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ABSTRACT

We analyze coexistence of antiferromagnetic and ferromagnetic phases in bulk iron-rhodium
and its alloys with palladium, Feso4Rhage, Feae7RN474Pd29 and Fesg3sRhasgPdsg, using neutron
diffraction, magnetization and scanning Hall probe imaging. Temperature dependencies of the

lattice parameters, AFM and FM phase weight fractions, and Fe magnetic moment values were
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obtained on cooling and heating across the AFM-FM transition. Substantial thermomagnetic
hysteresis for the phases’ weight fractions and a relatively narrow one for the unit cell volume has
been observed on cooling-heating. A clear dependence of hysteretic behavior on Pd concentration
has been traced. Additional direct magnetic measurements of the spatial distribution of the phase
transition are acquired using scanning Hall probe microscopy, which reveals the length scale of
the phase coexistence and the spatial progression of the transition in the presence of external
magnetic field. Also, the magnetic phase diagram has been constructed for a series of Pd-doped

FeRh alloys.

INTRODUCTION

Phase coexistence is a rather general and curious phenomenon for many materials
experiencing first-order magnetic phase transitions (FOMT) [1-3]. At the same time, explanations
of this phenomenon within the mechanisms of interaction of electrons or imperfections of chemical
composition and structure still seem inconclusive [4,5]. An example of a material that undergoes
antiferromagnetic-ferromagnetic (AFM-FM) FOMT with temperature co-existence of phases is an
iron-rhodium alloy and its derivatives. In recent years, interest from the scientific community in
e-Rh alloys has increased significantly [6-12]. The attention to these alloys is due to two main
reasons: firstly, the fundamental research of these alloys aims to find out the origin of FOMT and
explain the cause of a giant magnetocaloric effect (MCE) which results, and secondly, the B2
alloys are promising for practical applications (an example is Ni-Co-Mn-Ti [13]). The observation
of the FOMT at temperatures close to the temperature of the human body in these alloys, in
combination with a giant MCE [14], make Fe-Rh-based materials promising for use in areas less
sensitive to the cost of the alloy, primarily in medicine (for example, in the technology of targeted
drug delivery [15,16]), magnetic recording [17], etc. In the majority of works studying the origin
of the magnetic phase transition in iron-rhodium alloys, attention focused on various energy
contributions to the free energy: phonon, conduction electron and magnons [18], exchange energy
associated with magneto-volume effects [19], and lattice dynamics [20], which can be clarified by
direct observation of the phase transformation [21]. At the same time, the influence of phase
coexistence on the functional properties of the material is much less studied, except for a few
works on thin films: see examples of FesRhs: [22] and FeRhog2Pdo.1s [23]. A heterogeneous
nucleation of ferromagnetic domains on micron and submicron scales in close proximity to the

AFM-FM phase transition temperature was reported in those studies.

It is important to note that there are not many works devoted to the study of FeRh-based
alloys doped with a third metal, as well as a lack of data obtained by direct methods, such as

neutron scattering or magnetic imaging. Particularly, no such measurements have ever been



performed on the doped alloys. In Ref. [24], Pd-doped samples FessRhaPds and FessRhagPd3 were
considered for the first time. Both of them exhibit a decrease of phase transition temperature: 169
K for FesgsRhsePde and 252 K for FessRhagPds in comparison with the pure iron-rhodium alloy (328
K). The next systematic study of these alloys was performed almost 30 years later [25]. In this
work, magnetization, electrical resistance, magnetoresistance and heat capacity were measured in
alloys with low palladium content: Feso(Rh1xPdx)s1, X=0+0.14. It has been found that the magnetic
state and electrical properties of the described compounds strongly depend on the number of
replacement atoms due to the electronic origin of magnetic phase transitions. The phase transition
in all studied alloys is accompanied by a giant magnetoresistance (Ap/p up to -88%). Magnetic
phase diagrams were also constructed for the studied alloys.

The renewed interest to iron-rhodium alloys was due to the study of the impact of the
manufacturing process on the physical and chemical properties of pure FeRh samples, such as
Fes9.5Rhs05 and FesoRhag [26].

