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FeRh alloys doped with the third element exhibit a change in the lattice and magnetic subsystems, which
are manifested in antiferromagnetic- ferromagnetic (AFM-FM) first-order phase transition temperature, the
shrinkage of the temperate hysteresis under transition, and the reduction of the saturation magnetization.
All aforementioned parameters are crucial for practical applications. To control them it is quite important to

determine the driving forces of the metamagnetic transition and its origins. In this manuscript ab initio
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calculations and experimental studies results are presented, which demonstrate the correlation between
the structural and magnetic properties of the FesoRhso_xPdy alloys. The qualitative analysis of the meta-
magnetic phase transition driving forces in palladium-doped FeRh alloys was performed to determine their
contribution to the evolution of magnetic and lattice subsystems. In addition, the impact of the impurities
phases together with its magnetic behavior on the AFM-FM phase transition was considered.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Near-equiatomic FeRh alloys (Fe4;Rhs3-FessRhy7) have been stu-
died for more than 80 years, the first work was published by Fallot
[1] in 1938. The continued interest of the scientific community in
studying the family of these alloys is due to huge anomalies in
magnetothermal, magnetotransport and magneto-volume proper-
ties in the vicinity of the first-order phase transition from anti-
ferromagnetic (AFM) to ferromagnetic (FM) state, occurred near
room temperature [2,3].
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Despite the intensive and comprehensive study of these com-
pounds, the origin of AFM-FM transition is still not completely clear.
The first attempt to describe theoretically the magnetostructural
transition was made by Kittel in the framework of the exchange
inversion theory [4]. According to more recent theories [5-7], the
phase transition in FeRh alloy is realized due to the occurrence of a
magnetic moment on the Rh atom, that was observed experimen-
tally. In turn, the presence of two magnetic states of Rh atoms is
governed by competing FM Fe-Rh and AFM Fe-Fe exchange inter-
actions [8]. The ferromagnetic order starts nucleating when the spin
fluctuations of Fe sublattice in the antiferromagnetically ordered
FeRh phase (" phase) induce a local exchange field on the Rh cites.
The indirect ferromagnetic exchange mediated by the induced Rh
magnetic moments overcomes the direct antiferromagnetic Fe-Fe
exchange interactions, shifting the overall balance in favor of the
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ferromagnetic order. The equilibrium lattice constant of the ferro-
magnetically ordered state is larger than that of the AFM state.
Consequently, the AFM-FM transformation is accompanied by lattice
expansion and stress relaxation. [6]. Such a theoretical prediction is
approved by neutron diffraction studies and Mossbauer spectro-
scopy: it is known that in the FM phase there is a collinear ordering
of magnetic moments of Fe atoms (3.2 pg/atom) and Rh (0.9 pg/atom)
[9,10]. The magnetic moment of Fe atoms in the AFM phase is 3.3 pp
[2], whereas Rh does not possess a magnetic moment [11,12].

Another approach, based on Monte Carlo calculations, was used
in [13,14] to study the main factors responsible for the initiation of
the phase transition. In [13] the influence of volume and spin fluc-
tuations on the process of changing the magnetic state from AFM to
FM was studied. As a result, based on the Landau-Heisenberg model,
it was concluded that both spin and bulk fluctuations of the system
are important for the transition in the alloy to occur. In [ 14] the main
factors responsible for the magnetostructural transition were de-
termined: the parameters of the exchange interaction between Fe
atoms depend on the degree of magnetic ordering of the system and
the value of the induced magnetic moment on Rh atoms.

To elaborate the contribution of each factor in the nucleation and
evolution of the metamagnetic phase transition that occurred in
these compounds several approaches to variate magnetic moments
on the Rh cites and to distort crystal structure were applied. In order
to shift the phase transition temperature, which acts as a marker of
variations in the exchange energy of the systems, it is sufficient to
apply a pressure/stress [15-18] or to dope the alloy with a third
element [8,19-21]. The latter simultaneously leads to a change in the
crystal structure and magnetic moment. At present, the properties of
Pt-, Ir- and Pd-doped alloys were studied in [8,19,22], [16,20,23] and
[19,23-27], correspondingly. Worth noted that in contrast to Pd-
doping the substitution of the Rh atoms with the Pt and Ir atoms
leads to an increase in the phase transition temperature. Ni-doped
alloys were examined in [ 18,23]. As a rule, the high doping level with
the third element can cause changes in the symmetry of the crystal
lattice from body-centered cubic (bcc) to tetragonal (bct) or or-
thorhombic crystal structure [8,28]. The confirmation of the change
in the crystallographic symmetry of Pd-doped FeRh alloys has been
demonstrated using various experimental techniques: XRD (X-ray
diffraction) [8,28-30], MFM (magnetic force microscopy) [31,32],
XPEEM (X-ray photoemission electron microscopy) [32], neutron
diffraction analysis [27]. However, the most precise technique for
determining structural data is EXAFS (extended X-ray absorption
fine structure), which was used to accurately describe the crystal
structure of the binary FeRh alloys [33,34].

