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a b s t r a c t

Near-equiatomic, chemically-ordered iron-rhodium (FeRh) alloy is a fundamentally interesting material
that may become useful in niche applications making use of its unique magneto functional phenomena, for
example, the giant inverse magnetocaloric effect near room temperature that is associated with a sharp
first-order magnetic phase transition. The nearly discontinuous antiferromagnetic-ferromagnetic phase
transformation in bulk FeRh is well-known; however, the transition broadens considerably in fine particles
and films with thickness less than 50 nm, precluding their potential applications. Here, we report an abrupt,
bulk-like first-order magnetoelastic transformation in powders consisting of sub-micron particles of nearly
equiatomic FeRh compound synthesized via solid-state mechanochemical co-reduction of FeF2 and RhCl3
and subsequent heat treatments. We demonstrate that annealing at temperatures ranging from 600 ̊C to
800 ̊C enables tailoring phase content, particle size, and magnetic properties of the powders. A maximum
magnetic-field-induced entropy change of ~10 J/kg K at μ0ΔH = 1 T has been achieved in powders annealed
at 800 ̊C. The retention of extraordinary responsiveness in sub-micron particles of FeRh is likely to open
doors for system component fabrication using additive manufacturing methods, along with new oppor-
tunities to employ FeRh in theranostics.

© 2022 Published by Elsevier B.V.

1. Introduction

Discontinuous first-order magnetic phase transitions (FOMPTs)
are commonly observed when magnetic and crystallographic phase
transformations in solids occur in tandem due to the strong inter-
play between the spins and orbitals of the magnetic moment-car-
rying species and the underlying crystal lattice [1]. Over the years,
first-order magnetic phase transitions have been connected to a
number of potentially functional phenomena, such as giant mag-
netoresistance and giant magnetocaloric effects, unusually strong
magnetostriction, and magnetic shape-memory effects, leading to a
steady rise of interest in discovery, synthesis, processing, and char-
acterization of materials that exhibit FOMPTs [2–8]. Hence, a fun-
damental understanding of the mechanisms of such transitions in
various compounds and how materials respond to external stimuli,
including temperature, pressure, and magnetic field, applied in-
dividually or in concert, was and remains the focus of numerous
studies.

It is typical for first-order magnetic (dis)order-order transfor-
mations to coincide with changes in chemical bonding as well as the
symmetry of crystal lattice, and those cases are known as magne-
tostructural transitions (MSTs). Among various classes of materials
that exhibit first-order MSTs, notable examples include
Gd5(GexSi1−x)4 when x ≅ 2 [9,10], stoichiometric and off-stoichio-
metric Ni2MnX (Heusler) compounds, where X = p-block metal or
metalloid [11], and MnTX, where T = Ni, Co, and Fe [12–14]. On the
other hand, FOMPTs may also occur without changes in crystal-
lographic symmetry across the corresponding magnetic transitions
despite discontinuous changes in phase volume. Those kinds of
FOMPTs, commonly known as magnetoelastic transitions (METs), are
observed in a handful of materials, mostly transition metal-based,
such as MnFeP1−xAsx [15], La(Fe1−xSix)13 and their hydrides [16], and
FeRh [17] at or close to room temperature, although they have also
recently been discovered in certain other lanthanide-based com-
pounds, such as R2In, where R is light lanthanide [18,19]. In general,
first-order MSTs and METs are associated with thermomagnetic
hysteresis, which becomes an impediment for applications where
complete reversibility of an FOMPT is desired [20].