For the first time the transition dynamics and phase co-existence in a bulk sample doped
with palladium Feso(Rho.e3Pdoo7)s1 was described in [27,28], where indirect methods, such as
electrical and magnetoresistance measurements, were used. The authors focused on the study of
the transition dynamics in high magnetic fields. A composition with a minimum temperature of
the AFM-FM transition in a series of alloys with a varying Pd at.% was chosen. The relaxation
time of the magnetic subsystem increased significantly in magnetic fields above 6 T at
temperatures below 50 K. An increase of the external magnetic field up to 8 T completely
suppressed the AFM-FM transition, while coexistence of the FM and AFM short-range magnetic
orders persisted down to low temperatures and gave rise to the glass-like arrested state (GLAS).
The GLAS state was removed by heating sample to the temperatures above 50 K [28].

Neutron studies of the iron-rhodium alloys, and especially Pd-doped alloys, are also very
rare. The first work of this type was performed on FessRhsg sample [29]. The space group Fm3m,
the unit cell parameter a=2.98 A, as well as a qualitative estimate of magnetic moments of Fe and
Rh atoms were obtained from the neutron diffraction data. Magnetic moments of Fe and Rh atoms
Mre=3.2 UB, UrRh=0.9 ps were determined by neutron diffraction and Mossbauer spectroscopy in
FesoRhso, FessRhss, FegoRhao and FesaRhag [30,31]. Moreover, the form-factors of magnetic neutron
scattering for Fe and Rh atoms obtained in these works were used for the Rietveld analysis of the
neutron diffraction data in this work (see experimental details). Shortly after these studies,
coexistence of the AFM and FM phases across the transition was studied by a neutron diffraction
method [32]. In pure FeRh samples (without any substitutional elements) of nearly equiatomic
composition, the region with coexistence of AFM and FM phases was found. The conclusion about

the coexistence of AFM and FM phases in a certain temperature range was based only on a



qualitative analysis. In contrast to the previous work [32], here we first conduct a thorough
quantitative Rietveld analysis for pure iron-rhodium alloy and for palladium-doped companion
samples. The texture effect is also noted, despite the fact that the sample for neutron studies is a
powder. We define the quantitative temperature dependence of the AFM and FM phase fractions.
In addition, we present quantitative temperature dependences of lattice parameters and the value
of the magnetic moment of iron atoms in both phases for all three samples.

The most recent theoretical work to date, which addresses the issue of phase co-existence, is
[20]. The lattice dynamics of the antiferromagnetic and ferromagnetic phases of FeRh at different
temperatures were investigated from first principles. It has been shown that already at low
temperature the bcc structure of the antiferromagnetic phase becomes stable; this eliminates the
contradiction between experimental observations and previous theoretical prediction of a lattice
instability at low temperature [33]. In addition, a significant difference in the temperature
dependence of lattice vibrations of the ferromagnetic and antiferromagnetic phases has been
observed. It was concluded that the lattice dynamics plays a decisive role in the metamagnetic
phase transition in FeRh and its remarkable magnetocaloric properties. Table 1 in [20] presents
the latest up-to-date calculated values of the lattice parameters in AFM and FM phases,
respectively, 2.990 and 3.007 A, and also magnetic moment values of Fe (3.12 ps and 3.17 pg)
and Rh atoms (0.00 pg and 1.05 s, respectively) in the stoichiometric FeRh.

In our work we analyze various non-stoichiometric compositions of iron-rhodium alloys:
Feso4Rhag 6, Feag 7Rh47 4Pd29 and Fess sRhas sPda 9. The Feso 4Rhag s without Pd is considered to be
a reference sample. The results obtained on the palladium-doped samples Fesg7Rh474Pd29 and
Fess,3Rhas gPds 9 are compared with the reference one and with each other for the first time. Thus,
one can have a full understanding of the phase transformation evolution and its dependence on the

Pd concentration in the series of alloys.

As has been shown above, quite often in the previous studies of FeRh-based alloys, very
targeted characterization tools have been used. Therefore, this has sometimes led to a lack of
necessary experimental data on the samples, such as precise composition and phase fraction:
crucial in the case of FeRh. Here we complete thorough studies on our samples, for which the

results of structural, magnetic, and magnetocaloric experiments have been published [34,35].

THEORETICAL CONSIDERATION

To address disorder on each sublattice, we used the scripts [36] and the KKR-CPA method
[37] implemented in MECCA code [38]. We used the PBEsol exchange correlation [39] and 16°
Monkhorst-Pack k-mesh [40] for the Brillouin zone integration. Computational details and the

computed electronic density of states (DOS) in the equiatomic binary FeRh are provided in [41].



