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ARTICLE INFO ABSTRACT
Keywords: Metallic/intermetallic materials with BCC structures hold an intrinsic instability due to phonon softening along
FesoRhso [110] direction, causing BCC to lower-symmetry phases transformation when the BCC structures are thermally or

Martensitic transformation
Premartensite

Atomic shuffling

External stress

mechanically stressed. FesoRhs binary system is one of the exceptional BCC structures (ordered-B2) that has not
been yet showing such transformation upon application of thermal stress, although mechanical deformation
results in B2 to disordered FCC (y) and L1, phases transformation. Here, a comprehensive transmission electron
microscopy (TEM) study is conducted on thermally-stressed samples of FesgRhs( induced by quenching in water
and liquid nitrogen from 1150 °C and 1250 °C. We demonstrated that samples quenched from 1150 °C into water
and liquid nitrogen show the presence of 1/4{110} and 1/2{110} satellite reflections, the latter of which is
expected from phonon dispersion curves obtained by density functional theory calculation. Therefore, it is
proposed that FesopRhso maintains the B2 structure that is in premartensite state. Once FesoRhs is quenched from
1250 °C into liquid nitrogen, formation of two short-range ordered tetragonal phases with various c/a ratios
(~1.15 and 1.4) is observed in line with phases formed from mechanically deformed (30 %) sample. According to
our observations, an accurate atomistic shear model ({110}(110)) is presented that describes the martensitic
transformation of B2 to these tetragonal phases.

1. Introduction with about 1 % change in volume and is accompanied by giant mag-
netoresistive and magnetocaloric effects [2]. Therefore, there is great

FeRh alloys (FesgRhsg) exhibit an ordered-B2 structure (cubic CsCl- interest in these alloys for various technological applications like
prototype) with an antiferromagnetic (AFM) to ferromagnetic (FM) heat-assisted magnetic recording (HAMR) [3], antiferromagnetic spin-
transition near room temperature [1]. The transition is isostructural tronics [4], and magnetic refrigeration [5,6]. Additionally, there has
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been particular interest on FesgRhsg as a model system to investigate the
effect of external fields on the first-order transitions [7].

Since the transition is isostructural, the majority of previous studies
did not focus on the local atomic structure characterization of the alloys
in either AFM or FM states. The studies that have been conducted so far
usually provide an average picture of the structure determined applying
high-resolution X-ray diffraction [8], X-ray magnetic circular dichroism
[9], X-ray photoelectron spectroscopy, and nuclear resonant inelastic
X-ray scattering techniques [2]. Although these techniques benefit from
high accuracy, they cannot visualize the local atomic structure and
correlated defect structures of FeRh alloy. To this end, scanning trans-
mission electron microscopy (S/TEM) with ability to resolve localized
atomic structure could be utilized [10,11].

Detailed TEM studies of FeRh alloys conducted by McLaren [1]
evidenced of ordered modulations, when the alloys are observed along
[100], [110], and [111] directions. Independent studies also reported
similar and unique superlattice reflections in the [110] zone axis [12,13]
in thin films and bulk alloys. On the other hand, extensive structural
characterization of similar systems (Zr [14], Ti [15], Ni-Al [16], CdAu
[17], TiN [18], CuZn [19], CuAlNi [19], NisFeGa [20] etc., all having
BCC structure) showed presence of premartensite structure before
martensite transformation. The premartensite structure manifests itself
with usually non-commensurate superlattice reflections in the reciprocal
space, while in real space it appears as ordered modulations. According
to Zener’s theory [21], the ordered-B2 structures (called also B-series of
alloys) show softening in elastic constant C' (corresponding to
{110}<1T0> shear modulus) when the temperature is lowered. Such
softening in C' yields an anisotropic factor (A = C44/C) leading to an
ordered displacement of atoms along [110] and consequent appearance
of ordered modulations [22]. In order to see if such softening occurs in
FeRh alloy or not, comparison of elastic constants is necessary. However,
experimental data for single crystals is not available in the literature due
to difficulty in growth of FeRh single crystal. Yet, there has been a recent
density functional theory (DFT) calculation on the elastic constants of
FeRh alloy, from which the A is reported to be 5.4 for AFM state [23].
This can be compared with the values from similar alloys (NiTi (2), NiAl
(9), AuCd (14-11)) [22], implying that, from the point of view of the
anisotropy of the elastic constants, a premartensitic structure is expected
in FeRh system.

