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Report:

Context and experimental conditions

The aim of the experiment was to investigate the chemical ordering of size-selected FeRh nanoparticles,
from the Al phase (fcc) to the B2 phase (CsCl-like). Several samples were studied, either embedded in
amorphous carbon (on a Si substrate) or on perovskite substrates: SrTiO3z (STO) single crystal or BaTiOs (BTO)
thin films grown on STO. Different incident particle sizes have been considered, around 3.3 nm (corresponding
to a 300 V deviation potential in the MSLECBD setup for nanoparticle deposition at ILM) and around 6.2 nm
(corresponding to a 1200 V deviation potential). While random deposition of nanoparticles leads to powder-like
patterns (rings in the surface plane of reciprocal lattice), it had been shown that on BTO the FeRh particles can
adopt specific orientations after annealing (cf. report 32-03 734). These preferential orientations correspond to
two different “cube on cube” epitaxy relationships. It should also be noted that the diffracted intensity is then
higher once the particles have adopted coherent orientation with respect to the crystalline substrate. This is why
in the previous experiments we were not able to detect FeRh in the Al phase or randomly oriented particles in
the B2 phase (diluted reference samples).

Measurements have been carried under UHV in the INS2 chamber, from room temperature up to 670°C.
The x-ray energy was set to 15.8 keV. Scans have been performed in the surface plane (in various directions),
with reciprocal space mapping for some samples, as well as a few scans in the direction perpendicular to the
surface (L-scans) at specific locations. GISAXS patterns have also been acquired for selected samples, at
different temperatures, to follow the particle size evolution.

Samples studied

In the present report, we show results on 4 different samples (labelled with their codename):



-Sample TM2023, made of 2 layers of FeRh particles (incident size of 6.2 nm), each one corresponding to an
equivalent thickness of 10 A (mean first-neighbor distance similar to the diameter, many multimers and the
mean diameter is then around 8 nm), with a carbon over-layer and under-layer and a silicon substrate. This
sample had been annealed at 700°C at ILM, before measurements at ESRF.

-Sample TM2040, made of 3 layers of FeRh particles (incident size of 6.2 nm), each one corresponding to an
equivalent thickness of 5 A (mean first-neighbor distance around 9 nm, many multimers and the mean diameter
is then between 7 and 8 nm), with a carbon over-layer and under-layer and a silicon substrate. This sample was
measured as-prepared and in-situ annealed at BM32 beamline.

-Sample TM2030, made of one layer of FeRh particles (incident size of 6.2 nm), corresponding to an equivalent
thickness of 10 A (mean first-neighbor distance similar to the diameter, many multimers and the mean diameter
is then around 8 nm), deposited on a BTO thin film on STO single crystal, with a carbon layer capping. This
sample was measured as-prepared and in-situ annealed (directly at 670°C) at BM32 beamline.

-Sample TM2028, made of one layer of FeRh particles (incident size of 3.3 nm), corresponding to an equivalent
thickness of 5 A (mean first-neighbor distance similar to the diameter, many multimers and the mean diameter
is then around 4.1 nm), deposited on a STO single crystal, with a carbon layer capping. This sample was
measured as-prepared and in-situ annealed (progressively) at BM32 beamline.

Main results
-Sample TM2023: peaks corresponding to the B2 phase of FeRh are clearly observed (see Fig. 1). From the
peak width (FWHM), a crystal size around 7.8 nm diameter can be estimated, which is in agreement with the

expected particle size.

100000 H

( 1500 4
I 1400 I~
J‘ 1300 4 / \
10000 1'1\ 1200 4 / \
{ 1100 4 FWHM ~0,8 nm”'
% {1 {110} z :
c i ‘g 1000
2 £ 900
[= < 4
- i\ 800 / \/_
{100} | 700 4 // \\), -\/\_/\//
e ol
% j 600 3 - //\_
Mgl 1 ER e
Wil '_\311;%“” 500
]""|""]'l"|"'l]'ll‘]"'l'| 400 LELELELEN B LN UL BN I B LR L LA UL LN BLELELELE BN BLELELEL |
0,5 1,0 15 2,0 25 3,0 3,5 275 2,80 285 290 295 300 305 3,10 315 3,20 325
El
d (A) Q(A")

Fig. 1: x-ray diffracted intensity along different directions in the surface plane (left). The most intense peaks are due to the Si substrate,
but FeRh B2 phase is clearly detected. Close view of the FeRh {110} peak (right) with a measure of its FWHM in order to estimate
the crystal size.