Rh has 1 extra d-electron compared to Fe, and Pd has 1 more electron than Rh. In the rigid-
band approximation, the difference in the electron count between FeosyRhos+y-xPdx and an
equiatomic FeRh constitutes (y+x) d-electrons per atom, or 2(y+x) per B2 2-atom unit cell. Relative
to FeRh, the shifts of the electron count in Feso7Rhs74Pd29 and FesssRhassPdag are
(0.003+0.029)=0.032 and (0.017+0.049)=0.066 e/atom, respectively, while the expected shifts of
the Fermi energy are +0.022 and +0.045 eV in the FM state, and +0.011 and +0.022 eV in the
AFM state. Fig. 1(a) shows the computed electronic spin DOS in the FM state in Fesg.7Rh47.4Pd2.9
and Fess 3Rhas 8Pds9. The B2 structure has two sublattices; we have assumed that sublattice 1 is
occupied by Fe; and Rhy, while sublattice 2 is populated by Rh, and Pd., so that Pd partially
substitutes  Rhp,  with  sublattice ~ compositions  (Feo.994Rho.006)(Rho.942Pdooss)  and
(Feo.966RN0.034) (Rho.902Pdo.098) In Fesg.7RN47.4Pd2.9 and Fess sRhassPdasg, respectively. The coherent
potential approximation (CPA) assumes a homogeneous disorder on each sublattice, without any
short-range ordering (SRO). A change of the long-range order (LRO) from ordered B2 to
disordered A2 results in the increase of energy at fixed composition: see Fig. 2(c). According to
our calculations, the transition temperature for a hypothetical order-disorder B2 to A2 transition is
expected to be well above the Curie temperature, therefore the energetically unfavorable A2
structure will not be observed. Here we consider the energetically favorable B2 ordering, relevant

to experiment.

The computed bulk modulus By in these alloys is around 200 GPa (2*10! Pa), and Bo' is
around 4 (dimensionless). In the FM state, the computed equilibrium lattice constant of
Fess 3RhassPdagis 2.995 A, 0.003 A larger than that of Fess7Rh47.4Pd2.0. Fig.1 shows that Pd has a
higher contribution to the electronic DOS at the Fermi energy Er than Rh on the Rh sublattice 2.

Electronic entropy increases with electronic DOS at Er, affecting the caloric response.

In the FM state, Pd atomic magnetic moment is smaller than that of Rh: see Table 1. On
the Rh sublattice, the Rh moment changes from ~1 Bohr magneton (ps) in the FM to 0 in the AFM
state. FeRh is an itinerant ferromagnet, in which the total magnetization is well-defined, while the
computed atomic moments depend on the chosen sizes of atomic spheres or polyhedra [42].
Magnetic entropy in the PM state scales with the atomic magnetic moments. However, the
magnetic entropy is small in states with magnetic long-range order (LRO), such as FM and AFM.

The phase transition temperature depends on the energy difference between the relevant
phases. The lattice mismatch at the phase transition affects the thermal hysteresis; it is smaller in
Fess3sRhasgPdse compared to FesosRhags, as shown in Fig.2. We used the coherent potential
approximation (CPA), which approximates an atomic disorder by a homogeneously random

uncorrelated disorder without short-range order (SRO), and magnetic disorder in the PM state by



homogeneously disordered local moments (DLM). Because SRO lowers the energy, CPA
systematically overestimates the energy of the PM state. In general, properties depend on
composition, atomic and magnetic ordering. Assuming that Pd equally substitutes Rh (on both Fe
and Rh sublattices), we computed energy versus the lattice constant in B2 phase in Fesg 3Rhas gPda.g
and Feso4Rhag6: see Fig. 2. In this approximation, the computed equilibrium lattice constants in
AFM, FM, and PM states are respectively 2.974, 2.989, and 2.978 A in FesosRhags; they increase
t0 2.982, 2.996, and 2.986 A in Fess sRhsssPdso. Depending on the atomic order, there is a small
difference between the computed FM value of 2.996 A in (Feo.966RN0.030Pdo.004) (Rho.sesPdo.105) and
2.995 A in (Feo.ossRho.034)(Rho.g02Pdo.ogs), both representing B2 FesssRhassPdss. Atomic order
(both LRO and SRO) depends on the heat treatment. The LRO can vary from highly ordered B2
to disordered A2; there is a partial LRO in the quenched samples. Sensitivity of transition

temperature to ordering and composition is discussed in [41].

Spin DOS (eV')

Spin DOS (eV')

Table 1. Computed atomic magnetic moments (us per atom) and the total magnetization M (s
per B2 unit cell) at fixed a=3.0 A in the FM state.

