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Scrutinizing the sharp magnetoelastic transition and kinetic arrest 
in Fe49Rh51 alloy using neutron thermo-diffraction  
K. Padrón-Alemán a,b, G. J. Cuello a, I. Puente Orench a,c, J. Lopez-García b,d, M.L. Arreguín-Hernández 

e, J.L. Sánchez Llamazares *f, Pedro Gorria *b,d and P. Alvarez-Alonso b,d 

Fe49Rh51 bulk alloy undertakes a sharp first-order magnetostructural transition from antiferromagnetic (AFM) to 
ferromagnetic (FM) state around 332 K, accompanied by a drastic change of around 0.8 % in the unit cell volume. Neutron 
thermo-diffraction experiments have been carried out to investigate the concomitant coupling between spin and lattice 
degrees of freedom in detail. Although it seems that the alloy entirely changes from AFM to FM order in a very narrow 
temperature range (with a hysteresis of about 6 K), evidence of AFM order persists even 70 K above the first-order phase 
transition, suggesting a kinetic arrest of the AFM phase during both heating and cooling procedures. The estimated value 
for the Fe magnetic moment in the AFM phase at room temperature, around µFe ≈ 3.4 µB, agrees with those already reported 
and reaches 3.8 µB at T = 10 K. However, in the FM phase, µFe decreases to ≈ 2.3 µB, while Rh acquires a magnetic moment 
of around 0.9 µB. The use of temperature first-order reverse curves of neutron thermo-diffraction gives additional 
information about the magnetostructural coupling within the transition. Time-resolved neutron diffraction patterns 
collected at selected temperatures show that the alloy fully relaxes above the transition temperature, with both the 
magnetic and structural transformations occurring at the same temperature and with similar relaxation times.

Introduction 
Binary Fe100-xRhx alloys with a near-equiatomic composition (48 
≤ x ≤ 54 at.%) crystallize in the ordered CsCl-type crystal 
structure (also known as B2) and exhibit a first-order 
magnetoelastic phase transition.1,2 However, the intriguing 
mechanisms that govern the thermally- and magnetically-
driven transformation, which is accompanied by a variation of 
approximately 1% of the unit cell volume, changing their 
magnetic structure from antiferromagnetic (AFM) to 
ferromagnetic (FM) (and vice versa),1,2 remain unresolved.1,3 
Moreover, the characteristics of the phase transition strongly 
depend on the alloy fabrication methods, and the system is 
susceptible to minimal variations in composition.4-7 

In addition, these alloys exhibit a giant magnetocaloric 
effect (GMCE) near room temperature (RT) associated with the 
spin-lattice coupling across the magnetoelastic transition.1,8–12 
Also, the structural transition in nearly equiatomic Fe-Rh alloys 

is sensitive to applying mechanical stimuli such as stress and 
isostatic pressure, which lead to significant elastocaloric,1,13 
barocaloric,14–16 and giant magnetostrictive effects.17 

Recently, the investigation of the spin-lattice coupling 
looking for an answer to the question "What is the dominant 
factor driving the transition, the magnetic or the lattice 
structure?", has attracted much interest.18–20 Nevertheless, 
contradictory information can be found, as most of the reported 
experimental works have been done on thin films. Hence, there 
needs to be more information regarding the behaviour of bulk 
alloys.20,21 Aiming to fill this gap, precise knowledge of the 
evolution of the magnetic moments for Fe and Rh atoms, 
together with the unit cell volume through the phase transition, 
is mandatory to characterize the magneto-structural 
transformation. Magnetic moments at the Fe sites of around 3.3 
µB in the AFM region have been estimated through neutron 
scattering and Mössbauer spectroscopy experiments,22–25 and 
ab initio calculations.26–28 Rh atoms have negligible magnetic 
moments in the AFM phase,22,27,29 whereas it is well 
documented that their magnetic moment is ~ 0.9 µB when these 
alloys are in the pure FM region.22,23,27,30 Different values for the 
magnetic moment of the Fe atoms in the FM phase have been 
reported, from 3.2 µB (close to the value in the AFM region, 
22,23,30,31) to 2.84 µB,24 2.5 µB,32 2.2 µB,33,34 and 2.85 µB.35 These 
differences may be due to the experimental techniques used for 
the estimation of the magnetic moment value, but also to the 
specific chemical composition of the alloy or the preparation 
procedure, such as the thermal annealing conditions 
(temperature and time) and/or the cooling process of the alloy 
from the selected annealing temperature. It is worth noting that 
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there is no detailed information regarding the temperature 
evolution of the magnetic moments of Fe and Rh atoms in the 
Fe-Rh system in either AFM or FM regions. 