The correlation between magnetic and lattice subsystems in the
series of FeRh-based compounds was additionally theoretically and
experimentally explored. In particular, in [33] unexpected features in
a FeRh a-phase structure has been found: the 2nd nearest Fe-Fe and
Rh-Rh bond lengths are longer than that expected for the 1st nearest
Fe-Rh or Rh-Fe bcc structure above the AFM-FM transition tem-
perature. The same phenomenon was also reported recently in [34]
for FeRh thin films. The observed results allowed the authors to
conclude that the local magnetic moment (magnetic fluctuations)
and Fe-Fe distance fluctuations (structural fluctuations) were re-
vealed to play an important role in driving the metamagnetic tran-
sition, whereas the Fe-Rh atoms hybridization correlates with the
static stability of each magnetic phase [34]. The most comprehensive
and up-to-date consideration of the properties of alloys based on
FeRh is given in the papers [35,36].

Another factor that can affect the magnetic behavior of FeRh-
based alloys is homogeneity. As a rule, the synthesis of equiatomic
FeRh alloys with guaranteed reproduction of properties is difficult.
This is due not only to the difficulty in the preparation of a com-
pound with elemental composition accuracy up to 0.1 at%, but also
due to the presence of paramagnetic y-phase in the sample, the
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volume fraction of which may vary from units to tens of percent. The
presence of y-phase leads to redistribution of mechanical stresses on
the a-y phases interface during the phase transition, which can
decrease the temperature of the phase transition [37]. Presumably,
the appearance of the ‘parasitic’ phase is because its interface line on
the concentration phase diagram passes near the values of synthe-
sized concentrations [38]. In turn, due to finite cooling time during
the as-cast specimen quenching, the system passes through a state
in which the y-phase is more stable. A detailed phase diagram has
been constructed and described in [39]. In the same work, the in-
fluence of synthesis parameters on the formation of the y -phase
(annealing temperature, cooling time) was considered.

In turn, the magnetic behavior of the y-phase is also con-
troversial. Despite a majority of experimental works reporting the
paramagnetic state of the former at room temperature [27,38,40],
there are theoretical works that predict the stable FM state of the
equiatomic FeRh y-phase [41,42]. Moreover, in the experimental
works [25,43] the spin-glass behavior of the y-phase in bulk alloys
and nanoparticles with fcc crystal structure has been reported.
Therefore, the question of the magnetic ordering of the y-phase and
its contribution to the phase transition process remains open.

Here we try to elaborate the impact of all aforementioned factors
on the AFM-FM phase transition to figure out the origin of the latter.
This paper presents the results of ab initio and experimental ex-
ploration of magnetic properties and crystal structure. Via uniting
the precise experimental techniques with theoretical calculation we
shed the light on the correlation between the structural and mag-
netic properties of the palladium-doped Fe-Rh alloys and determine
the main driving forces of the AFM-FM transition in the examined
system.

2. Experimental

Since synthesizing the FeRh single-phase samples is challenge-
able [37,44,45], a method of sample preparation using arc melting
was developed, which makes it possible to minimize the y-phase
with Bl-type structure content in the sample. Alloys with the
compositions of FesgRhsgo, FesgRhy47Pds and FesgRhysPds were syn-
thesized by arc melting in an argon atmosphere. The adsorption of
residual oxygen after evacuation in the chamber was carried out by
melting a titanium getter.

To prevent the evaporation of the raw materials ingots during arc
melting that can lead to a small deviation in the elemental compo-
sition of the target alloys, which in turn strongly affects magnetic
properties [46], the formers were rearranged in the copper melting
pot as shown in Fig. 1.

Each specimen underwent several melting followed with over-
turning to provide with even redistribution of the elements. The first
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Fig. 1. a) The scheme of the Fe and Rh ingots arrangement before melting; b-d) il-
lustrate the process of remelting, followed by sample overturning.
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melting was performed at a low current, and the next four melts
were performed at high current values. Increasing the arc current
promotes the convection of the molten alloy. Reversing the sample
after each melt homogenizes the sample. The obtained ingots were
thermally treated for 24 h at 1273 K and then water-quenched. The
described synthesis method made it possible to ensure a satisfactory
quality of the alloys in this study (or within the set issue). The ele-
ment composition of the alloy was determined by an electron probe
microanalyzer EPMA (JEOL JXA-8800RL, JEOL Ltd.). The real values of
the element concentrations in the samples: Fesg4Rhygg,
Fe497Rh47.4Pd5 9, and Fess sRhye gPdy .

