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ABSTRACT

Maximizing the performance of magnetic refrigerators and thermomagnetic energy harvesters is imperative for their successful implementation and can be done by
maximizing their operation frequency. One of the features delimiting the frequency and efficiency of such devices is the phase transition kinetics of their magne-
tocaloric/thermomagnetic active material. While previous studies have described the magnetic component governing the kinetics of the magnetovolume phase
transition in La(Fe,Si);3 giant magnetocaloric materials, a comprehensive description of its structural component has yet to be explored. In this study, in situ
synchrotron X-ray diffraction is employed to describe the structural changes upon magnetic field application/removal. Long magnetic field dependent relaxation
times up to a few hundred seconds are observed after the driving field is paused. The phase transition is found to be highly asymmetric upon magnetic field cycling
due to the different Gibbs energy landscapes and the absence of an energy barrier upon field removal. An exponential relationship is found between the energy
barriers and the relaxation times, suggesting the process is governed by a non-thermal activation over an energy barrier process. Such fundamental knowledge on

first-order phase transition kinetics suggests pathways for materials optimization and smarter design of magnetic field cycling in real-life devices.

1. Introduction

The growing interest in developing environmentally friendly and
energetically efficient heating and cooling devices is a direct conse-
quence of ongoing efforts towards climate change mitigation and eco-
nomic growth [1-4]. Magnetic heat pumping devices that employ
magnetocaloric materials have long stood out as offering a promising
contribution to the aforementioned challenges. These devices are
capable of operating with a higher energy efficiency [5], thus potentially
cutting down on COz-emissions associated with their power consump-
tion, as well as eliminating the need for high global warming or
ozone-depleting  gases  required by currently = employed
vapor-compression devices [6].

In general, through adiabatic changes of an external driving field, the
temperature of caloric materials can be altered [7]. When this driving
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field is an external magnetic field, the effect is known as the magneto-
caloric effect, and the adiabatic temperature change (AT,q) and the
isothermal entropy change (ASis,) play a key role in establishing the
applicability and competitiveness of each material for heating and
cooling applications [8-10]. As the AT,q and AS;js, observed in the vi-
cinity of these materials’ phase transitions is typically higher in those
undergoing a first-order phase transition (FOPT) [11], when compared
to a second-order phase transition (SOPT), there have been considerable
efforts in optimizing the overall performance of FOPT materials
[12-18].

La(Fe,Si);3-based materials exhibit the giant magnetocaloric effect
(GME) with most prominence near their Curie temperature (T¢), asso-
ciated with their ferromagnetic (FM) to paramagnetic (PM) FOPT [19,
20], making them very promising candidates for magnetic refrigeration
[21,22] and thermomagnetic energy harvesting [1,23,24]. In addition to
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being constituted by relatively abundant materials, La being amongst
the most abundant rare earth element, their T¢ has been reported to be
highly tunable by chemical substitution, such as by partial substitution
of Fe with Mn or Co, resulting in a decrease or increase in T¢ [25,26],
respectively. The transition temperature remains unchanged upon par-
ticle size reduction with a decrease in hysteresis loss, albeit at the
expense of a less sharp transition [14,20,27]. Additionally, hydrogena-
tion of the material brings its T¢ closer to room temperature, enabling
applications of the material at ambient temperature while maintaining
excellent magnetocaloric properties [13,28].

Such LaFe;34Six-based compounds with 1.2 < x < 2.6 compositions
crystallize in a cubic NaZn 3-type structure (space group Fm3c), with the
La, 8a and Fel, 8b sites fixed at the fractional coordinates (1/4,1/4,1/4)
and (0,0,0), and further Fe2 and Si atoms occupying the 96i sites at the
set of positions (0,y,z) [19,29]. Parallel to the formation of these alloys,
a-Fe is a commonly found secondary phase induced by the presence of a
La-rich phase, which typically represents 5-8% wt [29-31].

As LaFeq3,4Siy with x < 1.6 is heated above Tg, a first-order FM to PM
transition occurs, and these alloys undergo a large discontinuous iso-
structural volumetric change of about 1% that is characterized by a
negative thermal expansion coefficient [20,30,32]. The lattice param-
eter is strongly dependent on the magnetic moment of Fe atoms, giving
rise to the strong magnetovolume coupling nature of this FOPT [19,33,
34]. Furthermore, the increase in T¢ by the addition of hydrogen and
chemical substitution of Fe with other transition materials has been
explained by the lengthening of the Fel-Fe2 distances which is thought
to promote stronger FM exchange interactions [19,29].