On the other hand, the values reported for the cell 
parameter vary from 2.97 Å to 3.00 Å,4,36,37 and its temperature 
dependence is again affected by the fabrication method and/or 
the alloy composition.4,32 Although a direct connection between 
the temperature evolution of the cell parameter and that of the 
magnetic moment has not been reported, a rapid drop of the 
intensity of the AFM peak (½½½) together with a sharp increase 
of lattice parameter have been observed in neutron diffraction 
(ND) patterns at the same temperature.21 Also, a clear 
correlation has been observed between the temperature 
dependences of the lattice parameter and the magnetic 
moment estimated from X-ray Magnetic Circular Dichroism 
measured at the Fe K and Rh L2 edges, around the structural 
transformation temperature within an uncertainty of ± 2 K.19 
Using femtosecond optical pulses to analyse this magneto-
structural coupling suggests that the spin orientation across the 
AFM to FM transition occurs faster than the lattice expansion 
(in several ps).38 Thus, the spin subsystem drives the 
transformation, which is accompanied by lattice expansion.38,39 
However, some authors have reported that the AFM to FM 
transition has two timescales, one where the initial nucleation 
of the FM nuclei occurs with the same timescale for the 
magnetic and structural development, and the second for the 
growth and alignment of the ferromagnetic nuclei along the 
applied magnetic field.20,40 

In this work, we investigate the dynamics and the spin-
lattice coupling of the phase transition in a bulk induction 
melted Fe49Rh51 alloy by using neutron thermo-diffraction and 
analysing the temperature evolution of the nuclear and 
magnetic structures. This technique allows us to characterize 
and compare both transformations simultaneously in the same 
experiment, which avoids uncertainty in the values of the 
temperatures when results from different experimental 
techniques are compared. To fulfil this goal, neutron 
thermo-diffraction patterns were collected to determine the 
temperature dependence of the phase fractions, magnetic 
moments, and the lattice parameter. In addition, time-resolved 
neutron diffraction patterns were collected to investigate the 
dynamic evolution of the magnetic and nuclear structure during 
relaxation and to get insight into the spin-lattice coupling. 
Besides that, we obtained temperature first order reverse 
curves of neutron diffraction, T-FORC (ND), to examine how the 
magnetic and nuclear structures evolve in the area enclosed by 
the thermal hysteresis region. 

Experimental details 
The binary Fe49Rh51 alloy was fabricated by induction melting 
from high-purity iron and rhodium elements. The induction-
melted alloy was subsequently processed to ensure phase 
homogenization through thermal annealing at 1000 °C for 48 
hours followed by iced water quenching. Details of the 
preparation can be found elsewhere.7 

Neutron diffraction experiments were carried out at the 
Institut Laue-Langevin (ILL) in Grenoble, France. Neutron 
thermo-diffraction patterns were collected in the two-axis D1B 
powder diffractometer in the 0.0 - 4.5 (Å-1) Q-range, using a 
wavelength of λ = 2.52 Å. The neutron diffraction patterns were 
collected each 2 min in the temperature range from 100 to 485 
K on heating and from 485 to 10 K on cooling using a 
cryofurnace. Two different temperature ramps have been used: 
(i) 0.25 K/min in the FOPT region, and (ii) 1.0 K/min outside such 
region.41 The full profile fitting of the ND patterns was done 
using the FullProf suite package,42,43 based on the Rietveld 
method,44 with reasonably good reliability factors. 

Time-resolved neutron diffraction patterns were measured 
in the D20 instrument, a high-flux two-axis diffractometer, using 
a cryofurnace. A take-off angle of 42˚ and λ = 2.41 Å were used 
in the experimental configuration. A set of temperatures (330, 
332, and 333 K) on the edge and inside the FOPT were selected 
for this experiment. Those temperatures were reached from the 
pure AFM phase (300 K). Neutron diffraction patterns were 
acquired every 12 s on heating the sample with a temperature 
sweep rate of 0.5 K/min. Once the relaxation temperature 
(TRelax) was reached and stabilized (this time is chosen as t = 0 s), 
neutron diffraction patterns were measured every 12 s for a 
time interval of 10 min.45 After that, the sample was cooled 
down to 300 K to start the same procedure for the next TRelax. 