Fess.3Rhas sPda g Fes9.7RN47.4Pd2.9 FesoRhso
Fe1 3.31 3.31 3.318
Rhy 0.55 0.59 -
Rh> 0.97 0.99 0.998
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Fig. 2. Energy E versus lattice constant a, fitted by the Birch—Murnaghan equation of state in

AFM, FM, and PM states in B2 Fess 3Rh46.sPda.9 (a) and B2 Feso.sRhags (b), compared to DFT

(symbols) approximated by cubic splines (lines) in A2 (dashed lines, empty symbols) and B2

(solid lines, filled symbols) equiatomic FeRh (c). The vertical black dashed (red dotted) lines
point at the equilibrium lattice constant in the AFM (FM) state, respectively.

SAMPLES AND EXPERIMENTAL TECHNIQUE

Polycrystalline bulk samples FesosRhages, Fesg7Rha74Pd29 and FesssRhassPdss were
manufactured in the Department of Advanced Physics, Hirosaki University, Japan from high-
purity Fe, Rh, Pd. Source materials had a purity of 99.9 at.%. The chemical composition of the
used samples was determined by the X-ray microanalysis (EPMA) method. Bulk samples of iron-

rhodium alloys were made of ingots from plasma arc melting.

Stoichiometric amounts of the starting metals are placed in an airtight melting chamber, from
which the air is pumped out to a pressure of 10 Pa. After pumping, the chamber is filled with
argon to the pressure of 0.09 MPa. Source metals in the plasma arc furnace are melted due to the
plasma arc that occurs between the plasmatron cathode and the molten metal. The temperature of
the plasma arc reaches values of up to 15 000 K. The argon gas in the chamber served as the plasma

gas.



The resulting alloy ingots were in the form of ellipsoids of rotation with axes in the range of
3 -5 mm. Samples were cut from ingots, which were annealed in a vacuum at 1273 K for 24 hours.
During annealing, the fcc crystalline structure formed in the alloy after melting changes to bcc
with ordered magnetic structure and homogenization of the alloy. Then the samples were hardened,
with their rapid cooling to room temperature. For this purpose, after annealing in the furnace, the
samples at 1273 K were put in cold water. There is about 7% of y-FeRh (FCC) phase in each
sample within the whole temperature range. Therefore, FM and AFM phase occupy ~93% in total

volume.

Neutron diffraction

Time of flight neutron scattering experiments were performed at the NOMAD beamline
[43] at the Spallation Neutron Source, ORNL, USA. This beamline is dedicated to extended
momentum transfer measurements and the combination of short flight path (19.5 m) combined
with one of the highest neutron flux available, allows measurements on very small samples. The
beam frequency was set at 60 Hz and the wavelength band was nominally centered at 1.5 A,
allowing for an available wavelength range of 0.3 A - 3 A. NOMAD is equipped with four detector
banks located at the scattering angles 26=31°, 67°, 122°, 154°. We used neutron diffraction patterns
obtained from two detector banks located at 26=31° (D1 bank) and 26=122° (D3 bank). D1 bank
covers magnetic Bragg peaks in the low g-range while the D3 bank provides the best resolution
covering the high g-range. Three samples were measured with compositions FesosRhage,
Feso 7Rha74Pd29 and FesssRhassPdao. Prior to the neutron diffraction measurements, a small
amount of each sample, about 300 mg, was ground in a He filled glove box and sealed in thin

walled vanadium cans with 6 mm diameter. Temperature was controlled in the experiment via an

Ar gas flow cryostream.

The Rietveld refinement of the neutron diffraction data obtained from D1 and D3 banks
was performed in a multipattern mode using Fullprof Suite package [44]. Magnetic form factors
for both Fe and Rh atoms in the Fe-Rh compounds were obtained experimentally by polarized
neutron technique [31]. In order to compare experimentally determined form factors for metallic