In spite of their advantages, FOPT magnetocaloric materials,
including La(Fe,Si);3, bring forth a set of challenges pertaining to hys-
teretic losses [35], phase transition asymmetries [36] and phase tran-
sition dynamics [20,37], which can hinder their performance in real
world energy-efficient cyclable devices. In particular, the study of
temperature-dependent measurements has revealed the crucial role in-
ternal pressure and strain has in establishing the asymmetry of the phase
transition [14,36,38-40]. Meanwhile, the kinetics of the phase transi-
tion plays a critical role in determining the rate at which a material may
be cycled for optimal performance [41-46], since an incomplete phase
transition is inherently associated with a suppressed thermal response.
As a result, the optimization of FOPT magnetocaloric devices must
reflect the inherent asymmetry of the phase transition, while also facing
the trade-off between maximizing their operation frequency and
ensuring maximal AT,q yield.

Previous studies have set out to characterize the relaxation mecha-
nisms that underpin the magnetic component of the FOPT in several
magnetocaloric materials [20,25,47] and have reported that the
magnetization relaxation is highly dependent on the sample’s shape,
temperature and magnetic field, resulting in extended relaxation times,
reaching tens to hundreds of seconds when subjected to magnetic fields
close to the onset of the FOPT [20].

These relaxation processes have historically been modeled through
thermal activation models [47,48], variations of the Bean-Rodbell
model [49,50] and by Landau-based models [42]. Meanwhile, density
functional theory has been successful at predicting the correlation be-
tween the large magnetovolume effects and the itinerant metamagnetic
phase transition of the La(Fe,Si);3 family [51]. In particular the
Fe-partial electronic density of states, together with its sublattice and
itinerant electron magnetism, induces pronounced lattice softening and
significant lattice contributions to the total entropy change [52-54].
This provides further insight on these materials’ strong magnetovolume
coupling.

Despite the above, there is still a lack of experimental observations
and fundamental understanding of the dynamics of the magnetic field
driven structural phase transition, as opposed to being temperature-
driven, and, since these are coupled, its interplay with the magnetic
transition. As such, in this work we investigate the kinetics and the
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asymmetry of the isostructural phase transition through time-resolved
X-ray diffraction at the National Synchrotron Light Source II (NSLS II)
at Brookhaven National Laboratory [55], with the aim of shedding light
on the relationship between the magnetic and structural phase transi-
tions, and to assess how the two are time (de)coupled using the com-
pound LaFej; ¢Siy 4 as a case study material. Lastly, the observed time
dependence and asymmetries of the phase transition are evaluated and
explained through direct comparison with the magnetization and vol-
ume dependent free energy landscape of a compressible 3D Ising lattice.

2. Results and discussion
2.1. Time dependence of the crystal structure changes

To carry out a detailed structural analysis of the magnetic field
induced phase transition in a LaFe;; ¢Sij 4 sample, a large data set of
high brilliance X-ray diffraction patterns was acquired as a function of
time, temperature, and external magnetic field (with varying intensity,
field sweeping direction and sweeping rate).

Inspired by the work of E.Lovell and co-authors on the magnetic
phase transition dynamics of LaFe;; ¢Sij 4 [20], a measurement protocol
was followed to determine the relaxation of the atomic structure upon
magnetic field application on a powder sample with a typical size of 4.5
pm and size distribution as detailed in Fig. S10 in the Supplemental
Material [56]. First, the sample was cooled to the measurement tem-
perature, a few Kelvin above Tc, and allowed to reach thermal equilib-
rium for 15 min. At this point, the X-ray diffraction pattern acquisition
was started with a 2 s time resolution. Then, to magnetically induce the
phase transition, a magnetic field was applied at a fixed sweep rate up to
a given value, Hpayse, and kept constant thereafter. This allowed the
detection of non-field driven relaxation effects, as illustrated in Fig. 1a).
Subsequently, the phase evolution was measured as the magnetic field
was decreased, from Hpayse to zero, enabling the structural dynamics to
be followed during complete magnetic field cycles. In between these
cycles, a thermal reset to the paramagnetic phase was performed by
heating the sample up to T = T¢ + 40 K.

Exploratory neutron diffraction studies successfully allowed the time
dependent tracking of the structural component of the phase transition,
as shown in Fig. S1 in the Supplemental Material [56]. However, due to
the comparatively weak magnetic signature, and the relatively low
neutron flux, these measurements ultimately lacked the necessary time
resolution to adequately probe the observed relaxation phenomena.
Nevertheless, these allowed the magnetic and structural components of
the phase transition to be tracked simultaneously with a resolution down
to 10 s.