Magnetization measurements were performed using a 
vibrating sample magnetometer (VSM) option of a Quantum 
Design PPMS® Dynacool®-9T system. The temperature 
dependence of the magnetization, M(T) curves, under a low 
applied magnetic field (µ0H = 5 mT) were measured on heating 
and on cooling in a temperature range covering the AFM-FM 
and FM-AFM transitions (270 K ↔ 360 K). Isothermal 
magnetization curves, M(H), were measured between 0 and 3 T 
for selected temperatures after the first-order phase transition 
(T = 340, 350, 360, 370, 380, 400, 450, and 500 K). We estimated 
the magnetic moment per formula unit by fitting the high-field 
region of the M(H) curves to an approach-to-saturation law.46 
Then, we compared these results with the values obtained from 
the fit of the magnetic structure of neutron diffraction patterns. 

T-FORC analysis 
First-Order-Reversal-Curve (FORC) analysis was originally 
developed to investigate magnetic interactions and coercivity 
distributions in magnetic materials exhibiting hysteresis in the 
magnetization versus applied magnetic field curves.47 This type 
of analysis has recently been extended to gain insight into the 
first-order phase transitions that some magnetocaloric 
materials display with a significant thermal hysteresis but 
changing the applied magnetic field by the temperature as an 
external stimulus. Therefore, the Temperature-First-Order-
Reversal-Curve (T-FORC) distribution represents a novel 
method for investigating the magnetic interactions within the 
M(T) curves around the first-order phase transitions.48 T-FORC 
provides a tool for revealing hidden interactions within the 
minor cycles of a magnetization versus temperature hysteresis 

Page 2 of 11Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
25

 1
0:

21
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TC00193E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00193e


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

loop, enabling the fingerprinting of phase transitions and 
facilitating comparisons across different materials.48–50 

The T-FORC distributions were determined from the M(T) 
curves measured inside the thermal hysteresis loop by 
calculating the second derivative of the magnetization with 
respect to the temperature and the reverse temperatures (see 
eq. 1).48 Plus and minus signs are chosen for the calculation of 
the distribution of the FM→AFM and AFM→FM transition, 
respectively.  

𝜌!(T,TR) = ± ∂
2M(T,TR)
∂TR∂T

      (1) 

In this work, we propose to extend this analysis to the 
thermal hysteresis exhibited by the lattice parameter (a) and 
the fraction of the AFM phase (fAFM) of a Fe49Rh51 sample to 
fingerprint both the magnetic and structural transformations. 
To fulfill this purpose, a series of neutron diffraction patterns 
were collected during heating/cooling procedures within the 
temperature range of the magnetoelastic transition.51 In the 
following, we will use T-FORC(M) for the conventional T-FORC 
method based on analyzing the M(T) curves to avoid 
misinterpretations. In this way, we propose T-FORC(NDa) and T-
FORC(NDfAFM) for the lattice parameter and the fraction of the 
AFM phase, respectively, obtained from neutron thermo-
diffraction patterns. Hence, the T-FORC corresponding to the 
distribution of the lattice parameter values is defined as: 

𝜌$(T,TR) = ± ∂
2a(T,TR)
∂TR∂T

       (2) 

and that for the fraction of the AFM phase: 

𝜌%&'!(T,TR) = ± (!%(),)")
()"()

     (3) 

To calculate the T-FORC(NDa) and T-FORC(NDfAFM) 
distributions for the FM-AFM transition, it is necessary to define 
a temperature at which the material is entirely in the AFM state, 
called saturation temperature, TS = 300 K. Additionally, a set of 
temperatures along the heating branch of the transformation 
and in the region of the transition, called reverse temperatures 
TR, must be selected. To obtain the reverse or T-FORC curve, the 
temperature must be increased from TS to a reverse 
temperature TRi (step 1→2) and then decreased down to TS 
(step 2→1), measuring the corresponding neutron diffraction 
patterns. These steps are repeated for each TRi. The values of 
both a and fAFM are obtained from the Rietveld refinement of 
each neutron diffraction pattern collected between TRi and TS. 
Then, the T-FORC(NDa) and T-FORC(NDfAFM) distributions are 
calculated using equations 2 and 3, respectively. This method 
gives us detailed and complementary information on spin-
lattice coupling, providing insight into the dynamics of the 
structural and magnetic phase transition, thus offering a deeper 
understanding of the magnetoelastic behavior. 