However, to the authors’ knowledge, there have been no reports of
premartensite structure in binary FeRh system. Nonetheless, when FeRh
is alloyed with Pd [24] or Pt [25], ordered tetragonal structures (L1¢)
appear. Furthermore, recent detailed DFT calculations made it clear that
B2 structure in AFM state is not the ground state in the FeRh system [2,8,
23,26-28]. In fact, it was shown that there are imaginary soft modes in
the phonon dispersion band of ordered-B2 and when they are fully
relaxed, lower symmetry structures such as orthorhombic or monoclinic
are obtained. Although monoclinic structure was never observed, the
orthorhombic one was stabilized in epitaxially strained film of FeRh on
tungsten substrate [8], and the magnetic properties of such disordered
orthorhombic structure are deteriorated relative to B2. Additionally, it is
also known that electrically-induced strain can control the AFM to FM
transition in a reversible manner [9].

Apart from the effect of epitaxial strain on the structure and property
of FeRh system, it is also known that plastic deformation of FeRh alloy
can induce B2 to L1y (c/a~1.15) and y transformation, the latter of
which is known to be disordered and displaying spin-glass-like behav-
iour [12,29-31]. In contrast, y obtained from dealloying process is in
ferromagnetic state at room temperature [32]. The y is known to
transform back to B2 upon heating at ~150 °C or higher [30,33].
Interestingly the magnetic properties of B2 structure (AFM to FM
transformation) can also be recovered upon the heating. Since diffusion
is limited at such low temperature, it is not really known how a disor-
dered phase can be transformed to an ordered phase (B2). Yavari et al.
suggested that L1( and y phases have probably short-range order (SRO)
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and that is why they show spin-glass-like behaviour [30]. However, still
there is no concrete description of transformation mechanism for me-
chanically stressed FeRh alloy. Additionally, it is yet not elucidated how
FeRh alloy respond to thermal stress (caused by quenching from high- to
low-temperatures), as it is known to also cause displacive trans-
formation [34].

In order to shed light on the effect of thermal and mechanical stresses
on the microstructural and magnetic properties of FesoRhsg alloy, the
present study used S/TEM techniques to comprehensively study the
local atomic structure of FesgRhsgg alloys that were thermally and me-
chanically stressed. Three types of thermally-stressed samples were
examined: (1) quenched from 1150 °C into water, (2) quenched from
1150 °C into liquid nitrogen (LN>), (3) and quenched from 1250 °C into
LNj. The latter is compared with a mechanically deformed (30 % plastic
deformation) sample. From the data acquired in samples 1 and 2, it was
observed that there are satellite reflections at 1/4 and 1/2 of {110}
plane reflections related to slight atomic displacement of both Fe and Rh
along {110} planes. Additionally, our DFT calculation predicted phonon
softening at reciprocal points >1/2[¢{0]. Accordingly, it was proposed
that these samples are in a premartensite state. In contrast, sample 3
showed two L1, phases with different c¢/a ratio (~1.15 and 1.4). These
phases also formed in mechanically stressed sample. A shuffling mech-
anism was proposed that describes perfectly the B2 to these L1¢ struc-
tures transformation. Overall, our results indicate that FeRh B2 structure
has an intrinsic instability which causes its transformation to lower
symmetry structures induced by thermal or mechanical stress.

2. Experimental procedure

The ingot with the composition FesoRhsy was prepared by arc
melting of the appropriate amounts of pure Fe (99.995 %, Alfa Aesar)
and Rh (99.9 %, Alfa Aesar) in a water-cooled Cu-crucible. The sample
was melted 3 times to ensure homogeneity, after which it was suction-
cast in a 2-mm rod. The rod was cut to thin plates of the approximate
thickness of 0.5 mm for subsequent heat treatment. The chemical
composition of alloy was determined (Fe: 50.11, Rh: 49.89 at%) using
inductively coupled plasma (ICP) spectroscopy. The samples were sealed
in quartz tubes under pure Ar atmosphere (0.2 bar) and were subjected
to annealing to obtain the ordered-B2 phase. The annealing was done at
1150 °C for 72 h followed by water quenching. The tube was not broken
in order to prevent oxidation. Slow cooling was also tested from 1150 °C
with cooling rate of 0.1°/min. For thermal quenching in LN,,' the
samples were encapsulated in quartz tubes backfilled with Ar and
quenched from 1150 °C and 1250 °C (with dwelling time of 3 h) into
LNy. In this process, the tube was broken in order to let the alloy quickly
reach LN, temperature. Afterwards, the surface of the samples was finely
polished and room temperature X-ray diffraction was recorded using a
Bruker D8 advance diffractometer in Bragg-Brentano geometry with Cu
K-alpha radiation and energy dispersive detector. A step size of 0.02°
was used and the sample was continuously rotated during the mea-
surement. Thermomagnetic measurements were carried out using a
vibrating sample magnetometer (VSM) in a magnetic property mea-
surement system (MPMS3, Quantum Design USA) under applied field
(poHapp) of 1 T. Heating and cooling curves were recorded within a
temperature range between 10 K and 450 K with temperature rate of 2

1 Along with quenching in the water, liquid nitrogen quenching is sometimes
particularly beneficial for certain applications where superior performance is
essential. The exceptionally high quenching rate obtained in this method is
primarily due to the low temperature of LN,. Despite its modest thermal con-
ductivity (compared to water and other quenching mediums), the relatively
high heat capacity and a phase change from a liquid to a gas (vapor) when
liquid nitrogen comes into contact with a hot metal surface, make the liquid
nitrogen quenching more advantageous than the conventional water
quenching.
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K/min. Mechanical deformation was done using Instron Universal Test
Machine.