FeRh compound with the ones tabulated in Fullprof for different Fe and Rh ions, we plotted them
in Fig. 3 Form factors for Fe3*, Fe?*, Fe'* and Rh'* ions tabulated in Fullprof are shown (symbols),
with experimentally determined form factors for Fe and Rh atoms in the metallic FeRh systems
(lines) from [31] As one can see, magnetic scattering form factor of Fe3* ion tabulated in Fullprof
is in good agreement with the experimentally observed form factors for Fe atom in metallic
FesoRhso compound. Experimentally obtained Rh form factor fits well to the Rh* ion form factor
tabulated in Fullprof. Therefore, we used standard Fe®* and Rh!* form factors tabulated in Fullprof
to perform the Rietveld refinement of the neutron diffraction patterns for all the studied samples.
The similar problem has been studied by neutron diffraction and estimations of the lower limit of
the FM and AFM domain sizes were obtained for (Lai-yPry)o.7Cao.3Mn0Os3 [45].
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Fig. 3 Form factors for Fe**, Fe?*, Fel* and Rh'* ions tabulated in Fullprof are shown (symbols),
with experimentally determined form factors for Fe and Rh atoms in the metallic FeRh systems
(lines) from [31].
Hall probe imaging
Spatial magnetic information of the thermal transition in 1 T magnetic field was obtained on an
approximately 3 x 3 x 2 mm? cuboid sample of Fes sRhas sPda0 (the surface imaged is marked in
in the upper inset of Fig. 8 Moment (normalised to the saturated FM moment) of the thermal
transition, extracted from Hall probe imaging data in 1 T. Inset: upper: the imaged surface of the
cuboid Fess 3RhasgPds e sample with the field direction shown by an arrow; bottom: the image at
286.5 K on warming (designated by the red circle), part-way through the transition, subtracting
the image at 260 K before the transition (black circle), showing the change in the spatial



distribution of moment. ) using scanning Hall probe microscopy with a 5 x 5 pm? active-area Hall
sensor fabricated in a 2.5 um thick Te-doped InSb epilayer on an undoped GaAs substrate. The
sensor active area size principally determines the smallest possible spatial resolution of magnetic
information and is smaller than the pixel size of the images of 15 x 15 um?. The sensor was scanned
over one of the sample’s 3 x 3 mm? faces, in contact with a film of Teflon positioned on the surface,
which permitted smooth sensor motion at a constant height of 10 um above the sample. The
applied field direction was perpendicular to this surface, in the direction of probe sensitivity. The
scanning Hall probe microscopy was performed in a 4 T split-coil superconducting magnet and
continuous flow helium Oxford Instruments Cryostat. Prior to imaging, the sample was heated to

350 K in zero field, then cooled to 290 K, at which temperature 1 T magnetic field was applied.

Images were taken at a series of constant T values between cooling steps to 194 K and subsequent
heating steps to 291 K; prior to the acquisition of each image, T was stabilized for 10 min, and the
duration of éach acquisition itselfwas approximately:80:min. During image processing, the applied
field is subtracted from each image, leaving only magnetic field information produced by the

sample moment.

RESULTS AND DISCUSSION

Neutron diffraction
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Neutron diffraction patterns obtained for Fesg3RhassPds.9 and FesgsRhs7.8Pd2.9 on cooling

and heating in the temperature range 218 — 320 K, as well as for the reference sample FesosRhags
on cooling in the range 320 — 227 K, were analyzed by Rietveld refinement. It has been found that



all samples contain about 7-9% of the fcc y-phase. In order to fit the low-temperature neutron
diffraction patterns below the FM-AFM phase transition, a model of a mixture of the fcc y-FeRh
phase and AFM bcc structure was suggested. For the high-temperature range above the AFM-FM
phase transition, a model of a mixture of the fcc y-phase and FM bcc structure was refined. Finally,
the neutron diffraction patterns measured in the AFM-FM phase transition region were modeled
by a mixture of the fcc y-phase, AFM bcc structure, and FM bcc structure. The unit cell parameters
of the AFM and FM bcc structures were allowed to be adjusted independently because we were
not able to get a good quality of fit for a model where both AFM and FM phases share the same
bcc crystal structure model. Thus, we suggested that every sample contains three different crystal
structure domains in the narrow temperature range, where both AFM and FM phases coexist: (i)
bcc structure of the AFM domain, (ii) bcc structure of the FM domain and (iii) small amount of

the fcc y-phase persisting in the whole temperature range.

The best fits of the neutron diffraction patterns measured for Fess aRhassPdas in the FM
state at 320 K, mixed magnetic state at the AFM-FM phase transition temperature 296 K, and in
the AFM magnetic state at 218 K are shown in Fig. 5 Temperature dependence of the refined AFM
(left panel) and FM (right panel) phase fractions (€€ in the text) plotted for FesssRhassPdss,
Fes9.3Rh47.8Pd2.9 and Feso 4sRhag 6. The strong AFM Bragg peak (Y2 Y2 %2) observed in the low g-range
of the D1 detector bank shows a tendency to be suppressed by temperature above the phase
transition temperature ~296 K. On the contrary, the (100) Bragg peak shows a substantial FM
contribution at high temperatures, while no FM contribution is observed at the low temperatures
below the phase transition.
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Fig. 5 Temperature dependence of the refined AFM (left panel) and FM (right panel) phase
fractions (See'in the'text) plotted for Fes sRhas sPda.g, Feas sRha7.8Pd2.9 and Feso sRhage.