In addition, we also show the temperature first order 
reverse curve of magnetization T-FORC(M) measured under a 
low magnetic field (5 mT) for the FM-AFM phase 
transformation. The followed protocol is very similar to the one 
previously explained for T-FORC(ND). In this case, TS = 270 K, the 

distribution was calculated using equation (1), and the magnetic 
field was fixed to 5 mT during the 1 → 2 and 2 → 1 steps of the 
protocol. 

Results and discussion 
Neutron thermo-diffraction 

Figures 1(a) and (b) show the neutron diffraction patterns in the 
AFM phase (10 K) and in the FM phase (480 K), respectively, 
measured in the D1B instrument, together with the Rietveld 
refinement.42,43  

 
Fig. 1 Neutron diffraction patterns collected at (a) 10 K (AFM), and (b) 480 K (FM) 
together with the Rietveld fits. The insets illustrate schematically the magnetic and 
nuclear structures in both magnetically ordered states. 

The intensity peaks coming from the nuclear contribution 
can be indexed as the Bragg reflections corresponding to the 
CsCl B2-type crystal structure (space group Pm3$m). The Fe and 
Rh atoms are located at (0,0,0) and (0.5, 0.5, 0.5) positions of 
the unit cell, respectively (see insets in Fig. 1). The magnetic 
structure at low temperatures coincides with the AFM-II type as 
reported before,1 and changes to FM at high temperature with 
the expected co-lineal alignment of the Fe and Rh magnetic 
moments.1 The refinement of the magnetic structure at 10 K 
gives a value of (3.8 ± 0.1) μB for the magnetic moment of the 
Fe atom, higher than those previously reported.22,24. In contrast, 
Rh atoms do not carry any magnetic moment in agreement with 
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previous works.1 In the FM region, small changes in the Rh 
magnetic moment may not significantly affect the Rietveld 
refinement of the magnetic structure, so, it was kept fixed to 
0.9 μB.32 Otherwise, the fit does not converge or give rise to non-
physical values.32. On the other hand, the calculated magnetic 
moment of Fe in the FM phase is considerably lower than that 
in the AFM one, μFe-FM = (2.2 ± 0.2) μB, at T = 480 K, in good 
agreement with other published values,33–35 and with the values 
we have estimated from the isothermal magnetization curves 
(see below). 

In Figs. 2 the evolution of selected regions of the ND 
patterns, where the most intense nuclear (110) and AFM peaks 
appear, during heating (left panel) and cooling (right panel) 
procedures can be visualized. The contour maps in Fig. 2(a) and 
(b) clearly show the occurrence of the FOPT; see, for instance, 
the abrupt shift of the (110) peak to lower Q values (increase in 
the lattice parameter) at high temperature. On heating, the 
AFM-FM phase transition starts around 332 K, and finishes 
approximately at 338 K, while on cooling, the reverse 
transformation (FM-AFM) occurs between 330 and 324 K. 

 

 
Fig. 2 Contour map of the high-intensity FM/nuclear peak of the neutron diffraction patterns (a) on heating from 100 to 485 K and (b) on cooling from 485 to 10 K. Evolution of the 
high-intensity AFM peak with temperature, (c) heating and (d) cooling. Contour map of the high-intensity AFM peak of the neutron diffraction patterns (e) on heating from 100 to 
485 K, and (f) on cooling from 485 to 10 K. The white horizontal dashed lines in (a) and (b) show the first-order AFM-FM and FM-AFM phase transition ranges, respectively. 