For TEM investigations, electron transparent thin sections were
prepared using various methods. Most of the lamella were prepared
conventionally using mechanical polishing for initial thinning and
subsequent Argon milling by precision ion polishing system (PIPS: Gatan
Dual Ion Mill Model 600) to create small hole in the sample. For initial
PIPS process, an angle of 4° and energy of 4.5 KeV were used. Final
milling was done using angle of 1.5° and energy of 2 keV. Milling at LNy
temperature. Focused ion beam (FIB: FIB: JEOL JIB-4600F) milling
using Ga ion also was used. Initial and final milling energies were set to
30 kV and 2 kV, respectively. Regardless of the method to prepare
lamella, similar nanostructural features were observed in FeRh alloy.

The TEM investigation was done using JEM-2100, JEOL machine
while STEM observations were made by aberration corrected JEM-
ARM200, JEOL, FEI Titan 80-200 (ChemiSTEM) and FEI Titan Tecnai
G2 F20 machines. In TEM mode, bright-field, dark-field, and high res-
olution TEM images were acquired, while selected area diffraction
pattern was used to characterize the structure. In STEM mode, high-
angle annular dark-field (HAADF) images were recorded using a de-
tector semi-angle of 90-370 mrad. STEM image simulations in this study
were performed using multislice algorithm via prismatic [35,36] soft-
ware. The probe size used for the simulations was 0.5 A x 0.5 A, and the
semi-angle was set to 30 mrad. To obtain the simulated HAADF-STEM
images, we selected the inner and outer virtual detectors as 90 mrad
and 125 mrad, respectively. The diffraction pattern simulation was done
using CrysTBox (Crystallographic Toolbox). The visualization of crystal
structure was performed using VESTA (Visualization for Electronic and
Structural Analysis) [37]. The nano-scale elemental distributions in the
alloys were investigated by atom probe tomography (APT) (LEAP
5108XR, Cameca Inc.) at a pulse repetition rate of 200 kHz and a pulse
energy of 80 pJ. The operating temperature was 60 K and the target
detection rate was set to five ions detected every 1000 pulses.
Site-specific lift-out of APT tips was performed from the homogenized
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and annealed alloys with a FIB instrument (an FEI Helios Plasma focused
ion beam (PFIB)) [38-40].

The calculation of the phonon dispersion relations were carried out
as described in [2] within the so-called direct or approach using the
PHON code [41] to diagonalize the dynamical matrix. Force constants
were obtained from density functional theory (DFT) calculations
involving ionic displacements of 0.02 A in a 3 x 3 x 3 supercell con-
structed from the 4-atom primitive cell with fcc basis describing the
antiferromagnetic ground state structure. For this step, we employed the
plane wave code VASP [42,43] in combination with the generalized
gradient approximation for exchange and correlation in the formulation
of Perdew, Burke and Ernzerhof [44]. We used projector augmented
wave [43] potentials with 3p, 3d, and 4 s valence states for Fe and 4p,
4d, and 5 s for Rh together with a plane wave cutoff E.,—=450 eV.
Brillouin zone integration was carried out on a 4 x 4 x 4
Monkhorst-Pack k-grid in combination with a finite temperature
smearing according to Methfessel and Paxton [45] with a broadening of
0.1 eV.

3. Results and discussion
3.1. The premartensite structure
(1) Quenching from 1150 °C into water

Fig. la—c show the electron diffraction patterns of sample 1 along
three principal zone axes ([001], [110], [111], [-111]), while Fig. 1d—f
show the HRTEM images of the sample along the corresponding di-
rections. The main reflections in all three zone axes match the B2
structure. However, there is a systematic presence of extra reflections
(marked with dashed yellow circles) and in HRTEM corresponding
modulations (marked with dashed yellow lines) along {100} and {110}
planes reflections. The extra reflections can be inclined from the main
reflections with angles smaller than 15° (Fig. 1b and c) or sometimes

g
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Fig. 1. TEM electron diffraction patterns (a—c) and corresponding HRTEM images (d-f) of FeRh alloy in three principal zone axes. The dashed circles in (a-c) show
the satellite reflections. The insets in a and ¢ are intensity scan recorded from the dashed arrows showing the distance of modulations from main reflections. Dashed