The crystal structure of the prepared Fe(Rh,Pd) alloys was ana-
lyzed using XRD using the X-ray diffractometer (M18XHF-SRA, MAC
Science Co. Ltd.) with Cu Ka line. The lattice parameters at 240K of
o’-phase for FesosRhgge, Feso7Rhs74Pdr9 and FesssRhgsgPdsg
samples are 2.988 A, 2.989 A and 2.991 A, respectively. Detailed
information on X-ray diffraction data can be found in [27].

Metallographic preparation of the samples for EBSD analyzes was
performed by mechanical polishing, using a commercial colloidal
silica suspension. The results were determined by automatic in-
dexing of Kikuchi patterns after adequate image processing in an
EBSD (electron backscatter diffraction) AZtechHKL system coupled
to a field emission gun scanning electron microscope (FEG-SEM)
operating at 15 kV.

The Fe K-edge XAFS were obtained at BLIC in KEK (High Energy
Accelerator Research Organization), Tsukuba with transmission
mode. The Pd K-edge XAFS were obtained at NW10A in PF-AR, KEK
detected by MSSD (Multi Element Sold State Detector) and BL11S2 in
Aichi SR center detected by SDD (silicon drift detector) with fluor-
escence mode. XAFS analyses were performed by Athena and
Artemis code[47].

Macroscopic magnetic measurements were studied using the
VSM Lakeshore 7407 Series over a wide temperature range
(80-450K). Heating and cooling of the sample were carried out at a
rate of 2 K/min, overheating did not exceed 0.5 K. The selection of the
temperature, at which it is correct to compare the magnetization of
the alloys with different Pd-doping levels, is the main problem.
Since the samples have different field-dependent temperatures of
the AFM-FM phase transition, a measurement procedure was de-
veloped that allows one to carry out a reasonable analysis of the
magnetic properties. First, it is necessary to measure the tempera-
ture dependence of the magnetization in the same field, which ex-
ceeds the saturation field of all samples. On the minus side, the
presence of the external magnetic field will decrease the AFM-FM
phase transition temperature, but on the other hand, measurements
at low fields are not able to provide information on the saturation
magnetization of the samples. The obtained curve was used to find
the temperature at which the zeroing out of the magnetization de-
rivative is realized (Tamjar-o0). This temperature ensures the “max-
imum ferromagnetic” state of the system, because at lower
temperatures the coexistence of the AFM and FM phases is observed
in the alloy, and at high temperatures the sample starts demagne-
tizing due to magnetic moments thermal fluctuations. An illustra-
tion of the measuring and determining the saturation magnetization
procedure is given in the Supplementary material in Fig. S1. After
determining the magnetic moment of the sample at a given tem-
perature, it is necessary to normalize the measured value by the
volume of the ferromagnetic phase. Since y-phase is paramagnetic
for FeRh alloys near the room temperature [27,38], the magnetiza-
tion was recalculated for the volume of the o'-phase, the percentage
of which was determined from EBSD analysis.

2.1. Computational details

Spin-polarized calculations were carried out using VASP (Vienna
Ab-Initio Simulation Package) code [48-50] within the formalism of
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the Density Functional Theory. In the standard mode, VASP performs
a fully relativistic calculation for the core-electrons and treats va-
lence electrons in a scalar relativistic approximation [51]. The energy
convergence criterion used was 0.1 meV. The kinetic energy cut-off
for the plane wave expansion of the Kohn-Sham electronic wave
function is 400 eV. The plane wave basis was generated considering
8 valence electrons for Fe (3d’4s!), 9 valence electrons for Rh
(4d®5s') and 10 valence electrons for Pd (4d°5s!).

The Projector Augmented-Wave (PAW) method [52] was used to
reproduce the atomic core effects in the electronic density of the
valence electrons. The exchange and correlation energies were cal-
culated with the Generalized Gradient Approximation due to
Perdew, Burke and Ernzerhof [53].

Two types of the crystal structure of FeRh Pd-doped bulk alloy
were studied: a B2 CsCl-type structure and B1 CuAu-type structure
which corresponds to a-phase and y-phase [27]. For the first struc-
ture, both ferromagnetic (FM) and antiferromagnetic (AFM) spin
configurations were studied. In order to facilitate comparison with
experimental results, the alloy was represented using (4 x4 x 4) su-
percell formed by 128 atoms to obtain Pd concentrations close to the
experimental values of 2.9 and 4.9. Half of them correspond to Fe
atoms and the other half consists of Rh atoms where some Rh are
replaced by Pd atoms depending on the concentration. The no-
menclature used to represent the different systems studied is
FesoRhso-xPdy (x =0, 2.3, 4.7). In the case of the B1 type structure, the
FM and paramagnetic configurations were studied. According to
experimental evidence, it is known that the B1 phase should be
paramagnetic [27,38]. However, earlier the problem of the possibility
of the ferromagnetic ordering of this structure was considered [41].
Therefore, the reasons for the observation of the paramagnetic state
are still unclear. The calculation of the paramagnetic phase was
carried out in two ways. In the first case, a non-spin polarization
model (NM) was used, just as it was done in the work [41]. In the
second case, the magnetic moments on the atoms were randomly
oriented in such a way that the total magnetic moment was zero
(PM). In this case the supercell used is a (3 x3 x3) formed by 108
atoms, half of them correspond to Fe atoms and the other half are Rh
atoms substituted with Pd to obtain FesgRhs75Pd>g and
FesoRhys 4Pd46 concentrations. The configurations are shown in
Fig. 2. The procedure followed for the modeling of the FM and AFM
configurations for the B2-type case was recently studied/published
by our group for other Pd concentrations [42]. In the case of the B1-
type structure, the initial cell parameter (a = 3.752 A) was obtained
from published results [54]. All the initial structures studied in-
cluding doping started from the same cubic unit cell allowing total
relaxation in all directions to simplify comparison. The Brillouin
zone (BZ) integration was performed on well-converged Monkhorst-
Pack [54] k-point meshes of (5x5x5).