-Sample TM2040: a broad peak corresponding to {111} (d ~2.16 A) of the FeRh A1 phase is observed for the
as-prepared sample. Upon annealing, this peak is shifted (towards d~2.13 A) and become narrower. The
corresponding estimated crystal size evolves from ~3 nm at room temperature (meaning that the crystal domain
size of as-prepared particles is lower than the geometric size of particles) to ~7 nm at 670°C. Other peaks
corresponding to the B2 phase of FeRh are also clearly observed (see Fig. 2), for temperature of 500°C and
higher. Since the estimated diameter (from peak FWHM) is in line with the expected particle size, coalescence
effects seems to be limited, the change in peak width should then reflect the crystallization taking place inside
the particles.
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Fig. 2: x-ray diffracted intensity along different directions in the surface plane (left). Peaks corresponding to the FeRh B2 phase are
detected ({100} at d~3.0 A, {110} at d~2.1 A, {200} at d~1.5 A and {211} at d~1.2 A). Close view of the FeRh {110} peak (right) with
ameasure of its FWHM in order to estimate the crystal size. The Al to B2 phase transition is clearly visible, together with an increase
in crystal size.

-Sample TM2030: a broad peak corresponding to {111} (d ~2.16 A) of the FeRh A1 phase is observed for the
as-prepared sample. Upon annealing (directly to 670°C), this peak is shifted (towards d~2.13 A) and become
narrower (see Fig. 3). The corresponding estimated crystal size evolves from ~3 nm at room temperature to ~18
nm at 670°C, which is the sign of consequent coalescence effect (even if we may still have particles with their
initial size... the determination of the size distribution is hardly possible). This change of size is also visible
from GISAXS measurements (see Fig. 4). The difference with respect with sample TM2023 (also with 10 A
cluster layer) where no such coalescence was observed, may be due to the presence of BTO surface or to a
higher temperature annealing at BM32 compared to ILM lab (note however that for sample TM2040, with a 5
A cluster layer but the same in-situ annealing procedure, no such coalescence was observed, cf. above). After
annealing, the various peaks corresponding to the B2 phase of FeRh are also clearly observed, in particular the
{100} peak which only exists in the case of a chemically ordered crystal.
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Fig. 3: Left: comparison of x-ray diffracted intensity (radial scan along an “intermediate” direction in the surface plane, avoiding the
BTO/STO peaks) before and after annealing, measured at room temperature. Middle: x-ray diffracted intensity, at room temperature
but after annealing, measured with radial scans in the surface plane along either [Ok0] or [hhO0] directions of the BT O lattice. Peaks
corresponding to the FeRh B2 phase are clearly visible (here plotted as a function of greiar, the wave vector normalized by the STO
basis vector). Right: close view of the FeRh {110} peak with a measure of its FWHM in order to estimate the crystal size, after
annealing.

Fig. 4: GISAXS pattern measured for an as-
prepared sample (TM2039, same initial particles),
on the left, and after annealing, on the right.
Qualitatively, annealing goes with a lateral size
increase but also with a change in shape (surface
wetting, particles are not spherical).




In addition to radial scans in given directions, a reciprocal space map of the surface plane has been
measured (see Fig. 5). We clearly observe rings, of varying intensity, corresponding to FeRh B2 phase. This
indicates that the sample is made of different “families” of particles: some with preferential orientations (already
observed, cf. report 32-03 734) corresponding to the two “cube-on-cube” epitaxy relationships (cf. Fig. 5:
[100]rern//[110]BT0 & [001]rern//[001]TO, the usual epitaxy and an unusual one [100]rern//[100]gT0 &
[001]rern//[001]BT0); and some particles with random orientations on the surface (note in particular that the
appearance of a {111} peak of FeRh in the surface plane is not possible only with particles having their [001]rern
direction perpendicular to the surface).
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Fig. 5: Left: reciprocal space map in the surface plane. Spots corresponding to BTO and STO crystals are visible, together with rings
corresponding to the FeRh B2 phase. These rings are not homogeneous as the diffracted intensity depends on the angle with the
substrate lattice, showing higher intensity in particular preferential orientations: [h00] and [hhQ] azimuths. Middle: diffracted
intensity of the FeRh {110} peak as a function of the angle (0° corresponds to [h00] azimuth, while 45° corresponds to [hh0] azimuth.
The background intensity has been subtracted, and the intensity determined with various procedures: the existence of two preferential
orientations is visible. Right: illustration of the two “cube-on-cube ” epitaxy relationships. The usual epitaxy ([100]rern//[110]5710 &
[001] eern//[001]810) COrresponds to the major contribution.