lines in d—f highlight the modulations.
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aligned closely with the main reflections (Figs. 1a and S1). The spacing
of the modulations, as shown in inset of Fig. 1a and b are ~0.8 for (100)
plane and 1.2 1/nm for (110) plane. These are located at ~1/4 of {100}
and {110} planes reflections. The spacing of these modulations varies
between 0.6 and 0.8 1/nm for modulation along {100}, while that for
modulation along {110} varies in the range of 1.0-1.2 1/nm, meaning
that they are incommensurate. These variations were consistently
observed on different domains within the same sample and in different
samples. Interestingly, each domain has different modulations as shown
in Fig. S2. The size of each domain can be as large as few hundred
nanometres, while the grain size in the sample ranges between a few to
tens of micrometre. Two previous studies reported extra reflections at
[110] zone axes [12,13], as shown in Fig. S3. Using dark-field imaging,
Takahashi et al. [12] stated that the extra reflections are caused by fine
nanoprecipitates of the y phase formed during cold rolling, and Castiella
et al. [13] supported this hypothesis. However, Castiella’s thin films
were annealed at 700 °C for 6 h, sufficient for transforming y to B2 [33].
Additionally, the spacings of these extra reflections do not match with
those expected for the y phase. Additionally, the X-ray pattern (Fig. S4)
of the present sample showed no trace of y phase after quenching from
1150 °C into water, while in the as-cast state the presence of y reflections
is clear.

In order to examine the variation in chemical composition, atom
probe tomography measurements were carried and the results are pre-
sented in Fig. S5. Although there is slight variation in chemical
composition as the 1D chemical composition shows (Fig. S5d), but this
cannot be related to the modulation observed in the sample as the fre-
quency of the chemical composition change (~6 nm) is much longer
than that observed in the sample (~ 1 nm). To further study the origin of
the extra reflections dark-field (DF) TEM imaging was applied, revealing
a modulated nanostructure as shown in Fig. 2a and b. It worth noting
that no trace of y phase in the matrix of B2 ordered phase was found. In
order to clarify if the quenching in water resulted in the modulated
nanostructure, the same alloy was slowly cooled (0.1°/min from
1150 °C). The diffraction pattern in Fig. S6 reveals modulations in the
nanostructure. A comparison of the magnetic properties of both alloys,
quenched in water and slow-cooled, was performed and the results are
presented in Fig. 2c. The transition temperature is slightly higher for the
slow-cooled alloy than that quenched in water, but both samples show
very sharp transition. These observations evidence that the extra re-
flections are a fingerprint of FeRh alloy (at least for ~50/50 alloys) with
a B2-ordered structure.

As mentioned before, such modulated structures were observed in
similar alloys and they were ascribed to phonon softening in [110] di-
rections. For example, in NiTi alloys [22] or stoichiometric NioMnGa
[46], the phonon softening is manifested at ~1/3TA2[((0] (transverse
acoustical) and hence extra reflections appear at ~1/3 of {110} planes
reflections in reciprocal spaces. Therefore, in FesgRhso system, if the
observed modulations are related to phonon softening then very low
phonon frequencies or minimums should be present at ~1/4TA2[((0]
and ~1/4TA1[¢00]. Unfortunately, there is only one experimental
report of inelastic neutron spectroscopy measurement of FeRh, which is
not very conclusive [47]. Hence, density functional theory (DFT)
calculation was carried out to produce phonon dispersion curves for
AFM state of FeRh. The phonon dispersion curves along [£{0] and [£00]
were obtained and given in Fig. 2d. As seen, all branches start to show
low frequencies or even minimums when { is larger than 1/2[¢00] or 1/2
[¢C0]. Additionally, the frequency for boundary of TA1[¢00] and TA2
[¢¢0] zones approach negative values, implying that the B2 structure in
AFM state is not stable. Another interesting fact is the very low fre-
quency observed for the whole TA2[¢Z0] branch, while for ¢ larger than
1/2 the value starts to become close to zero. From the current DFT data,
one can infer that the B2 structure should show extra reflections at
points larger than 1/2TA2[¢(0] and ~1/2TA2[¢00], while the current
TEM data present extra reflections at ~1/4TA2[({0] and ~1/4TAl
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[¢00]. However, it has to be considered that DFT calculation is done at
zero Kelvin, whereas the TEM data is collected at room temperature.
Furthermore, in similar studies on Zr and Ti metals [14,48], very low
frequencies (not minimum) were observed at ~1/2TA2[(¢0]. This is
known to be responsible for instability of BCC structure which finally
causes displacement of atoms along [110] and turning BCC to hexagonal
(HCP).