The corresponding density of states (DOS) and local density of
orbital states (LDOS) were computed [55]. The magnetic moments
per atom (pg/at.) for both o’-and y-phases in the FM state were ob-
tained to complete the analysis.

3. Theoretical consideration
3.1. Structural and magnetic properties

Two values of Pd-doping x=2.3 and 4.7 corresponds to those
obtained experimentally x=2.9 and 4.9. For FM-B2 structure (o'-
phase), the lattice constants calculated for FesgRhsg and
Fe4gA7Rh47,4Pd2A9 are 3.004 A and 3.005 A: in turn, for Fe48A3Rh46,8Pd4_9
a slight distortion of the cubic cell to a tetragonal one is observed
with a ration c/a =0.98 (a = 3.041 A; ¢ = 2.991 A); the corresponding
lattice parameters for AFM-B2 (a"-phase) are 2.987 A, 2.988 A and
2.992 A for FE50Rh50, Fe49_7Rh4744Pd2,9 and Fe48.3Rh45_3Pd4_9‘ respec-
tively. For the same Pd concentrations, the corresponding lattice
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Supercells B2 (CsCl-type)

x=4.7 (FM) x = 4.7 (AFM)

Supercells B1 (CuAu-type)

x = 4.6 (FM)

x = 4.6 (AFM-PM)

Fig. 2. Models of supercells used to represent different Pd concentrations in
FesoRhso-xPdy alloy B2 (CsCl-type) (x=0, 2.3, 4.7) and B1 (CuAu-type) (x=0, 2.8, 4.6).
The Pd concentration (x) is indicated below each cell. Color reference: Rh atoms are in
gray, Pd atoms are in red and Fe atoms are in gold. Arrows (spin up and spin down)
indicate magnetic moments.

parameters are 3.787 A, 3.794 A and 3.802 A for FM-B1 and 3.680 A,
3.682 A and 3.684 A for NM-B1 and 3.843 A, 3.852 A, 3.854 A for PM-
B1. The calculated parameters of the crystal lattice correlate with the
experimental results observed for these samples in the previous
work [27]. An insignificant increase in the crystal lattice parameter
of y-phase may be due to the lack of taking into account the spin-
orbit interaction in the case of theoretical calculations.

The works [8,27,28,32] reported on the tetragonalization of the
FeRh o’-phase crystal lattice upon the addition of Pd. To analyze the
structure and compare it with XAFS results, interatomic distances
were calculated. The variation of the first nearest neighbor (NN) Pd-
Fe distance obtained from optimization for FesgRh4;7,Pd;3 and
FesoRhys 5Pdy 7 are around 0.03 A. In the case of the B1 structure the
Pd-Rh NN distances (both atoms are in the same 001 plane) vary

Journal of Alloys and Compounds 898 (2022) 163092

between 0.04/0.05 A. However, no great variations are observed in
the Pd-Fe distances (0.01 A).

In Fig. 3, the total energies per atom are plotted to be able to
compare the different supercells used. In the case of B2 structure,
the antiferromagnetic ordering is a bit stable than the ferromagnetic
one by 0.03 eV (see Fig. 3(b)). For B1 structure the energy was cal-
culated considering both spin polarization (FM), non-spin polariza-
tion (NM), and random orientated spin moments (PM). In this case,
the ferromagnetic ordering of magnetic moments is more stable
than NM state by a tenth of eV, growing barely as x increases (0.13/
0.14/0.15 eV). But the calculation of the paramagnetic phase using
the method of randomly oriented spins (PM) showed that such a
state is more stable than the ferromagnetic one. Worth noting that
for both B1 and B2 structures an increase in the total energy of the
system is observed when Rh is substituted with Pd. The calculation
of the energy for the paramagnetic phase using the method of ran-
domly oriented spins gave a result that is consistent with the ex-
periment.