The refined values of AFM and FM phase fractions are shown in Fig. 5 Temperature
dependence of the refined AFM (left panel) and FM (right panel) phase fractions (See in the text)



plotted for Fess3RhassPds.g, Fesg3Rha78Pd29 and FesosRhage.Fig. 5 Temperature dependence of
the refined AFM (left panel) and FM (right panel) phase fractions (See in the text) plotted for
Feas3Rh46.8Pda9, Fesg3Rha7.8Pd29 and FespsRhage.

Fes9.3Rh478Pd29 samples exhibit substantial thermomagnetic hysteresis on the cooling-heating

As one can see, both FesssRhaessPdsg and

curves around the AFM-FM phase transition. The phase transition from pure FM phase to the pure
AFM phase is extended over a wide temperature range of about ~15 K for Fess3RhsssPds9 and
about ~35 K for Fesq3Rhs78Pd29. The phase transition in pure FesosRhage OcCcurs at a higher
temperature (~ 323.5 K, well known from elsewhere [34]) and is not shown in the considered
temperature range. A slight decrease of the AFM phase fraction develops in the pure FesosRhage
on approach to the AFM-FM transition above 314 K, as is expected in accordance with the

magnetic measurements data [34].
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Fig. 6 Temperature dependencies of the (a) refined unit cell parameters on heating and cooling
procedures for FesgsRhassPdso, FesgsRha7sPd29 and FespsRhage; (b) unit cell volume of
Fes9.3Rh47.8Pd2 o fitted by the Debye-Gruneisen law; (c) unit cell volume of Fess3RhassPda g fitted
by the Debye-Gruneisen law; (d) spontaneous magnetostriction for Fesg3sRhassPdao,
Fes9.3RN47.8Pd2.9.

Temperature dependencies of the refined unit cell parameters of the AFM phase and FM

phase are plotted in Fig. 6(a) for Fess3sRhassPdag, FesgsRhazsPd29 and FesosRhags. Narrow



hysteresis behavior can be seen on the cooling-heating curves for the Fess 3Rhae sPda 9 Sample while
it is extended over a wider temperature range in the case of Fess3Rh47.8Pd2.9. All the plotted curves
exhibit a jump-like change of the unit cell parameters in the region of the AFM-FM phase
transition for Pd-doped samples. In order to estimate spontaneous volume magnetostriction, the
temperature dependencies of the unit cell volume were fitted using the Debye-Griineisen
approximation [46]. The Estimated spontaneous volume magnetostriction is then calculated by

_ (Vexp_VDG)

" X 100%, where Vexp and Vpe are the unit cell volumes obtained from the neutron
DG

S

diffraction and Debye-Grlineisen approximation, respectively. The best fit results of the heating
curves obtained using fixed Debye temperature ®p=400K [47] are shown in Figs. 6(b) and (c),
while the temperature dependence of the spontaneous volume magnetostriction is shown in
Fig. 6(d). It can be seen that ws reaches the value ~0.8%, which is in a good agreement with the
previously reported value of ws = 8.2x10 in pure iron-rhodium alloys [48]. Bearing in mind the
temperature dependencies of the phase fractions (see Fig. 5) and the estimated spontaneous volume
magnetostriction, one can suggest that AFM-FM transition in Fess3RhasgPda g is abrupt while it is

more gradual in Fesg3Rh47.8Pd2.9.

We were not able to get a stable solution for magnetic moment values when allowing both
Fe and Rh magnetic moments to be refined simultaneously for a FM phase. It was shown
previously [31] that the magnetic structure factor can be insensitive to a small changes of Rh
magnetic moment. In order to avoid this, the magnetic moment of Rh in the pure FM state was
manually fixed to the value 1 pg [31,49] while magnetic moment of the Fe sublattice was allowed
to be adjusted. The magnetic moment of Fe was estimated to be p(Fe) = 3.3(1) us for
Fesg3Rh4ssPd4g and p(Fe) = 3.0(1) ps for Fess sRh47.8Pd2.9 and FespsRhag 6 at low temperatures in
the AFM state, which is in agreement with the previously published data [50,51]. The magnetic
moment of Fe atoms was found to be substantially lower (u(Fe) = 2.3(2) ps for Fesg3Rhae gPdag
and p(Fe) = 2.5(2) ps for Fess 3Rha7.8Pd2.9) above the AFM-FM transition in the pure FM state (the

measured time-averaged moment is expectedly lower than the computed at 0 K value in Table 1).