To gain insight about the cause of the ~1/4{110} reflection, high
resolution HAADF-STEM imaging along [001] was carried out. Fig. 3a—c
are HAADF images of same area at different magnifications. Fig. 3a (also
the inset) and b show that the modulation is uniformly present in the
nanostructure while it has slight deviation from (110) plane reflection.
Fig. 3c provides a closer look at the nanostructure, in which now it is
possible to observe that in some portions of the nanostructure Fe and Rh
atoms are smeared out relative to the other atoms and these are in fact
the areas that form the modulated structure. To clarify this further, line
profile along 5 lines in the Fig. 3c were analysed. According to the B2-
ordered structure, the atomic profile for line 1, 3, and 5 should be
same, while same is true for lines 2 and 4. These line profiles are plotted
in Fig. 3e. While line profiles of 1 and 5 are both sharp and very alike,
line 3 shows a smeared-out profile. On the other hand, line profiles of 2
and 4 reveal another interesting feature, which is a relative shift (0.3 [o\)
in Fe and Rh peaks. These results indicate that the modulated structure
in the B2-ordered structure is due to displacement of atoms in (110)
along [110], while the shift directions are different for different atomic
rows. Based on the acquired information, a supercell with some atoms
displaced about 0.3 A is prepared. The schematic of supercell is shown as
Fig. S7, while the result of HAADF-STEM image simulation on the
supercell is given as Fig. 3d. In order to accurately evaluate the struc-
ture, 5 line-profiles were made like in Fig. 3c and the results are shown
as Fig. 3f. A good agreement of line profiles in Fig. 3e and f were ob-
tained. Furthermore, theoretical diffraction pattern of the prepared
supercell along [001] was simulated (see Fig. S8). The resemblance of
the simulated diffraction pattern and the FFT image (inset in Fig. 3a) is
very high. It should be also noted that the length of displacement, which
determines the intensity of the extra reflection, is not uniform all over
the sample. As an example, Fig. S9 shows a HAADF-STEM image taken
from another sample along the [001] crystallographic direction. As the
HAADF image and corresponding FFT image show, the modulation is
not easily visible.

To study the atom displacements from different viewing angles,
HAADF-STEM studies were carried out on FeRh grains with [111] zone
axis orientation. Fig. 4a and the corresponding FFT pattern (inset)
confirms that the modulation is also present in this direction. Fig. 4b
shows a high-resolution HAADF-STEM image of the same region. Similar
to what was observed in Fig. 3a, the modulation seems to be caused by
smearing of some atomic columns (yellow small arrows Fig. 4b). The
inset in Fig. 4b, which is the line profile along dashed-yellow arrow, also
reveals that the intensities of some atomic columns are lower than
others. This can be attributed to atomic displacement in (110) plane
along [110]. In order to see if the displacement matches the observations
in [111] as it was previously suggested, a simulated HAADF-STEM
image of the proposed structure model along [111] was prepared.
However, a perfect match could not be found as it seemed that the
displacement of atoms in (110) plane along [110] is not enough to
reproduce the observed nanostructure along [111]. Hence, the previ-
ously prepared supercell was taken as basis and a new supercell was
prepared in which the atoms are not only displaced in (110) plane along
[110], but also in (100) plane along [100]. The schematics of this new
supercell in [001] and [110] zone axes are shown in Figs. S10 and S11,
respectively. The related cif file (CIF FILE 1) is attached to this manu-
script as Supplementary Material 2. The HAADF-STEM image simulation
and the simulated diffraction pattern of newly prepared supercell along
[111] are shown in Fig. 4c and Fig. S12, respectively. From these results,
it can be seen that the HAADF-STEM observation and the simulated
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along dashed arrow. ¢ Simulated HAADF-STEM image that partially overlapped with the proposed supercell (yellow Fe, purple Rh) and d is line profile along dashed
arrow in c. Small arrows in ¢ indicate atomic displacement direction. e Strain maps extracted from GPA analysis.

images match closely. Such ordered displacement of atoms is expected
to induce localized strain in the nanostructure. The strain can be visu-
alized by applying the geometrical phase analysis (GPA)* on HAADF-
STEM images. The image that was used for GPA analysis is shown as
Fig. S13. The results of the GPA analysis that are presented in Fig. 4e,
clearly indicate that the strain accommodation (exx and ey particularly)
in the nanostructure is well-aligned with the displacement modulation.
Thus, it can be concluded that the observed modulation is caused by
ordered atomic displacement in {110} and {100} planes and, as ex-
pected these modulations are correlated to strain accommodation in the
structure. Such modulated structures are commonly observed in unary,
binary, ternary alloys with BCC structures and is known to be a pre-
martensite structure state as mentioned in the Introduction.