In Fig. 4 the magnetic moment (ug per atom) of Fe, Rh and Pd
atoms are depicted for o’-and y-phases in the FM state with B2 and
B1 structures, respectively. As shown, in the case of the B2 structure
the values of Fe moments slightly decrease 1 =3.18, 3.17 and 3.16 pg/
Fe within the Pd concentration growth of 0%, 2.3% and 4.7% corre-
spondingly. In contrast, in the B1 structure the magnetic moment
values raise (2.53, 2.60 and 2.64 pg/Fe).

In turn, the values of magnetic moment per Rh atoms differ in
the order of magnitude for B1 and B2 structures. In the case of Pd
atoms, the values are similar and equal to 0.2 pg/Pd and 0.3 pg/Pd for
the B1 and B2 structures, respectively. As a result, the total mag-
netization per atom in a supercell decreases and increases with the
Pd doping for the B2 and B1 structures, respectively (Fig. 4, right
axis). The experimental values of the magnetic moments per atom in
the considered compounds obtained by means of neutron diffraction
are presented in [27] and coincide well with the calculated results in
the case of B2 structure. It is worth noting that the neutron dif-
fraction studying does not answer the question is the revealed
change in the total magnetization per unit cell guided by a change in
the magnetic moment of the Fe atom either a change in the fraction
of the ferromagnetic magnetic phase above AFM-FM transition. The
presented simulation points out that in the ferromagnetic state, the
decrease in the magnetic moment per unit cell is associated with a
decrease in the magnetic moment of Fe atoms.

The revealed decrease in the magnetic moment per Fe atom with
increasing Pd concentration in the B2 structure is a consequence of
the exchange integral decrease due to the crystal structure tetra-
gonalization. This reduction causes the decrease of the AFM-FM
transition temperature due to lower contribution from the magnetic
subsystem in the total free energy. According to [13] one should take
into account two types of competing energies when considering a
magnetic first-order phase transition in such a system: the con-
tribution arising from the lattice degrees of freedom (phonon en-
ergy) and the spin subsystem energy. At high temperatures, the
thermal energy dominates, and the system enters a paramagnetic
state. At temperatures below the Curie temperature the system can
be either in the AFM or FM state depending on the distance between
the atoms, which can be tuned by temperature or by an external
magnetic field. Thus, a decrease in the exchange constant, which
depends on the interatomic distance, leads to a decrease in the
thermal energy (phonon energy) required to change the ordering of
the spin subsystem.

3.2. Electronic properties

To complete the analysis, the corresponding electronic structures
for certain Pd concentrations have been calculated. The total (DOS)
density of states for the FM and AFM and NM and FM magnetic
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configurations were calculated for B2 and B1 structures, respectively.
The data are presented in Supplementary materials (Fig. S2, Fig. S3
correspondingly). As it is known, the balance between the spin-up
and the spin-down states is the reason behind the anti-
ferromagnetism of these systems. Previously the features in the
magnetization of the Fe and Rh atoms for AFM and FM configura-
tions were theoretically revealed by the members of our group [56].
These peculiarities were attributed to hybridization between Rh
states with a given spin projection and the spin states of Fe on a local
sub-lattice and in the same way with the spins down on another
local sub-lattice. As a consequence, the net magnetic moment of the
Rh atoms is zero in the AFM phase, while the Fe atoms possess va-
lues close to those they have in the FM phase. It is notable that the
structure of maxima in the LDOS in AFM state for Fe sites reflects a
strong spin polarization, as in the FM case. This may also indicate
that the Rh atoms do not average the influence of two opposite
states of Fe, but that the Rh atoms hybridize locally with the spin
states around them, i.e., a greater overlap between themselves takes
place. Similar behavior is observed in the value of the magnetic
moment of the Pd (located in Rh sites) that goes from 0.3 (FM) to
0 up/Pd (AFM). Therefore, the formation of the magnetic moment of
the Rh/Pd is governed by the strong covalence between them and
the polarized spin states of the first neighboring Fe atoms. The in-
fluence of the type of structure is also manifested in the B1 case
where the first neighbors are some Fe (upper and lower planes) and
Rh in the same plane. When substituting Rh with Pd, the magnetic
moments are practically unchanged (around 0.2 pg/at) (Fig. 4b).

In the case of the B1 structure the calculations were carried out
to elaborate the magnetic behavior of the y-phase. For better vi-
sualization, the LDOS of the Pd 4d states per Pd atom near Fermi
energy were plotted for different Pd content for both structures in
the FM state (see Fig. 5). The comparison analysis of Fe LDOS at the
Fermi level in the NM phase for the B1 structure has revealed its
large local values (see Fig. 3S). This can point out the instability of
this phase towards the ferromagnetism and indicates a higher local
magnetic moment of Fe atoms compared to the Rh and Pd ones as
has been previously commented (Fig. 4a).