There is a general consensus that the hysteresis is considerably
lower and easier to tailor in materials exhibiting first-order METs
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when compared to those that exhibit MSTs, fueling efforts focused
on design and manipulation of the former by chemical substitutions,
hydrostatic pressure and uniaxial strain, magnetic field, and tem-
perature [20]. Further, effects of processing, more specifically effects
of particle size on FOMPTs is a topic of both fundamental and applied
interest because exploitation of magneto-functional properties in
certain applications requires particles of active materials with sizes
ranging from nanometers to micrometers, biomedical applications
being a prime example [17,21–23]. Compounds demonstrating
FOMPTs are attractive for theranostic applications that involve
magnetic resonance imaging [21], in vivo magnetic resonance ther-
mometry [23], controlled delivery and release of drugs [22,24], and
cancer therapy via magnetic hyperthermia [22]. Particle size re-
duction, however, commonly affects both MSTs and METs, broad-
ening the transitions substantially and, in some cases, completely
hindering them [25–34]. Fabrication of materials in the form of
particles that retain sharp FOMPTs present in their bulk parents is
indeed a known materials science challenge. Thus one of the ob-
jectives of this work is to demonstrate that carefully designed syn-
thetic routes can address this long-standing issue by focusing on the
nearly equiatomic FeRh particles and assessment of their structural
and magnetic properties.

As summarized by Swartzendruber [35], a total of five different
phases exist in the binary Fe – Rh system. They are listed in Table 1
together with their basic crystallographic information and ground-
state magnetic properties; the corresponding phase diagram is re-
produced in Fig. S1, Supplemental Information. The phase of interest
is a nearly equiatomic α"–FeRh that contains between 47 and 53 at%
Rh and crystallizes in an ordered CsC1-type structure, also known as
the B2 structure. The α" phase has an antiferromagnetic (AFM)
ground state and it displays a reversible, hysteretic FOMPT between
the AFM and FM states near room temperature [36]. The AFM ↔ FM
transition on heating (cooling) is accompanied by an isotropic ex-
pansion (contraction) of the unit cell volume by ~1% without chan-
ging crystal symmetry [37] and with a significant, 5.1 J/g, latent heat
[38]. The temperatures of the AFM ↔ FM magnetic transition during
heating and cooling match the corresponding elastic structural
transition temperatures, hence the AFM ↔ FM phase transformation
in α"–FeRh is first-order MET; hereafter, the temperature at which
the MET occurs will be referred as Tt.

The magnetoelastic transition in α"–FeRh is sensitive both to
hydrostatic pressure (P) and magnetic field (H): Tt increases with the
application of hydrostatic pressure with T

P
t = 5 K/kbar, and it de-

creases with the application of magnetic field at a rather high rate of
T
H
t = −8 K/T [39,40]. The magnetoelastic response of the system is
sensitive to the presence of impurities [41]. Among important
functional properties that continue to draw research interest to
α"–FeRh are giant caloric effects that can be actuated near room
temperature by application and removal of magnetic field and/or
pressure [41–44]. Direct measurements of the inverse magnetoca-
loric effect in Fe51Rh49 alloy reveal adiabatic temperature change as
high as ΔTad = –12 K upon first application of the magnetic field μ0ΔH
= 1.9 T [45] and ΔTad = ± 6.5 K during repeated cycling between 0
and 1.9 T [46]. Those adiabatic temperature changes are among the
highest reported near room temperature for any magnetocaloric
material in the same magnetic field.

Although considerable work has been performed using α"–FeRh
in bulk, thin film and composite forms [47], research on micro- or
nanoparticles of the same remains in its infancy. As reported in
[27,28,31] nearly equiatomic, ~20–50 nm and 100–200 nm FeRh
nanoparticles synthesized, respectively, via polyol co-reduction and
solid phase reduction methods, undergo hysteretic magnetic tran-
sitions at composition-dependent Tts ranging from 320 to 400 K. The
transformations are broad, spanning 50–100 K, and the reported
magnetic property data reveal that substantial ferromagnetic
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contributions – features that may be attributed to chemical in-
homogeneity, wide particle size distribution, or/and surface oxida-
tion – persist far below Tt. Further, Hillion et al. [48] and Dupuis et al.
[49] found that 3–5 nm FeRh nanocrystals remain FM down to
temperatures as low as 3 K, hence the known Fe – Rh phase diagram
does not apply to alloy particles reduced to this length scale. Con-
sidering published data, preserving the sharpness of the MET char-
acteristic to bulk α"–FeRh in fine particles remains an unresolved
challenge. Here we demonstrate a solid-state mechanochemical
redox synthesis of fine alloy powders with a nominal composition of
Fe49Rh51 that exhibit a nearly discontinuous first-order MET similar
to its bulk counterpart.