(1) Quenching from 1150 °C into liquid nitrogen

In order to investigate the effect of the thermal stress on the nano-
structure of FeRh alloy and its magnetic properties, quenching in LN,
from 1150 °C was performed. Interestingly, as seen in Fig. 5a, the
magnetic properties of the alloy changed considerably after quenching
in LNy, showing a large ferromagnetic background at low temperature.
To correlate the ferromagnetic background with a possible phase tran-
sition, XRD and TEM examinations were carried out. The XRD pattern
(Fig. 5b) does not show formation of any new phase. In line with this,
electron diffraction pattern of the alloy (Fig. 5¢) only shows presence of
the B2-ordered structure. Yet, a closer look at the pattern reveals a new
set of satellite reflections appearing at ~1/2{110} plane reflections, as

2 Geometric phase analysis is a method of digital signal processing used to
determine crystallographic quantities such as d-spacing or strain from high-
resolution transmission electron microscope images.

shown by Fig. 5d (See also Fig. S14). From the DFT calculation, it was
expected to observe extra reflections at such points, since very low
frequency phonons were observed at points larger than 1/2TA2[¢(0].
Fig. 5e is an HRTEM image taken from the alloy (in [001] zone axis)
which show nearly parallel domains in the nanostructure. Image
filtering using FFT was carried out by selecting two of these 1/4{110}
planes reflections (1 and 2 as indicated in Fig. S14) which reveals that
these domains are indeed areas with different displacement modula-
tions. An overview TEM image of the domains in the same zone axis is
given in Fig. S15a, indicating that two 1/4(110) planes reflections (1
and 2 in Fig. S14) are perpendicular to two 1/4(1-10) planes reflections
(3 and 4 in Fig. S14). The lamella was also examined in [0-11] zone axis
and the domain-like nanostructure was seen as shown in Fig. S15b. It is
worth mentioning that such domain-like nanostructure was not reported
for FeRh alloys previously.

Regarding the 1/2{110} planes reflections, HAADF-STEM imaging
along [001] zone axis was performed to reveal the cause. Fig. 6a and b
show HAADF-STEM image and corresponding FFT pattern, respectively.
The later shows the presence of 1/2{110} planes reflections, while in the
former the modulated structure is not easily visible. Similar to Fig. 2,
line profile analysis was done as shown in Fig. 6¢ and d for line 1-4 in
Fig. 6a. Profiles of lines 1 and 3 are perfectly matching, while the same is
true for line profiles of lines 2 and 4. The similarity of line profiles in 1
and 3, and 2 and 4 therefore leads to appearance of 1/2{110} planes
reflections. The lower count intensity observed in the line profiles is
considered to be related to atomic displacement, similar to that pre-
sented in Figs. 3 and 4. The data show that by quenching sample in LNg,
the length of modulation in real space decreased from four d-spacing of
(110) planes (8.48 f\) to two (4.24 f\). However, it should be mentioned
that these modulations are found to be incommensurate, so the modu-
lation length change slightly at different places in the nanostructure.
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This is the reason for the 1/2{110} planes reflections in Fig. 5c
appearing streaked. Additionally, quenching in LNy from 1150 °C
resulted in more thermal stress leading to formation of a denser network
of slightly different domains (areas in which atoms are displaced slightly
in different orientation). Overall, it can be inferred that quenching FeRh
alloy from 1150 °C into LN causes appearance of premartensite struc-
ture, in which portions of atoms are slightly displaced.

(1) Quenching from 1250 °C into liquid nitrogen

With the hindsight of the effect of quenching in LNy from 1150 °C on
the alloy, an additional quenching experiment in LN was done, but from
1250 °C (at this temperature the alloy has still B2 structure [49]). Fig. 7a
shows the XRD measurements of the quenched alloy (black curve).
Although the major phase is still B2, additional low intensity but broad
peaks are observed at angles ~41°, 45° and 48° According to previous
reports on mechanical deformation of FeRh alloys [12,30,50,51], these
peaks belong to the tetragonal L1 (a = 3.33 Aand ¢ = 2.88 A) and y (a
= 3.73 A) phases, respectively. However, a considerable broadening is
observed in the peaks, so a distribution of d-spacing is expected. In order
to compare the effect of thermal stress with that of mechanical stress on
FeRh system, a piece from the same batch of alloy was ~30 % com-
pressed (stress-strain curve in Fig. S16) and the obtained XRD pattern is
shown in Fig. 7a (red curve). Interestingly, mechanical stressing also
results in formation of the same phases. To clarify the nanostructure of
the sample quenched in LNy, a lamella was prepared using FIB. While
preparing the lamella, a two-phase microstructure was observed when
the thickness of lamella reached less than one micrometre (Fig. 7b).
When lamella was examined in bright-field TEM mode, a two-phase
nanostructure was confirmed (Fig. 7c). The diffraction pattern of the
dark phase in Fig. 7c was obtained (Fig. 7c) and it was realized that
although it seems to be y [12,30,50,51], but in fact it is a L1 structure
(tetragonal with c/a ratio of 1.4) that is modulated (see Fig. S17) and has
short range order (SRO). It was observed that the 100 and 001 re-
flections are split as seen more clearly in the low-magnification