Spin polarization and spin polarization of electrons at the Fermi
energy on Pd atoms were calculated for both structures with a cer-
tain Pd-doping level, the results are presented in Table 1. Integrating
the local densities of electron states was performed in the range
from - 10 to 0 eV (across all populated electronic levels). The spin
polarization per atom in the B1 lattice is smaller than in the B2
structure. This fact can be another reason for the absence of ferro-
magnetic ordering in the B1 structure. An increase in the palladium
concentration leads to a decrease in the polarization of palladium d
electrons, which is explained by a change in the effective field of the
crystal. The electronic properties at the Fermi level play an essential
role in understanding the magnetic properties of materials. One way
to quantify the difference between spin-up and spin-down compo-
nents is by evaluating spin polarization at the Fermi level. In the case
of B2 structure, the largest spin polarization at the Fermi energy is a
consequence of the large spin-down DOS compared to the spin-up
component at the Fermi level implying that all the structures exhibit
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Table 1

Calculated parameters of local Pd-4d states in the (B2, B1)-FM state at different contents of Pd. Here p,andp, are the total density of states of the spin-up and spin-down bands

respectively, P is spin polarization, P(Ef) is spin polarization at the Fermi energy.

x (Pd), % 2.3 for B2, 2.8 for B1 4.7 for B2, 4.6 for B1
Pt 2 P P(E 1 (Ef) — oy (Ef) I 2 P P(E et (Ef) — oy (Ef)
L) (Ep) o1 (Ef) + ey (Ef) L (Ep) o1 (Ef) +py (Ef)
pr+py PrER
B2 14.52 -13.37 0.041 0.69 29.78 -28.34 0.024 0.75
B1 14.62 -13.66 0.034 0.42 2443 -23.4 0.021 0.32

ferromagnetic properties. In the case of the B1 configurations, the
spin polarization values at the Fermi energy are smaller than in the
case with B2 structure, that indicating similar contributions in the
densities of up and down states. Therefore, this fact confirms the
assumption that the B1 structure is in a paramagnetic state. The DOS
curves' qualitative form for the FM configurations in B1 (Fig. S3) is
similar in all studied structures (x=0, 2.8 and 4.6) with strong hy-
bridization between Fe 3d states and Rh 4d states. Unlike the B2
structure, the vicinity of the Fermi level is not only dominated by Fe
3d states but the presence of the Rh states 4d is also observed. In-
creases in Pd concentrations lead to slight changes in the densities of
electronic states near Er.

Summarizing, via ab-initial calculation the paramagnetic state
for y-phase (B1) was determined using two different approaches:
total energy estimation and LDOS diagram constructing.

Additionally, a tendency for the spin polarization on Pd atoms to
decrease as their (Pd) concentration increases are observed for both
structures. This result is explained by a decrease in the value of s-d
hybridization due to a decrease in the number of Rh atoms that
possess an unpaired s-electron on the outer shell.

4. Experimental results and discussion
4.1. Structural analysis

4.1.1. EXAFS

The distortion of the crystal lattice under substitution of Rh with
Pd, theoretically predicted in the previous section and experimen-
tally demonstrated via neutron diffraction in [27], was studied in
detail by EXAFS analysis in this chapter. Temperature dependence of
k2x(k) and Fourier transform (FT) of Fe K-edge XAFS presented in
Supplementary material (Fig. S4 and S5) and that of ky(k) and FT of

Pd K-edge XAFS presented in S6 and S7. They show the local atomic
structure around Fe atoms and Pd atoms, respectively. (k) - nor-
malized EXAFS, which characterizes the relative changes in the
photoionization cross sections in comparison with atomic ones due
to the influence of the environment, k is the wave number of the
photoelectron. Fourier analysis of the function y(k) allows to de-
termine the contributions of individual coordination spheres. In
particular, the profiles of k3y(k) and FT Fe K-edge XAFS are almost
similar to that of FeRh [33], which indicates the local structure
around Fe in FeRhPd is similar to that in FeRh. Thus, our attention is
focused to whether such behavior is also observed in Pd-doped FeRh
alloys. Fig. 6 demonstrates temperature dependence of interatomic
distances in Fesg 7Rh474Pd5 o and Fesg sRhyg gPd4 g for (a) 1st nearest
neighbor (NN) and (b) 2nd nearest neighbor obtained from the curve
fitting with Artemis code [47]. In Fig. 6(a) the 1st NN distances are
multiplied by 2//3 as required by the symmetry of the B2 structure.
The 2nd NN distances are longer comparing with the 1st NN one
similar to binary FeRh [33,34], that is the local distortion exists also
in FeRhPd alloys analogously to binary systems. On the other hand,
the distortion is found in the wider temperature range but not only
above the AFM-FM transition temperature.