In Figs. 2(c) and (d) a particular region of the ND patterns 
collected at 6 selected temperatures are depicted. The peak 
located at Q ≈ 2.96 Å⁻¹ corresponds to the (110) Bragg reflection 
of the nuclear structure, and that at Q ≈ 1.826 Å⁻¹ (see the 
vertical arrow) is purely magnetic and comes from the AFM 
phase. The variation of the intensity of the AFM peak with 
temperature is better observed in the contour maps in Fig. 2(e) 
and (f). It is worth noting that a meticulous analysis suggests the 
presence of the AFM peak almost 70 K above the temperature 
for the FOPT during heating. This unreported feature is also 

observed when cooling from high temperatures; the AFM peak 
starts to appear at around the same temperature (T ≈ 400 K). 
Even though the alloy exhibits FOPT within a narrow 
temperature interval (≈ 6 K), a small AFM phase volume fraction 
remains stable, coexisting with the predominant FM phase for 
at least 70 K above the transformation. This phase coexistence 
behavior, known as the kinetic arrest of the magnetostructural 
transition, was previously observed only in FeRh thin layers.18 
Recently, a somewhat “opposite” phenomenon has been 
reported in another off-stoichiometric FeRh alloy with a slight 
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excess of Fe (Fe51Rh49), in which residual FM regions (a minor 
portion of the sample, around 10%) subsist even below the FM-
AFM transition down to 5 K.52 

The mechanism for the kinetic arrest can be explained as 
follows: on heating the alloy, once the magnetostructural 
transition starts, the FM phase grows at a fast rate until the 
sharp change of the lattice parameter is completed. After that, 
the remaining AFM phase transforms progressively into the FM 
one. Asymmetrically, on cooling from a high temperature, the 
AFM phase starts to grow slowly at around 400 K, and when the 
temperature for the FOPT is reached, the system fully 
transforms into the AFM state. Therefore, two distinct 
processes seem to drive the phase transformation: (i) a sharp 
first-order-like AFM-to-FM / FM-to-AFM transition concurring 
with the sharp variation of the cell parameter (FOPT region); 
and (ii) a smooth second-order-like transition in the 
temperature range of the kinetic arrest for the AFM phase. 

In order to achieve precise information about the evolution 
of the magnetic moment of both Fe and Rh across the FOPT on 
heating and cooling, we have analyzed the ND patterns 
collected in a wide temperature range taking into account three 
different regions for the fit of the patterns: (i) the region in 
which only AFM phase is present (below 330 K); (ii) the region 
in which only FM phase is present (above 400 K); and (iii) the 
region in which both phases coexist. Fig. 3 shows the results of 
such analysis. The temperature dependence of the Fe magnetic 
moment on heating from low temperature and on cooling from 
high temperature is depicted in Figs. 3(a) and 3(b), respectively. 

 
Fig. 3 Temperature evolution of the magnetic moment of Fe atoms (a) on heating, and 
(b) on cooling. Temperature evolution of the magnetic moment per formula unit 
estimated from: (c) M(H) curves; (d) and (e) from neutron diffraction patterns. The 
arrows in (a) and (b) illustrate the change of Fe magnetic moment between the AFM and 
FM phases. 

The drastic change in the value of µFe across the magneto-
structural transition is observed and is closely connected to the 
features discussed in the previous paragraph. The magnetic 
moment of Fe in the AFM phase reaches a value of µFe ≈ (3.8 ± 
0.1) μB at T = 10 K and decreases slowly to (3.4 ± 0.1) μB at RT. 
The trend of µFe vs. T is similar in heating and cooling procedures 
(see Fig. 3 left panel). In the pure FM region, the value for the 
Fe magnetic moment is significantly smaller. It decreases 
progressively as the temperature is raised, as expected, from 
about (2.3 ± 0.2) μB to (2.0 ± 0.2) μB at T = 500 K. 

In the right panel of Fig. 3, we show the temperature 
evolution of the total magnetic moment per formula unit, 
estimated from the fit of the high field region of the M(H) curves 
to an approach-to-saturation law [Fig. 3(c)]; and from the fit of 
the ND patterns [see Figs. 3(d) and (e)]. It is worth noting that 
the temperature evolution of the magnetic moment per 
formula unit, µ/f.u., looks relatively smooth in the three graphs. 
The reason for that is the appearance of magnetic moment in 
Rh atoms in the FM phase (µRh ≈ 0.9 ± 0.1) μB, that align parallel 
to those of Fe atoms, compensating the reduction of µFe from 
AFM to FM state, and thus giving rise to a similar value (above 
3 μB) for the total magnetic moment. 