L10
—— Quenched from 1250 °C into LN ot

| —— Mechanically deformed

Anti-phase’
undaries
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HAADF-STEM image and corresponding FFT pattern in Fig. S18a and
b. The high-magnification HAADF-STEM image and corresponding line
profile are provided as Fig. 7e and f. From these data, c and a are ~3.84
A and ~2.78 A, respectively. It is seen that the order is broken at some
boundaries that are basically anti-phase boundaries. In fact, the
anti-phase boundaries are the cause of the modulated structure in this
phase. It was also observed that there is another L1, phase with lower
c/a (~1.15), the DP of which is shown as Fig. S19. The splitting of 100
and 001 reflections also occurs in this phase and the nanostructure is
modulated too. It should be pointed out that these two different L1
structures are found to be in the same area with very coherent interfaces.
Furthermore, other similar tetragonal structures (less abundant) with
slightly different c/a were also observed in the present research that
explains the broadness of the XRD peaks. However, since the most
abundant tetragonal structures had c/a ratios of ~1.15 and 1.4, the
discussion is continued only on these two phases. For simplification,
now the L1 structures are called L1gl and Llgs, 1 and s standing for
longer and shorter c, respectively (see Table 1 for comparison of lattice
constants). With the current data, now it is known that the
previously-thought disordered y phase is in fact L1yl structure with SRO.
The same is also true for L1jps and therefore the SRO caused the disap-
pearance of 100 and 001 peaks in XRD pattern of the current samples or
those in the previous researches [29,51]. The presence of anti-phase
boundaries causing the SRO was also reported in other similar systems
[52-54]. Overall, from these observations, it is concluded that imposing
stress on FeRh B2 structure causes its transformation to L1 tetragonal
structures with various c/a ratio.

Table 1

The lattice constants (in A) of B2, L1¢l, and L1ys structures.
Phase a b c
B2 2.98 2.98 2.98
Llgs 2.89 2.89 3.33
Llol 2.74 2.74 3.84

2.6

2.4

Counts (a.u.)

2.2

2.0

T T T T T T T

0 5 10 15 20 25 30 35
Length (A)

Fig. 7. a XRD measurement of FeRh alloy quenched in LN, from 1250 °C (black) and alloy mechanically deformed (red). b Secondary electron image of FIB lamella.
c Bright-field TEM image taken from alloy quenched from 1250 °C into LN,. d Electron diffraction pattern and e HAADF-STEM image of L1l phase viewed along the

[010] zone axis. f line profile taken along the dashed arrow in e.
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In order to understand the mechanism of B2 transformation to these
tetragonal structures an electron diffraction pattern was acquired from
the interface of L1¢l and B2 near [001] zone axis of the latter as shown in
Fig. S20. As seen, the (—110) plane of B2 is parallel to (101) plane of L1,
while (101) and (002) form at positions of ~1,/2{110} plane reflections,
indicating that the transformation is displacive. Based on the orientation
relationship, and according to the displacement mode that was observed
in Figs. 3 and 4, an atomic shuffling model that describes the trans-
formation of B2 to L1, structures is proposed. Fig. 8a shows the B2
structure along [001], while Fig. 7b and c present the same structure
while the atoms are shuffled according to our model to obtain L1¢l and
L1os, respectively. Such atomic shuffling turns the B2 into L1yl ([010])
and L1os ([010]). The developed model requires shuffling of atoms along
one of the {110} planes in opposite or same directions and with different
displacement length. The size and direction of arrow determine the
length and direction of atomic shuffling. Resultant simulated diffraction
patterns of B2, L1¢l, and L1¢s are shown as Fig. 8d, e, and f, respectively.
Additionally, superimposition of calculated diffraction pattern of B2 and
L1yl are shown as Fig. S21. When this is compared with experimental
diffraction pattern in Fig. S20 a close match can be observed, indicating
that our model describes the transformation very well.

The structures obtained in Fig. 8e and f, although being very close to
L1y structures, but have to be further adjusted in order to exactly
resemble the L1 structures. The ¢ and a lattice constants in Fig. 5a are
~3.80 A and ~2.36 A, respectively. While the out of plane spacing (axis
b) is 2.98 ;\, same as B2 structure. Since c is very close to what was
experimentally observed (3.84 10\) in Llpl, therefore no significant
adjustment is required. However, in order to adjust q, the lattice should
expand for ~16.5 % along [120] in reference to B2 structure as shown in
Fig. S22. Also, for the b-axis to shrink from 2.98 At02.75 A, there needs
to be ~3.6 % shrinkage. This requires atoms to move along the out of
plane direction ([001] in B2 structure). These movements are collective,
meaning that all atoms are involved. For L1ys (Fig. 8f), the a and c are
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3.39 A and 2.65 A, respectively. Again, c is very close to what was
observed in experiment (3.33 10\), so no significant adjustment is
required. However, in order to get a value to 2.80 A, there needs to be
0.08 % expansion along [430]. For b in L1gs, same adjustment should
occur as described for L1gl.