The interatomic Fe-Rh and Fe-Fe distances obtained from the Fe
K-edge XAFS analysis for Fesq7Rh474Pds9 and FesgsRhyegPdsg are
0.02 A longer compared with the corresponding values for
Fesp.4Rhyg 6 [33]. The local structure around Fe atoms obtained from
XAFS experiments is almost the same as from XRD measurements
taking the lattice constants values into account.

In turn, the Pd-Fe and Pd-Rh interatomic distances obtained from
the Pd K-edge XAFS analysis for Fesg97Rhy474Pd>9 and
Fesg3RhyegPdsg are around 0.04 A longer in comparison with the
equivalent values of Rh-Fe and Rh-Rh interatomic distances for
Fesp.4Rhyg e [33]. Thus, the local structure distortion around Pd atom
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is more pronounced compared to the surroundings of Rh atoms in
Pd-doped alloys. Moreover, the interatomic Pd-Fe and Pd-Rh dis-
tances increase more than Fe-Rh and Fe-Fe ones in the vicinity of the
transition temperature. It means that the nucleation centers of a
new phase in three-component systems are atoms located near
palladium.

Thus, the substitution of rhodium for palladium leads to a local
distortion of the crystal lattice (it’s tetragonalization), resulting in a
decrease in the distance between the iron atoms that are in the
nearest neighborhood of the palladium. A schematic representation
of the change in interatomic distances is shown in Fig. 6¢. This dis-
tortion leads to an increase in the interatomic distance between the
first and second nearest neighbors of palladium, which, in turn, re-
duces the magnitude of the exchange interaction between them. The
presence of local tetragonalization of the crystal lattice and a de-
crease in the exchange interaction between the nearest iron atoms
leads to a decrease in the phase transition temperature.

4.1.2. Scanning electron microscopy

As it was mentioned in the Introduction the presence of the
impurities can strongly affect the magnetic behavior of FeRh-based
alloys. In this chapter we experimentally study the influence of the
Pd-doping on the y-phase (B1 structure) volumetric content using
EBSD analysis. The EBSD maps for FeRh and Pd-doped alloys are
depicted in Fig. 7. The details of EBSD technique are described in
Supplementary Material. The pattern quality maps (gray figures)
offer good indexing of diffraction patterns. The slight blur observed
in Fig. 7a does not compromise the quality of the mapping. For all
pattern quality maps, dark areas indicate lower diffraction pattern

quality, while the lighter areas represent higher pattern quality.
EBSD data allowed to identify the presence of three phases: alphal
(blue), alpha2 (red), and gamma (yellow), in all studied alloys. The
legend for each phase is described elsewhere [57]: alpha 1 is an
antiferromagnetic o”-phase being a variation of the ferromagnetic
one (B2 structure), alpha 2 is ferromagnetic a'-phase (B2 structure)
and y-phase (B1 structure). Worth noted, that the alpha 2 phase
(red) is preferably located at alphal-grain boundaries or alphal/
gamma interfaces (Fig. 7). This fact confirms the assumption that the
growth of a new phase nucleates on defects. Since the phase tran-
sition temperature of the binary FeRh alloy is near the room tem-
perature, and the EBSD analysis was performed at 300 K, it is obvious
that the coexistence of the alphal and alpha2 phases is observed on
the map (Fig. 7a). The Pd-doping leads to a decrease in the AFM-FM
transition temperature, so the alpha 2 phase is predominant
(Flg 7b,C) in Fe49_7Rh47_4Pd2,9 and Fe4g.3Rh4643Pd4A9 samples.

From the alpha 1, alpha 2, and gamma phases’ areas (Fig. 7), the
volume content of these phases was determined. Table 2 presents
the corresponding phase fractions estimated from EBSD data. Seven
images taken at different locations (picture size is 60 * 60 um) were
analyzed for each sample to reduce static error. The presented re-
sults demonstrate a decrease in the volume fraction of the y-phase
with Pd concentration increasing. Presumably, it can be attributed to
the radius of the doping atom. Since the Rh atom is smaller than Pd
one, the probability to substitute the atom on the face of the cubic
B1 structure is less than in the body of B2 structure because of
geometric reasons. Moreover, under an increase of the Pd con-
centration the equilibrium state is shifted to the stability of the o-
phase, and together with the Fe concentration decrease within the
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Table 2
Phase fraction quantified from EBSD data for Fesg4Rhsge, FesgsRhs74Pdze, and
Fe,s.3Rhg68Pd4 g alloys.

Phase/color Feso.4Rh4g6 Fes97Rh474Pd5 o Fesg3RhyegPdso
Alpha 1/blue 66.7% 4.5% 0.7%

Alpha 2/red 26.0% 90.7% 93.2%
Gamma/yellow 7.3% 4.8% 4.3%

Pd-doping, make the former more stable. Unfortunately, most of the
published works do not provide information on the percentage
content of the y-phase in FeRh-based ternary alloys.