2. Experimental methods

In a mechanochemical redox syntheses, a mixture of metal salts
is milled together with suitable reductants enabling synthesis of
nano to sub-micron particles of otherwise difficult to synthesize
materials, particularly ductile alloys like FeRh. This bottom-up
powder preparation route provides good compositional and particle
size control, and it affords unique microstructures, which sig-
nificantly influence physical properties of the product [50]. As im-
plemented here, during the first step of the synthesis, anhydrous
metal halide salts, FeF2 (98% pure, Alfa Aesar) and RhCl3 (98% pure,
MilliporeSigma), were combined in the desired molar Fe:Rh ratio of
49:51 in an agate mortar. The thoroughly ground reagents were
mixed with a stoichiometric amount of metallic Li (99.9% pure,
MilliporeSigma) used as a reductant and sealed in a hardened steel
milling vial along with the milling media (two 8mm and six 3mm
stainless steel balls) under argon atmosphere. Milling was per-
formed using a SPEX 8000 shaker mill housed inside an argon-filled
glove box to reduce the adventitious oxidation of freshly reduced
metals. The combined precursors were milled for 100min, briefly
pausing the milling to dislodge any material from the walls and the
corners with a spatula and ensure homogeneous dispersion of salts

and Li-metal. The as-milled powder product was washed with a
50:50 v/v water-ethanol solution to remove the LiF and LiCl by-
products as well as unreacted precursors, resulting in about 75%
yield of Fe–Rh alloy powder. Hereafter, the product obtained after
washing of as-milled powder is referred to as "AM-FeRh". A part of
AM-FeRh was annealed at 600 °C for seven days in an evacuated and
sealed quartz tube followed by quenching the tube in a mixture of
ice and water. This sample (S1 hereafter) was subjected to further
annealing at 700 °C (S2) and, finally, S2 was annealed at 800 °C (S3),
each for additional seven days, followed by ice-water mixture
quenching. The AM-FeRh and all three annealed powder samples are
stable in air and were handled as such.

Room-temperature powder X-ray diffraction (XRD) measure-
ments of all samples were performed using a Philips X′Pert Pro
diffractometer with Cu Kα1 radiation. Rietveld refinements using
GSAS II were used to quantify the phases present and determine
their cell parameters [51]. The refinements converged to goodness of
fit, χ2 < 3, and weighted profile residuals, Rwp < 10%. The elastic
transition was probed with temperature-dependent powder XRD
measurements using a Rigaku TTRAX system equipped with a ro-
tating anode Mo Kα source and a high-temperature attachment. The
data were collected on heating in dynamic vacuum in the tem-
perature range between 300 and 430 K. Scanning electron micro-
scopy (SEM) and energy dispersive spectroscopy (EDS) examinations
were performed using an FEI Teneo Lovac field-emission SEM and
Oxford Aztec system with X-Max 80 detector to, respectively, de-
termine morphology and quantify elemental compositions. Particle
sizes were analyzed with ImageJ using the SEM micrographs ac-
cording to the ISO 13322-1 standard [52].

Isofield temperature-dependent magnetization measurements
were performed using a Superconducting Quantum Interference
Device (SQUID) Magnetic Property Measurement System (MPMS)
manufactured by Quantum Design Inc. Each sample was cooled
down to 5 K in the applied magnetic field of 2 T, and then magne-
tization data were collected during heating and subsequent cooling

Fig. 1. Room-temperature powder XRD patterns of (a) AM-FeRh, (b) S1, (c) S2, and (d) S3.
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in the same field, respectively designated as field cooled warming
(FCW) and field cooled cooling (FCC) protocols. The MET tempera-
tures were assigned as the temperatures corresponding to the
maxima of the temperature derivative of M(T) recorded in FCW
protocols. Magnetic properties of S3 were examined in detail be-
cause this material exhibits the sharpest first-order MET and the
narrowest hysteresis. The isothermal magnetic field-induced en-
tropy changes, ΔS, of sample S3 were quantified using M(T) data
measured between 300 and 395 K during FCW in constant magnetic
fields ranging between 0.01 and 5 T using Maxwell relation [53] and
Clausius-Clapeyron equation [54].

