannot explain the
transition temperature range in the cooling. Indeed several
tens of teslas would be required to shift the transition temp-
erature by more than 100 K. Note that the asymmetry and
width of phase transition differ from the ones observed for a
150 nm-thick continuous B2 FeRh film** but also for a 50 nm-
thick film with controlled disorder (in this case the heating
branch is also broadened and shifted). However, the shape of
the transition is comparable to the thinnest film of Han
et al.*’ (3 nm equivalent thickness) corresponding to 35 nm
diameter grains.

From Fig. 3, the field dependence of the transition suggests
that at a given temperature in the transition range, one can
trigger the F to AF transition of some FeRh grains by reducing
the external field or conversely, trigger the transition from AF
to F states by increasing the external field. To confirm this
feature, we varied the applied magnetic field at discrete temp-
eratures. Thus m(T) was measured at 1.5 T, with interruptions
to perform m(H) loops at 250 K in the cooling-down branch,
then at 250 K and at 325 K in the heating-up branch (See
Fig. 4). Each m(H) loop starts with increasing the magnetic
field H from 1.5 T to 5 T, then sweeping H back and forth
between 5 T and —5 T, and finally returning from 5 T to 1.5 T.

These experiments show that at 250 K in the cooling
branch, the field switch off triggers the F/AF transition of a

View Article Online
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limited fraction of nanograins, while no AF/F transition occurs
in the heating branch by changing H. In contrast, at the begin-
ning of the heating branch transition, the increase of H
induces the AF/F transition of a larger fraction of nanograins
(Am is seven times larger than previously). Note that we
retrieve the m(T) value of the heating branch for 5 T. We
observe that after each interruption, m(T) is constant over a
temperature range AT in agreement with the T, field depen-
dence (Fig. 3b).

To explore further the coexistence of both magnetic order
contributions, we conducted element-specific magneto-optical
spectroscopy at the L-edges of both Rh and Fe elements by
using two synchrotron facilities, ESRF for hard X-ray and
SOLEIL for soft X-ray energy, respectively.

Element-specific magnetic measurements

Hard X-ray absorption spectroscopy. XAS and XMCD
measurements were performed at the Fe K-edge (~7113 eV)
and Rh L, ;-edges (~3146 eV and 3004 eV) in TFY mode. Using
hard X-rays provides a more volume sensitive approach com-
pared to soft X-rays. A clear XANES signature evolution at both
edges has been observed from the as-prepared sample in
chemically disordered FCC A1 phase to the 700 °C annealed
sample, mostly in B2 phase (see ESI Fig. S3a and S3bf).**>!
Moreover, the XMCD signal recorded at the Rh L,-edge at
320 K under 7 T on the as-prepared sample has been found
negligible compared to the clear dichroic signal obtained on
the 700 °C-annealed FeRh sample (see ESI Fig. S3ct). For the
annealed sample, by neglecting the magnetic dipole term T,
we respectively extracted an induced Rh magnetic moment of
0.16ug at 4 K and of 0.65ug at 320 K within 10% of error from
the XMCD signal measured at the Rh L,-edge under 7 T
(Fig. 5a). The absolute value of the orbital to spin ratio, which
is independent of the number of 4d holes,”*"* has been found
equal to 8% and does not vary with the temperature. The mag-
netic moment curves obtained on the annealed sample as a
function of applied magnetic field and as a function of temp-

a) T
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Fig. 4

(a) m(T) curves measured at a magnetic field of 1.5 T. The dashed m(T) curve is measured under continuous temperature sweeping. The blue

m(T) curve is measured upon cooling, and interrupted with a m(H) loop at 250 K (step A). The red m(T) curve is measured upon heating, and inter-
rupted with a m(H) loop at 325 K (step B). (b) Irreversible m variation, when decreasing the field H over (AH)4 (step A), and when increasing the field

Hover (AH)g (step B).
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Fig. 5 XAS and XMCD in the hard X-ray regime measured on the
annealed FeRh nanocluster assembled film in TFY mode at the Rh
L-edge under 7 T and 15° grazing incidence leading to a total magnetic
moment of 0.16up at 4 K and 0.65u5 at 320 K (a). XMCD signal taken as
the maximum XAS value at the L,-edge versus the applied magnetic
field (b). Temperature dependence of the Rh total magnetic moment
measured from thermal XMCD evolution under 7 T (c).

erature (Fig. 5b and c, respectively) have been recorded from
the XMCD maximum value taken at the Rh L,-edge. On the
one hand, the comparison between field-dependent XMCD
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curves in Fig. 5b shows a small saturated value consistent with
the fraction of B2 FeRh that remains in the F phase at 4 K,
while an obvious irreversibility in the saturation regime of the
m(H) curves at 320 K could be explained by the combination of
the weak anisotropy of the AF phase and the soft F phase.**
On the other hand, it is worth highlighting that the thermal
evolution of the induced Rh magnetic moment (Fig. 5¢) closely
follows the magnetization curve obtained from SQUID
magnetometry across the entire sample (Fig. 3). In particular,
both transition temperatures found equal to ~270 K in the
heating-up branch and ~250 K in the cooling-down branch
from XMCD are in very good agreement with the values 274 K
and 256 K expected at 7 T from the SQUID linear extrapolation
(see Fig. 3b).