The y-phase inclusions size distribution diagrams were plotted
using SEM images (Fig. 8). The number of analyzed inclusions for
each of the samples exceeded 100. The resulting statistics were
approximated by a Gauss distribution to determine the average size
of the gamma-phase inclusion. The average inclusion sizes <D > are
63, 42, 33 pm for the F650.4Rh49.6, FE49.7Rh47.4Pd2_9 and
Fe4g3Rhy68Pd4 g alloys, respectively.

As shown the volume fraction of the y-phase in Pd-doped alloys
decreases due to a decrease in the average size of the inclusion.
Additionally, the elemental composition of the y-phase in each of the
alloys was analyzed using EDX analysis, the results are presented in
the Supplementary Material in Fig. S9. The percentage of iron does
not exceed 39 at% in each case.

4.2. Magnetic measurements

The temperature dependences of magnetization were measured
according to the protocol described in the Experimental. AFM-FM
phase transition temperatures and saturation magnetization cs va-
lues for the Fe5g.4Rh4g.6, Fe49.7Rh47‘4Pd2.9 and F64g‘3Rh46.8Pd4.g Sam-
ples measured under an external magnetic field of H=16 kOe are
listed in Table 3.

Magnetization values were determined at temperatures where
the magnetization derivative reaches zero value (Tqmjar-0). The
magnetization of the alloys decreases with increasing Pd con-
centration, as predicted theoretically in this paper. As shown in
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Table 3
Magnetization and the main temperature parameters characterizing the phase tran-
sition of the samples.

Tarm-ems K cs,emu/g Tamjar=0, K AT, K
Feso4Rhy9 6 333 130 379 34.7
Feg97Rh474Pd2 o 295 127 354 33.8
Fesg3Rhy65Pds o 289 122 348 28.0

Fig. 9, two magnetization maxima are observed at different tem-
peratures between the AFM and FM states, which correspond to the
heating and cooling protocol of measurements. The high-tempera-
ture state was chosen for the analysis because the low-temperature
state is metastable. Pd concentration rising leads to a decrease in the
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phase transition temperature, which is consistent with previously
published data and with the theoretical model described above. The
temperature hysteresis width (AT in Table 3) also decreases under
Pd-doping, which can be partially attributed to a decrease in the y -
phase volume fraction in the sample. The interfaces between the o"-
and y - phases are the pinning centers of the ferromagnetic phase
during the phase transition. This statement was confirmed via the
EBSD analysis results (Fig. 7), where one can see that the pinned
clusters of the antiferromagnetic phase are predominantly located
near the interfaces of the aforementioned phases. An increase in the
number of such defects leads to a broadening of the temperature
hysteresis. The contribution of the other intrinsic and extrinsic
hysteresis origins [58] will be estimated in detail in further works.
Moreover, the influence of crystal structure distortion induced by
Pd-doping in FeRh alloys on the order of phase transition will be
specified too.
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5. Conclusions

The paper presents ab initio calculations and experimental stu-
dies of the correlation between the structural and magnetic prop-
erties of the Pd-doped FeRh alloys. Based on the comparative
analysis of obtained results the main driving forces of the meta-
magnetic AFM-FM transition in the exanimated system were de-
termined.

The calculations results revealed a tendency towards tetra-
gonalization of the alloy crystal lattice under substitution of Rh
atoms with Pd ones. The theoretical estimations of lattice para-
meters and nearest neighbors distance were confirmed using EXAFS
analysis. In particular, an increase in the interatomic distance be-
tween the first and second nearest neighbors of palladium leads to a
decrease in Fe atom magnetic moment without a noticeable change
of Rh and Pd ones. This change in the spin subsystem energy origins
a decrease in the energy of the phonon subsystem necessary to in-
itiate a first-order phase transition, which, in turn, determines the
AFM-FM phase transition temperature. Thus, the influence of the
structural fluctuations of the magnetic subsystem was determined.

By means of electronic structure exploration it was found that
the formation of the magnetic moment of the Rh/Pd is governed by
the strong covalence between them and the polarized spin states of
the first neighboring Fe atoms.

The impact of the y-phase (B1 structure) presence together with
its magnetic behavior on the metamagnetic phase transition, oc-
curred in this system was comprehensively studied. In the begin-
ning, the paramagnetic state for y-phase was determined using two
different approaches: total energy estimation and LDOS diagram
constructing.

A decrease of the y-phase volume fraction with Pd content in-
crease was experimentally discovered. The latter is likely pre-
determined in Fe49Rhs-yMy alloys with the radius difference of the
third (doping) atom in comparison with Rh atoms. This factor is
considered for the first time in our paper in addition to the already
mentioned influence of the quenching rate during sample prepara-
tion [40]. Additionally, the correlation between the y-phase volume
fraction and the width of the temperature hysteresis was revealed.
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