3. Results

3.1. Structural properties of as-milled and annealed FeRh powders

The Rietveld refinements of structure models using room-tem-
perature powder XRD patterns of all samples are shown in Fig. 1,
with the results of Rietveld analyses listed in Table 2. The Bragg
peaks observed in the AM-FeRh powder, Fig. 1(a), reflect a mixture of
four phases – B2-FeRh, A1-FeRh, A1-Rh, and iron oxide, Fe3O4, with
the first two being the major phases. Since the milling was per-
formed in oxygen-free atmosphere, a minor amount of Fe3O4 likely
formed when reduced Fe nanoparticles unreacted with Rh are ex-
posed to air before washing. Significant broadening of the Bragg
peaks indicates either or both non-equilibrium or nanocrystalline
nature of the reaction product [55]. Annealing AM-FeRh at 600 °C
followed by quenching (sample S1) facilitates further reactions be-
tween the multiple phases present in the as-milled FeRh sample,
leading to the formation of a single-phase (within the accuracy of
powder XRD method) material with an ordered B2-type crystal
structure and lattice parameter a = 2.987(1) Å. Contrary to AM-FeRh,
the minor Fe3O4 impurity is no longer seen in the XRD pattern of S1
and other annealed samples. Considering that small quantities of
unreacted Li embedded inside agglomerates of as-reduced nano-
particles were inaccessible to water-ethanol mixture during the
washing, the first annealing feasibly reduces Fe3O4 to elemental iron
(Fe3O4 + 8Li → 4Li2O + 3Fe) that further reacts with Rh-containing
species at 600 °C to form B2-FeRh. The formed Li2O reacts with
moisture present in air, forming X-ray amorphous LiOH·nH2O.

The Bragg peaks of S1 are narrow, suggesting much improved
crystallinity and chemical homogeneity when compared to AM-
FeRh. Additional annealing of S1 at 700 °C and quenching (S2) results
in precipitation of A1-FeRh (~15wt%) and elemental Rh (~6wt%), the
remainder (~79wt%) being the B2 phase, Fig. 1(c) and Table 2. Fi-
nally, upon additional annealing of S2 at 800 °C and quenching (S3),
a redistribution of Rh into either or both B2- and A1-FeRh lattices is
noted, such that the concentration of phase with the B2 crystal
structure with a = 2.988(2) Å decreases from 79 to 74wt% and the
concentration of A1-FeRh phase with a = 3.768 (4) Å increases to
26wt%. Micrographs obtained via secondary electron imaging were
acquired for each of the heat-treated samples and they are shown in
Fig. 2. There is a minor increase in the average particle size (Table 2)

from 287 to 319 nm for S1 (a) to 370–394 nm for S2 (b), and a
substantial increase in size up to 0.6–1.1 µm with visible necking for
S3 (c). These changes are consistent with the increase in the cu-
mulative annealing time and higher annealing temperatures.