However, the neutron diffraction patterns do not possess 
enough resolution to discriminate the nuclear peaks from the 
AFM and FM phases within the coexistence region (the 
difference in cell volume is of around 1 %). Therefore, the AFM 
magnetic phase was scaled together with the FM nuclear and 
magnetic phases within the coexistence region for the Rietveld 
refinement of the ND patterns. Due to this constraint, the 
magnetic moment of AFM Fe (μFe-AFM) cannot be precisely 
determined in this temperature range and was kept constant at 
a value of 3.4 μB (the value just before the FOPT transition 
starts). The latter allows us to get approximate values of the 
AFM phase fraction fAFM as a function of temperature (see 
below). 

The abrupt change in the lattice parameter around T = 330 
K on heating/cooling procedures is a signature of a FOPT [see 
Fig. 4(a), for a selected temperature range near the FOPT and 
the inset for the entire temperature range of the 
measurements], that exhibits a thermal hysteretic behavior 
between heating and cooling processes. In Fig. 4(b), we plot the 
temperature evolution of the AFM phase fraction, fAFM(T) 
obtained from the fit of the ND patterns as mentioned above 
[see inset for that of the FM phase fraction, fFM(T)]. Both curves 
are flat for temperatures below those of the FOPT, indicating 
that all the sample is in an AFM state. However, this is not the 
case for the curves above the FOPT. These fAFM(T) curves show 
a negative and small slope, suggesting that the whole sample 
has not fully transformed into the FM state, thus evidencing a 
kinetic arrest of the AFM phase. A similar trend is observed in 
the fFM(T) curves with a small and positive slope above the FOPT. 
In fact, the unit cell volume expansion is ≈ 0.8% across the FOPT 
and reaches 1% only around T = 400 K, where the kinetically 
arrested AFM phase fraction is almost zero. The latter reveals 
that even after the completion of the FOPT in a 6 K-interval, 
approximately 20% of the AFM phase remains arrested, as also 
observed in the neutron diffraction maps (see Fig. 2). This 
residual AFM fraction decreases as the temperature rises, 
following a transformation pattern resembling a second-order 
phase transition, as mentioned above. 

If we observe the magnetization versus temperature curve 
under an applied magnetic field of 5 mT [see Fig. 4(c)], it is clear 
that the three magnitudes, the lattice parameter, the fraction 
of the AFM phase, and the magnetization, follow a similar 
behavior across the FOPT (see Fig. 4). 
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Fig. 4 Temperature dependence of (a) the cell parameter a, (b) the AFM phase fraction 
(inset depicts that of the FM phase fraction), and (c) the magnetization under a magnetic 
field of 5 mT. The vertical dashed line highlights the transition temperature (Tt) 
coincidence for the three curves during the heating process. 

In Table 1, the characteristic temperatures involved in the 
FOPT and obtained from data in Fig. 4 are gathered, together 
with the maximum of the temperature derivative of a(T), 
fAFM(T), and M(T) curves. We must mention that the obtained 

value for the ∆Thyst = [AFs + AFf – (FAs – FAf)]/2 associated with 
the hysteresis is slightly higher for the M(T) curve, probably due 
to the different heating and cooling rates in both neutron 
thermo-diffraction and magnetization experiments. 

Table 1. Start (AFS, FAS) and finish (AFf, FAf) temperatures of the magnetoelastic 
transition, thermal hysteresis (ΔThyst), and temperature at which the temperature 
derivatives dM/dT, da/dT, and |dfAFM /dT| reach their maximum values. 

Quantity 
AFs 
(K) 

AFf 

(K) 
FAs 

(K) 
FAf 

(K) 
ΔThyst 

(K) 

½d(M,a,fAFM )/dT(T)½max (K) 

AFM àFM FM àAFM 

M(T)5 mT 332 334 324 322 10 333 323 

a(T)  332 338 330 324 8 334 328 

fAFM(T) 332 338 330 324 8 334 328 

 

T-FORC of neutron diffraction 

To compare the evolution of the structural and magnetic phase 
transitions within the area enclosed by the thermal hysteresis 
loop [see Figs. 4(a) and 4(b)], T-FORC(NDa) for the lattice 
parameter and T-FORC(NDfAFM) for the fraction of the AFM 
phase distributions were calculated. We obtain the a(T) and 
fAFM(T) recoil curves from the Rietveld refinement of the ND 
patterns recorded from the reverse temperature TRi to TS = 300 
K. A locally weighted scatterplot smoothing method has been 
used to decrease the noise of the data [see Figs. 5 (a) and (c)]. 