Hall probe imaging

To confirm the assumptions about the coexistence of magnetic phases in these alloys, the
magnetic structure during the transition of Fess3RhsssPdse was analyzed using scanning Hall
probe imaging. This method allowed not only confirmation of the presence of magnetic structures,
but also tracing of the spatial distribution of magnetization changes during the magnetic phase

transition over the sample. The visualization results are presented in Fig. 7.
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Fig. 7 Series (top to bottom) of scanning Hall probe imaging captures of a Fess 3Rhas sPda.9 Sample
on cooling (left panel) and heating (right panel) with 1 T magnetic field applied out of the page
showing the FM-AFM and AFM-FM transition, respectively. Each image window is 4.1 mm by
3.7 mm with pixel size (and therefore, resolution) of 15 x 15 um?, and the scale bar indicates the
strength of the stray field emitted by the sample in tesla. The whole series can be viewed as a video

included in the Supporting Information.

Since the FM phase has finite magnetization and AFM has zero, the existence of each can be
inferred from the strength of the field signal measured (strong field indicating the former and zero
field from the latter), where the fully FM and fully AFM states are represented by the highest and
lowest T images, respectively. The curve in Fig. 8 is integrated from the images, representing the
whole sample, and can be accordingly considered as representative of the FM/AFM phase fraction.
The shape appears to correspond closely to the neutron scattering data and the sharp, hysteretic
transitions observed both locally (i.e. for one pixel in Fig. 9) and for the sample as a whole
demonstrate the first-order nature.
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Fig. 8 Moment (normalised to the saturated FM moment) of the thermal transition, extracted from
Hall probe imaging data in 1 T. Inset: upper: the imaged surface of the cuboid Fess3RhasgPda g
sample with the field direction shown by an arrow; bottom: the image at 286.5 K on warming
(designated by the red circle), part-way through the transition, subtracting the image at 260 K
before the transition (black circle), showing the change in the spatial distribution of moment.

Transformation occurs predominantly on the microscale (smaller than the 15 um pixel size), not
the macro-scale, since no distinct boundary is observed in the images. This can be seen in Fig. 9,
but is also shown clearly by the inset in Fig. 8, which presents the change in field signal across the
sample surface between a temperature prior to the onset of the FM transition and a temperature
midway through: here a positive change in detected field indicates the existence of regions which
have transformed into the FM state, and these can be seen to have occurred everywhere across the
sample, despite the transition to FM being less than halfway progressed. Instead, the incomplete
nature of the transition manifests as varying intensity on the local/pixel scale. Since we can assume
that FM regions will be magnetically aligned with the field (because the applied field is
considerable), we conclude that such intensity variation is caused by varying mixes of FM/AFM
regions generally on a scale smaller than we are able to detect. Note that the line at the bottom
right of the sample is a topographical recess feature in the surface, which is not related to a

magnetic structure. We should however discuss the nature of a surface magnetic measurement



technique and to what degree it can be confidently said to represent the entire sample: here we
have intentionally measured the largest surface, so that internal volume not probed is minimized,
and applied a strong field perpendicular to the surface, so that any FM regions will strongly align
with it (and with the direction of Hall probe sensitivity). It is possible that regions deeper in the
sample are not adjacently detected and could contribute to a weaker signal detected at the surface
due to spreading of the resulting field lines with distance; however, the existence of FM regions
throughout the sample is clear, despite the transformation being incomplete for many of the
images, where any macroscale FM-only regions (which did occur, even if deeper in the sample)
would be expected to give distinct concentrated field profiles at the surface for this ratio of sample
thickness to surface length (2:3), which is not universally observed across the surface; the
dominance of demagnetizing fields (discussed next) would mean a similar profile should be
observed at each level of depth beneath the surface for this external field direction; and lastly no
evidence of the surface region (to which the technique is very sensitive) having a sharp phase
boundary is observed — this can be contrasted with the same imaging technique on similar sample
geometries of the La(Fe,Si)13 family [52,53], where more strongly macroscale-dominated phase
mixing is evident. Thus, we can be confident that the surface measurement is reliable for the

conclusions we make.