3.2. Development of magnetoelastic transition in FeRh powders by
annealing

Temperature dependencies of magnetization, M(T), measured in
an applied magnetic field of 2 T are shown in Fig. 3. Magnetization of
AM-FeRh monotonously increases with decreasing temperature,
reaching 43 Am2/kg at 10 K as illustrated in the inset of Fig. 3. The
absence of AFM ↔ FM phase transition indicates that chemical
composition of the FeRh (B2-type) phase in the as-milled powders is
outside the 47 – 53 at% Rh concentration range required for the FM
α ´ –FeRh ↔ AFM α"–FeRh transformation to occur. Together with a
minor quantity of Fe3O4 and likely presence of X-ray amorphous
phase(s) this explains a significant ferromagnetic component man-
ifested in the M(T) data. Upon annealing at 600 °C, S1 demonstrates
a steep rise of magnetization during the FCW measurement, re-
vealing AFM → FM transition centered at 380 K (Fig. 3) and in-
dicating the presence of the B2 α"–FeRh phase at low temperatures.
A substantial, near-constant 25 A m2/kg magnetization, Mconst, is
observed up to ~350 K, suggesting coexistence of AFM α"–FeRh and
FM α′–FeRh in this region. Subsequent cooling results in a sluggish
reverse FM → AFM phase transformation that spans over 250 K, re-
sulting in very broad thermomagnetic hysteresis between the M(T)
curves recorded using FCW and FCC protocols. When compared with
S1, S2 that was annealed at 700° C demonstrates a minor reduction
of the AFM → FM transition temperature, from 380 K to Tt = 368 K
during the FCW measurement, a faster but still slow reverse FM →
AFM transition that spans across ~150 K, a narrower but still broad
thermal hysteresis, and a decreased Mconst = 19 A m2/kg.

The sluggish MET behaviors seen in the cooling branches of the
magnetothermal curves recorded for S1 and S2 are reminiscent of
magnetic properties of nearly equiatomic FeRh nanoparticles and
thin films reported in the past [27,28,31,32,56]. In systems with re-
duced dimensionality, the nucleation of a new phase during diffu-
sion-less structural transition is often hindered by a large
concentration of surface defects [57,58]. These defects lead to high
interface energy barriers between the parent and incipient phases
and, thus, slow down the kinetics of growth of the new phase [59].
Upon annealing, the surface defects are reduced, which in turn re-
duces the interface energy and, thus, a systematic decrease of
thermomagnetic hysteresis is observed when the annealing tem-
perature increases. Indeed, annealing at 800 ̊C leads to a nearly
discontinuous AFM → FM transition observed at 336 K during
heating and a much narrower thermal hysteresis width of 15 K,
comparable to that of bulk FeRh [40,42], that is due to a much faster
reverse FM → AFM transformation on cooling. Below Tt, Mconst be-
comes negligibly small, in line with the absence of ferromagnetic
α′–FeRh in this material (Table 2).

Table 2
Phase fractions (wt%), calculated cubic lattice constants, a (Å), and particle sizes of as-milled (AM-FeRh) and annealed (S1–S3) FeRh powders.

Sample Phase, wt% Lattice parameter a, Å Particle size

AM-FeRh (as-milled and washed) B2-FeRh, 30%
A1-FeRh, 45%
A1-Rh, 18%
Fe3O4, 6%

2.982 (3)
3.799 (2)
3.764 (4)
8.369 (2)

Not measured

S1 (600 °C) B2-FeRh, 100% 2.987 (1) 287–319 nm
S2 (700 °C) B2-FeRh, 79%

A1-FeRh, 15%
A1-Rh, 6%

2.987 (2)
3.772 (2)
3.798 (4)

370–395 nm

S3 (800 °C) B2-FeRh, 76
A1-FeRh, 24%

2.988 (2)
3.768 (4)

0.6–1.1 µm
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The annealing – structure – magnetic behavior results described
above could be reconciled considering the published Fe – Rh phase
diagram, Fig. 1(S) in the Supplemental, and previous reports de-
scribing the effects of heat treatments near the 50:50 (molar) con-
centration. Bulk, nearly equiatomic as-cast FeRh alloys are usually
heat treated in the range 800 – 1000 °C to achieve homogenization
and crystallographic ordering [47]. According to the phase diagram,
B2 α′–FeRh that has Curie temperature between ~300 and 400 °C and