Bear in mind that Rh atoms are expected to have a null
magnetic moment in A1 and B2 FeRh AF phases and a 0.9up
moment value in the F bulk phase. For our annealed sample,
the mean Rh magnetic moment estimated at high tempera-
ture, where only the B2 F phase should give a signal, is equal
to ~72% of the bulk value. This can be attributed to local vari-
ations of composition and/or to the presence of minor Al
phase, in agreement with RBS and XRD measurements and
considering that the remainder ~28% of Rh atoms have a neg-
ligible magnetic signal. In this case, the small Rh residual
magnetic moment measured at low temperature suggests that
~25% of the B2 FeRh component is not switching to the AF
phase even at very low temperature. Remarkably, this percen-
tage is in full agreement with the one estimated from SQUID
measurements. Note that, in the AF B2 phase, contrary to the
Fe contribution, there is no spin canting expected for Rh since
it has no magnetic moment. Therefore, as pure Rh is not mag-
netic, these results indicate that the Rh magnetic moment of
the F phase is induced by strong hybridization with Fe.

Soft X-ray absorption spectroscopy. XAS and XMCD measure-
ments were performed at the Fe L, ;-edges (~722 and 709 eV)
on the sample annealed at 700 °C. The XMCD signal at the Rh
M, ;-edges with no multiplet structures (see ESI Fig. S4at) is
characteristic of a fully metallic Rh, while the Fe L, ; XANES
and XMCD signals show a double peak (see ESI Fig. S4b¥),
which is characteristic of Fe;0, and in agreement with the
small peak at 35° visible in the XRD pattern (Fig. 2a).>* This
reveals some iron oxidation despite the carbon capping.
Nevertheless, this iron oxide is probably in the form of a thin
amorphous or weakly crystalline magnetite Fe;O, shell at the
surface of nanoparticles, which passivates the bimetallic core
as already observed for Fe-based clusters.>>>®

To address the issue of iron oxide contribution observed at
the Fe L, ;-edges, the sample was in situ annealed at 600 °C for
5 h in UHV conditions, prior to new XAS/XMCD measurements
as reported in Fig. 6a at 4 K and 320 K under 6 T. The XAS and
XMCD signals show less oxide contributions. By using sum
rules, we obtain a Fe magnetic moment of 1.2y at 4 K and
1.6up at 320 K. This small difference in magnetic moment is
visible in the XMCD plot as a function of the applied magnetic
field in Fig. 6b. At high temperature, where a full F phase is
expected, the value of 1.6up only corresponds to half of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 XAS and XMCD in the soft X-ray regime measured on the
annealed FeRh nanocluster assembled film at the Fe L-edge in TEY
mode under 6 T and perpendicular incidence leading to a total magnetic
moment of 1.4 at 4 K and 1.545 at 320 K (a). XMCD signal taken as the
max XAS value at the Fe Lz edge versus the applied magnetic field (b).
Temperature dependence of the Fe total magnetic moment measured
from the thermal XMCD evolution under 6 T (c).

expected Fe magnetic moment in the bulk B2 F phase,
suggesting that the in situ reduction only led to a partially
metallic phase. Nevertheless, a partial metamagnetic tran-
sition has been obtained up to 85% (resp. 75%) in TEY (resp.
TFY) mode, as shown in Fig. 6¢ (resp. ESI Fig. S51). Despite a
larger non-switchable component, the curve shape and tran-

This journal is © The Royal Society of Chemistry 2024
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sition temperature range roughly look like the global m(T)
curve obtained from SQUID measurement. Since the TEY
signal is highly surface sensitive, with a sampling depth of
~5-10 nm in the soft X-ray regime, whereas the TFY signal is
limited to the first ~100 nm in depth, this result suggests that
a non-switchable component is associated to small size nano-
particles located at the film’s surface/interface where oxidation
limits edge grain growth and nanoparticle coalescence upon
annealing, in agreement with the STEM-HAADF image and
EDX maps shown in Fig. 1 and Fig. S1.7 Notice that such
different grain size distribution mentioned as gradient-struc-
tured metals and alloys has been observed in a large variety of
nanocrystalline materials structures due to distinct strain
zones and specific thermodynamics during coarsening.””

Conclusion

In summary, using soft and hard X-ray absorption measure-
ments combined with microstructural characterization, we
provide a complete description of the local magnetic behaviour
of a thick B2 FeRh film made of a nanocluster assembly. From
XMCD at the Fe L, ; and Rh L, ;-edges, we show that the XAS/
XMCD evolution with temperature at both edges corresponds
to the global metamagnetic transition obtained from SQUID
magnetometometry. This combination of experimental tech-
niques provides convincing evidence that the residual ferro-
magnetic component observed at low temperatures does not
stem from elemental segregation or sample contamination;
but rather corresponds to a remaining F FeRh B2 phase contri-
bution that we attribute to finite size effects in nanogranular
films. We thus demonstrate that the metamagnetic transition
in a nanogranular FeRh film can be separated into two com-
ponents: a non-switchable contribution (i.e., remaining ferro-
magnetic at low temperature), which is associated to alloyed
nanomagnets typically smaller than 20 nm in size, and a
switchable component associated to larger nanoparticles,
which present the AF/F transition near room temperature. This
comprehensive model is validated by the present experimental
evidences of small B2 FeRh nanoparticles located at the
surface of the film while larger nanoparticles are found in the
centre of the film. Moreover as the metamagnetic FeRh phase
transition could induce interesting change in thermal conduc-
tivity, thermoelectric (TE) materials including FeRh nanomag-
net could be studied to improve the TE figure of merit in the
context of waste energy conversion to electricity.>®
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