-Sample TM2028: this sample is made of initially smaller particles (3.3 nm incident diameter) and has been
studied with a progressive annealing. Before annealing, the FeRh {111} peak of the Al phase is detected, with
the same intensity along various azimuths, and the peak width indicates a crystal size around 2.5 nm. Starting
from 500°C, peaks corresponding to the B2 phase are detected, and their intensity continue to increase with the
temperature, while the FWHM become smaller (see Fig. 6). This shows that particle coalescence is concomitant
with the B2 phase transition: from 500°C to 700°C the crystal size increase from about 10 nm to around 17 nm,
a value significantly higher than the initial size of FeRh on the surface. This coalescence effect (also seen with
GISAXS, see Fig. 7) is thus similar to the one observed for TM2030 and surprisingly leads to an identical final
size even though the deposited particle diameter and surface density are smaller for TM2028. Once again, this
may be due to a specific behavior of clusters on perovskite substrates.
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Fig. 6: Left: evolution of the {100} peak of FeRh in the B2 phase as a function of the annealing temperature, showing the increasing
intensity concomitant with the peak narrowing. Right: radial scans (in the surface plane), after annealing, along different directions.
Peaks corresponding to the B2 phase of FeRh are clearly seen and the intensity depends on the azimuth.
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Fig. 7: GISAXS pattern measured for the as-prepared sample (at room temperature, on the left) and as a function of the annealing
temperature. Qualitatively, annealing goes with a lateral size increase but also with a change in shape (surface wetting, particles are
not spherical).

In addition to radial scans in given directions (see Fig. 6, right), a reciprocal space map of the surface
plane has been measured after annealing (see Fig. 8). We clearly observe rings of varying intensity,
corresponding to FeRh particles in the B2 phase with some orientations being more favorable. These
observations can be accounted by considering different “families” of particles: some particles displaying as
before (see above) the two “cube-on-cube” epitaxy relationships (see Fig. 8, left) and thus lying on a {001}
facet; some other particles lying on a {110} facet and with a favorable coincidence between {211}rern and
{310}s1o0 (see Fig. 8, right); and finally some particles with random orientations on the surface. This explains
the many peaks observed in the angular scans for different FeRh peaks (see Fig. 9). From the peak position and
width, the different families of FeRh particles may correspond to slightly different cell parameters (different
strain for the different epitaxy relationships) but the typical crystal size are apparently the same.
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Fig. 8: reciprocal space map in the surface plane where STO peaks and rings corresponding to FeRh in the B2 are visible. On each
ring, the intensity varies with the angle displaying peaks for some orientations corresponding either to FeRh particles on a {001} facet
with the two “cube-on-cube ” epitaxy relationships (left), or to FeRh particles on a {110} facet with a favorable coincidence between
{211}rern and {310}s1o (right, with one particular coincidence schematized).
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Fig. 9: angular dependence of the intensity of different FeRh peaks. The favorable orientations corresponding to the two “cube-on-
cube ” epitaxy relationships are indicated with red and black lines (red=usual epitaxy, major contribution) while purple dotted lines
correspond to coincidence between {211}rern and {310}sto (multiple possibilities taking into account the symmetries) for particles on
a {110} facet. Note that the {211} ring cannot correspond to particles lying on a {001} facet.

A few out-of-plane measurements (L-scans) have also been performed (see Fig. 10), in order to study
the orientation of FeRh crystals on the surface. The obtained data are consistent with the analysis described
above with the coexistence of particles lying on {001} facets (major contribution) and some particles lying on
{110} facets (responsible for the {211} ring).
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Fig. 10: L-scans (perpendicular to the surface), after annealing, over different locations in the surface plane.

Conclusion

Thanks to the allocated beam time, we have been able to successfully observe in situ the transition from
Al to B2 phase, as well as the appearance of a coherent orientation of FeRh nanoparticles on the surface of both
BTO thin film and STO single crystal. Remarkably, epitaxy relationships specific to this system have been put
into evidence: the two “cube-on-cube” epitaxy relationships (particles on a {001} facet) for BTO thin film and
STO, and an original favorable coincidence between {211}rern and {310}sto (particles on a {110} facet). A
significant coalescence between FeRh particles seems to occur for samples on perovskite surfaces annealed up
to ~700°C. Nevertheless, it should be noted that the typical diameter remains under 20 nm, and that this
estimated size may not reflect the entire particle size distribution on the surface: the contribution from larger
particles can indeed “artificially” dominate the signal, or the particles adopting favorable orientations on the
surface may be the largest ones in the assembly... Anyway, additional investigation on this interesting system
are needed.