undergoes a first-order MET to α"–FeRh near room temperature, is
stable in the near-equiatomic range of concentrations in this tem-
perature regime, while the paramagnetic fcc γ-solid solution (the A1
phase) exists in the whole range of Rh compositions at higher
temperatures. Several studies, however, suggest that this part of the
phase diagram may be imprecise due to the unexpected appearance
of high-temperature A1-FeRh in the composition range where only
α′–FeRh should exist [60–62]. The discrepancies were clarified ex-
perimentally by Takahashi and Oshima [62] and then again by
Chirkova et al. [46] via examination of the effect of annealing time
and temperature on the phase composition of bulk FeRh. Both re-
ports suggest that annealing at high temperatures for prolonged
periods of time decreases the MET temperature Tt of α ´ –FeRh due to
precipitation of Rh out of the ferromagnetic α ´ phase by diffusion
and consequent growth of Rh-rich A1-FeRh. Our results are in
agreement with these observations since as follows from Table 2 and
Fig. 3, the concentration of the A1–FeRh phase in the annealed
powders increases from 0 (S1) to 15 (S2) and 24% (S3), while Tt
decreases by 44 K (from 380 to 368 and then finally to, 336 K) as the
annealing temperature goes up from 600° to 800°C.

First-order MET of nearly equiatomic α ´ –FeRh powders is highly
sensitive to the magnetic field, shifting to lower temperatures as
shown in Fig. 4(a) for S3. Similarly, isothermal magnetization data,
shown in Fig. 4(b), reveal field-induced transitions from the low-
field AFM to high-field FM phase occurring at different temperature-

Fig. 2. Secondary electron micrographs of FeRh powders heat-treated at (a) 600 °C (S1), (b) 700 °C (S2), and (c) 800 °C (S3). The scale bars are 5 µm.

Fig. 3. Temperature dependencies of magnetization, M(T), for the heating (FCW) and
cooling (FCC) measurements in applied magnetic field of μ0H = 2 T; arrows indicate
the directions of temperature change. Inset shows M(T) of AM-FeRh measured on
heating in the same 2 T field.

Fig. 4. (a) Isofield magnetization of S3 recorded during heating in magnetic fields between 0.01 and 5 T; (b) isothermal magnetization of S3 measured at temperatures ranging
from 290 K to 370K, with only field-up data shown for clarity.
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dependent critical magnetic fields, Hcrit. The magnetic field depen-
dence of Tt and temperature dependence of Hc are typical features of
the first-order MET reliably established in bulk nearly equiatomic
α ´ –FeRh [36,40]. Consistent with previous reports in the literature,
Tt varies linearly with the temperature at a rate of dT dH K T/ 8 /t

[36]. The relationship between Hcrit and temperature, shown in
Fig. 5, is governed by the equation: =H H T T{1 ( / ) }crit o o

2 [36,40],
where Ho is the value of the magnetic field at 0 K and To is the
transition temperature at zero magnetic field. For Sample S3, Ho and
To was determined as 485 kOe and 352K, respectively. For reference,
data from previous literature reports on bulk nearly equiatomic FeRh
alloys are also included in Fig. 5.

Last, it is well established that the AFM ↔ FM transformation in
bulk α ´ –FeRh is coupled with the abrupt cell volume change, ΔV/V
≅ 1%, while retaining its cubic B2-ordered crystal structure [63]. To
verify whether a similar structural change occurs in fine particles
synthesized via mechanochemical redox reaction from iron and
rhodium salts, powder XRD measurements were performed in the
temperature range of 303–433 K using S1 as a phase-pure re-
presentative of the series. The contour plot shown in Fig. 6 clearly
reveals the occurrence of an isostructural phase transition with Δa/a
~ 0.28%, in agreement with published literature describing bulk
materials [63]. Since Tt is suppressed by magnetic field, the struc-
tural transition temperature observed in the powder XRD data is
higher than the same deduced from M(T) data measured at 2 T
(Fig. 3). Considering dTt/dH is −8 K/T, the AFM to FM phase transition
temperature in the absence of magnetic field is expected to occur
close to 400 K, in good agreement with Tt determined from the XRD
study, where the two phases coexist between ~395 and 410 K, and

403 K is the transition midpoint (Fig. 5). Combined with magneti-
zation data illustrated in Fig. 3, these results confirm the occurrence
of first-order MET in S1. Considering that M(T) behavior of samples
S2 and S3 is qualitatively similar to S1 and that magnetic transitions
for those samples are sharper (Figs. 3, 4), we conclude that the same
first-order MET takes place in all heat-treated powders.