There remains the question of whether the phase coexistence occurs within grains or inter-
grain where each grain undergoes transformation homogenously. Although the pixel size is close
to the size of the grains we conclude that we are currently not able to distinguish between these
possibilities because both the Hall sensor distance of 10 um from the surface and sensitivity to
several layers of grains below the surface leads to “smearing” of the magnetic signal from each,

and thus an inability to resolve single grains.

During the first stage of the FM transition, the concentration of transformation is stronger
at the sample edges (and somewhat around the surface recess feature described in the previous
paragraph) and spreads in from there with increased T; equivalently, the early stages of the AFM
transition on cooling occurs predominantly in the central regions of the surface. This is indicative
of demagnetising fields, rather than microstructure, dominating the transition: the high-
magnetization FM and low/zero magnetization AFM regions during the period of phase
coexistence are more concentrated in the regions of high and low internal field, respectively, in
the presence of external field, which is determined by the effect of demagnetizing fields specific
to the sample shape and direction of external field. This dominance is a result of no/very little
magnetocrystalline anisotropy of the cubic material — a similar dominance is seen at the

magnetovolume transition in cubic La(Fe,Si)13 family of materials [52,53].



Thus, according to direct visualization of phase dynamics, the mixed phase is microscopic,
at least compared to the 15 micron resolution of this Hall probe. One can see sharp hysteretic phase
transitions both locally and the sample as a whole, an additional support for first-order behavior.
The transition comes in from the edges of the sample, so demagnetization effects and sample shape
dominate. There must therefore be little or no magnetocrystalline anisotropy, which is consistent

with it being a cubic crystalline phase.
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(MagEq MMS 801, AMT&C LLC). Magnetic phase diagrams for a series of palladium alloys and

their dependence on Pd concentration on both heating and cooling have not been published before.

On heating (left panel) all the studied alloys are ferromagnets in the temperature range below the
Curie temperature (Tc = 675 K for Feso4Rhasg6) of the FM-PM transition and above the FOMT
temperature of the AFM-FM transition (which is different for each of studied alloys), where the
phase transformation into antiferromagnetic state occurs. It is possible to note a monotonic but



nonlinear shift of the AFM-FM phase boundary towards lower temperatures with increase of the
palladium concentration (as well as with higher Rh fraction in Fe-Rh); the rate of transition
temperature decrease is not proportional to the change of the relative palladium content in alloys.
This circumstance, apparently, is also connected with the solubility limit of palladium in Fe-Rh
alloy, exceeding of which results in formation of FePd precipitates with another type of crystal
structure. Comparing the transition temperature for cooling and heating, one can see a large
temperature hysteresis (~7-9 K) for each alloy. This hysteresis provides additional evidence for

the first-order nature of the transition.

CONCLUSIONS

In this work, the determination of the main parameters of magnetic structures of the family
of iron-rhodium alloys FesosRhage, Feae7RN474Pd29 and Fesg3RhasgPdag was, for the first time,
performed. Direct measurements made it possible to show quantitatively the change of AFM and
FM phase fractions in the area of coexistence of AFM and FM phases, as well as the dynamics of
magnetic transition. The area of phase co-existence was found in the temperature range of 290 K
- 320 K on heating and 275 K - 310 K on cooling. Hysteresis behavior of the main parameters (FM
and AFM phases’ weight fractions, lattice constant of the unit cell) was observed to be proportional
to the Pd concentration in doped alloys. Phase diagrams of a series of palladium-substituted
rhodium alloys both on heating and cooling were constructed to analyze the dependence of the
phase transformation on the Pd concentration and show the hysteresis of the phase transition
temperature. Complementary scanning Hall probe imaging fully supports the existence
of mixing of phases and visually demonstrates that mixing occurs on the microscale, while the
spatial distribution of the transition is dominated by demagnetization effects, showing parallels
with transition properties observed in another cubic material, La(Fe,Si)13 [52,53] in contrast to the
evolution of the transition in polycrystalline materials with strong magnetocrystalline anisotropy
such as GdsGes [54,55]. Magnetic imaging gives additional information, specifically spatial
distribution of the phase transition and transition property lengthscales can be obtained from it.
The practical importance of considering the doped alloys consists in the shift of the phase transition
to lower temperature without a significant reduction of their magnetothermal properties, compared
with the initial equiatomic iron-rhodium alloy with transition around 353 K, above room

temperature [33].
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