Figs. 5 (b) and (d) show the T-FORC(NDa) and T-
FORC(NDfAFM) distributions, with zero values at temperatures 
below TR = 332 K, corresponding to the T region before the FOPT 
on heating. In the temperature region of phase coexistence, the 
distributions gain positive values, reaching their maxima at 328 
K. At higher TR, the positive area of the distribution is reduced, 
but leaving a positive tail [not so well-defined in the T-
FORC(NDfAFM)] until the end of the diagram at TR = 337 K. This 
might be associated to the kinetic arrest of the AFM phase and 
its interaction with the FM phase in this T interval region. Both 
a and fAFM(T) diagrams closely share the same shape and 
features. The differences could be associated with data 
treatment procedures. Since these distributions are derived 
from the derivatives (see equations 1 and 2), we can assume 
that both transitions evolve similarly due to the changes 
introduced during the phase transformation process. 
Moreover, they follow the same dynamics to complete the 
phase transformation for each reverse curve, conserving the 
hand-in-hand evolution of the magnetic and structural 
transformation within the hysteresis area. This finding 
underscores the interdependent evolution of spin and lattice 
structures throughout the transition. 
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Fig. 5 (a) Reverse temperature and (b) T-FORC distribution linked to the FM → AFM transition in terms of the temperature evolution of the lattice parameter a. (c) Reverse 
temperature and (d) T-FORC distribution associated with the evolution of the magnetic phase transformation of the AFM state in the FM → AFM transition. (e) Reverse temperature 
and (f) T-FORC diagram for the magnetization under a magnetic field of 5 mT in the FM → AFM transition.

Figs. 5(e) and (f) show the reverse curves from the 
thermomagnetic measurements under µ0H = 5 mT for each 𝑇Ri, 
and the corresponding T-FORC magnetization distribution, 
respectively. T-FORC(M) offers higher statistical reliability, 
eliminating the need for smoothing and resulting in a better-
quality diagram. Four main regions can be identified: the 
maximum of the distribution, the positive area surrounding the 
maximum, and the positive and negative tails extending toward 
higher TR values. Although the center and width of the T-
FORC(M) diagram differ from T-FORC(NDa) and T-FORC(NDf) 
due to the applied magnetic field that slightly affects the 
transformation temperatures, the four areas highlighted above 
are observed on the T-FORC distributions obtained from 
neutron thermo-diffraction measurements. Hence, we assume 
that the T-FORC(NDa) and T-FORC(NDfAFM) accurately describe 
the phase transformation. Hence, experimental artifacts 
derived from structural refinement or smoothing treatments 
can be discarded. Indeed, the negative tail in the distributions, 
at the right and before the FOPT, of the main spot of T-
FORC(NDa) and T-FORC(NDfAFM) could be interpreted as noise, 
but this negative part also appears in the best-defined T-

FORC(M) distribution, suggesting that it is a feature connected 
to the phase transformation. The variation among the reverse 
curves of two possible different transformation rates in the 
edge and after the phase transition could be responsible for this 
finding. Then, a complete explanation of this observation could 
be the subject of further study. 

Time-resolved neutron diffraction 

Figs. 6(a) and (b) shows the time evolution of the cell parameter 
and the fraction of AFM phase at three characteristic 
temperatures: (i) Trelax = 330 K < TT; (ii) Trelax = TT = 332 K; and (iii) 
Trelax = 333 K > TT. The inset in Fig. 6(d) illustrates the values of 
the cell parameter and the fraction of the  AFM phase 
corresponding to each Trelax along the overall a(T) and fAFM(T) 
curves. Starting at T = 300 K (AFM phase), the sample is heated 
up to Trelax, and keeping it constant, several ND patterns are 
collected every 12 seconds. The negative time in Fig. 6(a) and 
(b) represents the time while heating the sample from T = 300 
K to Trelax. At Trelax = 330 K we do not observe variation of a and 
fAFM during the measured time [red points in Figs. 6(a) and (b)], 
indicating the absence of relaxation in any of the two structures.
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Fig. 6 Time evolution of the (a) lattice parameter, a, and (b) AFM fraction, fAFM, at Trelax = 330 K (red points), 332 K (blue points), and 333 K (green points). (c) and (d) show the fit of 
the experimental data to equations (4) and (5) at T = 333 K, respectively (see text for details). The inset in (d) shows the Trelax (bars) in the curves of a(T) (red) and fAFM(T) (black). 