It is also of importance to discuss the effect of final cooling temper-
ature and cooling rate on martensite formation in the current study.
Both of these factors are known to considerably influence the austenite
to martensite transformation [55]. A comparison between FeRh and
similar systems such as FeC and NiTi can be very insightful in this re-
gard. In FeC, in order to obtain the martensite at room temperature one
need to increase the cooling rate as much as possible [56], while in NiTi
such high cooling rate is not required [22]. In fact, slow cooling rate can
also lead to martensite formation in NiTi system, as clarified by previous
in situ TEM experiment [57]. In FeC, the mobility of C as small atom
should be limited in order to form the martensite [56], while in NiTi
system such atom does not exist. Another effect of high cooling rate is
the higher thermal stress that consequently leads to accumulation of
more strain in the nanostructure. Since there is bond softening in B2
structure of these systems, more strain can facilitate the phase trans-
formation to a great extent. Strain can lead to higher density of defect
formation, at site of which nucleation of martensite can occur [58]. In
FeRh system, since both atoms are relatively large, therefore the cooling
rate can only influence the rate of straining, defect formation and
consequently the martensite phase transformation. In the present work,
three different quenching experiments were conducted: quenching from
1150 °C into water, quenching from 1150 °C into LNj, and quenching
from 1250 °C into LN». Formation of martensite at LN, temperature it-
self indicate that martensite start temperature is indeed close to LNy
temperature. However, since martensite formation does not occur when
quenching is done from 1150 °C into LNy, it can be concluded that the
cooling rate (thermal stress) is possibly not enough for martensite for-
mation, whereas quenching from 1250 °C provide such amount of
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thermal stress. Also, it can be said that the difference between nano-
structure observed from quenching in water and LN, from 1150 °C is
caused by the effect of both cooling rate and final quenching tempera-
ture. Cooling from 1150 °C into LNy relative to water has ~ 200 °C
undercooling difference, therefore there is more thermal stress involved
when the sample is quenched in LN5. On the other hand, LN, tempera-
ture is close to martensite start temperature. These factors change the
nanostructures and magnetic properties of the alloy to some extent, but
are not enough for B2 conversion to tetragonal structures. Overall, it
seems that FeRh system require a large extent of cooling rate from a high
temperature to LN to transform from B2 to tetragonal phases. None-
theless, to fully understand the effect of these two factors, a separate
comprehensive study is required that could be a topic of further inves-
tigation on this system.

4. Conclusion

In the present study, a careful and comprehensive S/TEM study on
thermally-stressed FesoRhsg alloy was done and following observations
were made:

(1) For sample quenched in water from 1150 °C, it was observed that
there is a systematic satellite reflection at ~1/4{110} and 1/4
{100} planes reflections that are caused by slight displacement of
Fe and Rh atoms in {110} and {100} planes along [110] and
[100], respectively. However, from phonon dispersion curve
obtained by DFT satellite reflection at points larger than ~1/2
{110} and 1/2{100} were expected.

When sample was quenched from 1150 °C into LNy, 1/2{110}
reflections appeared. With the assumption that the atomic
structure of the alloy is in frozen state at ~—167 °C, these re-
flections meet the expected phonon softening from obtained DFT
calculation. It is believed that 1/2{110} and 1/4{110} are in-
dications of the premartensitic structures. It should be also
mentioned that quenching from 1150 °C into LN, did not cause
change in B2 structure, but considerably influenced the magnetic
properties (broadening of AFM to FM transition).

Quenching in LNy from 1250 °C finally led to B2 phase trans-
formation to two L1 structures with different c¢/a ratio (~1.15
and 1.4). The mechanically compressed alloy (~30 %) also
showed formation of these two tetragonal phases, leading to
conclusion that imposing external stress on FeRh alloy results in
B2 transformation to tetragonal phases. TEM investigation of the
L1y structures presented that both are short-range ordered and
modulated. Modulations are caused by anti-phase boundaries, in
which the order is broken. This explained the absence of 100 and
001 (ordering peaks) in the current and previous studies,
misleading researchers to conclude that y disordered phase is the
final martensitic product.

From the S/TEM observations a model is proposed that describes
the martensitic transformation of B2 to these tetragonal struc-
tures. Our model requires mainly shear mode of {110}<110>.
According to the results of current study, it is concluded that B2
structure of FeRh in AFM states has intrinsic instability, same as
other alloys with B2 structure. Upon exposure of external stress
(thermal or mechanical) on FeRh, depending on the extent of the
external field, it may transform to two tetragonal phases.
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