3.3. Magnetocaloric effect

When the magnetic transition is extremely sharp and when it
remains sharp as the magnetic field increases, a large, that is, giant
magnetocaloric effect is expected. In this regard, the transition ob-
served in S3 during the FCW measurement is a virtually dis-
continuous change in magnetization that occurs in the 2 T magnetic
field presenting, essentially, the case of a nearly ideal FOMPT. We
first evaluate the MCE of S3 by calculating ΔS using the Clausius-
Clapeyron equation and M(T) data of Fig. 4(a) recorded under dif-
ferent magnetic fields, following methodology described earlier [54].
The temperature dependence of ΔS for μ0ΔH = 1 T peaks around 10 J/
kg K at ~345 K, and is illustrated in Fig. 7. Considering that the
changes of magnetization with temperature both before and after
the transition are minimal (Fig. 4), the maximum value of the
magnetic field-induced ΔS defines the total entropy change across
FOMPT. Hence, increasing μ0ΔH beyond 1 T will have only a minor
effect on the peak value of ΔS, but the temperature span across
which the large ΔS is observed widens as shown in Fig. S2,
Supplementary Information. Such an increase in temperature span
of large ΔS is also observed in a previous study on the equiatomic
FeRh [64] and is characteristic of materials exhibiting giant mag-
netocaloric effects associated with FOMPTs [65]. The ΔS(T) calcu-
lated from the same set of M(T) data using the Maxwell relation [53]
matches that obtained using the Clausius-Clapeyron equation within
experimental errors. The observation of a nearly ideal first-order
MET in FeRh powders synthesized in this work is promising, con-
sidering that the giant MCE in the vicinity of the transition reaches
ΔS of 10 J/ Kg K for μ0ΔH = 1 T. The maximum entropy change de-
monstrated by the powders is among the largest values reported for
any material in fine-particle form [66].

4. Conclusions

Successful synthesis of B2-ordered α ´ /α′′–FeRh powders with
fine particles that exhibit a sharp first-order magnetoelastic transi-
tion near room temperature is demonstrated via solid-state me-
chanochemical redox synthesis and subsequent heat treatments.
Overall, this study presents the ability to control phase composition,
microstructure, and physical behavior of FeRh particles using the
mechanochemical synthesis. The relative stabilities of three different

Fig. 5. Temperature variation of the critical field, Hcrit , required to induce the AFM →
FM transition in S3. Data for arc-melted bulk FeRh from Ref [40] are included to il-
lustrate a similar behavior. All curves are fitted to the relation, =H H T T{1 ( / ) }crit o o

2 .

Fig. 6. Behavior of the (112) Bragg peak in S1 as function of temperature during
heating, clearly indicating a discontinuous phase transition centered at ~403 K in zero
applied magnetic field.

Fig. 7. The temperature dependence of ΔS for μ0ΔH = 1 T calculated for S3 from
magnetization data presented in Fig. 4 using methods based on the Clausius-Cla-
peyron [54] and Maxwell equations [53].
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phases, α′, α′′, and γ, in the powder with a near-equiatomic overall
composition, were evaluated and their presence correlated to the
magnetic, crystallographic and magnetocaloric properties of the
synthesized materials. We observed a nearly ideal discontinuous
first-order MET in fine FeRh particles annealed between 600 and
800 °C, demonstrating that FOMPT can be fully retained in finite-size
particles provided the synthesis conditions are optimized. The
powders exhibit a large MCE with ΔS = 10 J/Kg K for 1 T magnetic
field change, which is among the largest values obtained to date near
room temperature for any magnetocaloric material fabricated in the
form of submicron particles. Finally, we conclude that bottom-up
synthesis approach such as the one demonstrated here can be tai-
lored to obtain high-quality fine particles without losing function-
alities detected in the bulk and can easily be extended to other
binary, ternary and multinary intermetallic systems.
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