Repeating the same procedure for Trelax = TT = 332 K, after t 
= 0 s a small increment in both a and fAFM is depicted [see blue 
points in Figs. 6(a) and (b)], indicating a relaxation of the alloy 
into the FM phase: a small portion of the sample (less than 10%, 
considering the error bars) changes from AFM to FM state. 
However, for Trelax = 333 K [green points Figs. 6(a) and (b)], the 
sample, which contains approximately 85 % of AFM phase a t = 
0 s relaxes and fully completes the AFM → FM magnetoelastic 
transition within approximately 120 seconds. The relaxation 
time for TRelax = 333 K was calculated from the fit of equations 

(4) and (5), analogous to the equation !
!!
= 	1 - B × 𝑒"

"
# that 

describes a viscous magnetic system,53,54 to the relaxation 
curves [see Figs. 6 (c) and (d)]. 

$
$#

 = 1	-	B	×	𝑒+
$
%       (4) 

%&'(
%)*&'(

 = 1	+	B	×	𝑒+
$
%      (5) 

where a is the cell parameter, as is the saturated lattice 
parameter after the relaxation, fAFM is the AFM phase fraction, 
fS-AFM is the saturated fAFM after the relaxation, and t is the time. 
The relaxation time τ, and the parameter B which considers that 
in t = 0 s the measurement starts inside the area of phase 
transition, are parameters of the fitting. 

The estimated relaxation time for the structural and 
magnetic transformation was τa = (50 ± 6) s and τf = (50 ± 5) s, 
respectively. Both parameters relax around the same time, 
within the estimated error, supporting the idea that a 
synchronized evolution exists across the magnetoelastic phase 
transition. 

Summary and concluding remarks 
Today, the ultimate origin of the first-order magneto-structural 
transition in FeRh alloys around equiatomic composition is still 
debated. The question about which transition pushes the other- 
the magnetic (from a low-temperature AFM to high-
temperature FM states) or the structural one (a change of 
almost 1% in the unit cell volume)- resembles the typical 
chicken-or-egg interrogation. Moreover, it is well-known that 
low-volume favors AFM coupling between Fe atoms and an 
increase of the unit cell volume results in a positive exchange 
interaction giving rise to FM order. Combining neutron thermo- 
and time-resolved-diffraction experiments in a bulk Fe49Rh51 
alloy, we found clear evidence of a kinetic arrest of the AFM 
phase as well as coexistence of both AFM and FM phases well-
above (≈ 70 K) the temperature at which the first order 
magneto-structural transition takes place on heating. The latter 
suggests that the volume expansion is not homogeneous all 
over the material as the temperature rises. Although most 
regions increase drastically their volume, exhibiting FM 
coupling, some other regions remain with a lower volume 
favoring the AFM state. Increasing the temperature, the cell 
volume of these AFM regions progressively expands stabilizing 
the FM state. On cooling down from high temperature (well 
above the transition, only FM phase is present) we observed 
that the AFM phase starts to grow around 70 K above the 
transition, and the whole material becomes AFM just after the 
transition temperature. However, the FM phase does not follow 
the same behavior, there is not any kinetic arrest below the 
transition temperature. 
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In conclusion, the careful analysis of neutron diffraction 
patterns collected in a wide temperature region including the 
first order magnetostructural transition of Fe49Rh51 bulk alloy 
evidence the strong interplay between the lattice and magnetic 
degrees of freedom of the system, exhibiting a synchronized 
transformation throughout the phase transition, even under 
non-equilibrium conditions. Perhaps, the existence of regions 
with slightly smaller cell volumes in which the AFM sate is more 
stable, gives rise to the asymmetry of the kinetic arrest, only 
exhibited by the AFM phase. 
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DATA AVAILABILITY 

The neutron diffraction data can be found in: 

- doi: 10.5291/ILL-DATA.5-31-2945 
- doi: 10.5291/ILL-DATA.5-25-290 
- doi: 10.5291/ILL-DATA.CRG-3054. 
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