Nevertheless, the high X-ray brilliance at NSLS II allowed for a
comprehensive examination of the time evolution of the sample’s
atomic structure, as clearly demonstrated by the (4 2 2) diffracted peak
shown in Fig. 1b), where the presented diffraction patterns were
collected at the illustrative temperature of T = T¢ + 10.5 K, and at
different times after the magnetic field had been paused at yoH = 2.3 T.
Here, the mean diffraction peak position is seen to shift to lower 20
values after the magnetic field had been paused, which is consistent with
partially overlapping peaks from the sample’s first-order field-driven
isostructural phase transition, from a low-volume PM state towards a
high-volume FM state [28,57]. A more extensive 3D view of the data is
given in Fig. S2¢) in the Supplemental Material [56].

When peaks at higher scattering angles were analyzed, as shown in
Fig. S2a) in the Supplemental Material [56], the application of a mag-
netic field was revealed to split each of the zero-field peaks, signaling the
coexistence of the PM (low-volume) and the FM (high-volume) phases,
consistent with a first order transition.

As such, a two-phase model for the Rietveld fitting of the X-ray
diffraction data was employed. In Fig. 1c) an example of such a Rietveld
refinement is shown, showing good agreement between the measured
and the calculated patterns. With this model, the simultaneous tracking



A.A. Beleza et al.

Materials Today Physics 42 (2024) 101388

.
o) b) vq:»
T=Tc+10.5K =
= nH=23T
o 1. =]
2 S,
u >
o =
= [2]
o ® t=6s S
=) t=40s £
= ® t=100s -
@® t=19%s
@ t=445s
T=Tc+10.5K
-400 -200 0 200 400 600 800 4,05 4,10
Time [s] 20 [
c) P Data
>  oas
Ry, = 10.05 % N Reﬂnement
_ 1 , Residual
e [ T=1C# 109K ] PM Peak Position
o | mH=23T FM Peak Position
> |t=6s
-a g |
c 4 q
2 g g
c i
- e g qb a £ & f
—i S, - h& A LIL A
S —_— . AN e A
| | [ | | 1 1 A A A | B O 1
| |
2 4 6 8 10

26 [7]

Fig. 1. a) Profile of the applied magnetic field as a function of time describing its application at a constant sweep rate of 5.4 mT s * up to HoHpause = 2.3 T, at which
point the time is set to zero. b) Time evolution of the X-ray diffraction pattern’s (4 2 2) peak for the representative set of points identified as colored dots in a) after
the applied field is paused at poHpause = 2.3 T at 10.5 K above the zero-field PM to FM transition (T¢). c) Illustrative diffraction pattern of the sample at t = 6 s (black
open circles), together with the Rietveld fit (red line) and the difference between the two (blue line). The Bragg reflection angles (vertical green bars) for the PM
phase are also shown. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

of the individual cell parameter (a) of each phase and their phase frac-
tion (f) as a function of time was possible, as observed in Fig. S3 in the
Supplemental Material [56]. By combining each of these fractions with
its corresponding cell parameter, the time evolution of the weighted cell
parameter was calculated as follows in Equation (1).

(a) = apufem + apmfru (@9)

As shown in Fig. 2a) and Fig. 2b) for a given temperature and set of
values of Hpause, the FM phase fraction (fmy) and the weighted cell
parameter ({a)) exhibit relaxation beyond the point in time at which the
magnetic field is paused (set as t = 0, for easy reference), allowing for the
determination and comparison of the relaxation times observed for each
of the different experiments performed.

Inspection of the relaxation profiles presented in Fig. S3 in the
Supplemental Material [56], in particular the relaxation measurement
with poHpause = 1.6 T at 7.5 K above Tc, reveals the profile of the
weighted lattice parameter to be a result of the increase of the FM phase
fraction after the magnetic field is paused, and subsequent decrease of
the complementary PM phase fraction, coupled with an increase of the
PM lattice parameter and decrease of the FM lattice parameter, as had
previously been reported [36]. In turn, this may be quantified as 7% of
the FM phase having been induced while driving the external field, and
an additional fraction of 46% arising after the magnetic field had been
halted (when t > 0 s). Simultaneously, during the application of the
magnetic field, the lattice parameter of the FM phase decreased by
approximately 0.1% and stayed constant thereafter. In contrast, the PM
lattice parameter increased by almost 0.05% due to magnetic field

application and an additional 0.03% during relaxation. In this analysis, a
typical error of around 0.5% is observed in the phase fraction profiles,
and a variation of approximately 0.002% in those of the lattice
parameters.

To establish the effects of thermal fluctuations and other experi-
mental factors that might influence these conclusions, the time evolu-
tion of a zero-field measurement series was inspected and compared to
that of a puoHpause = 1.1 T measurement series, as shown in Fig. 2c).
Given the time-invariant nature of the zero-field data and the starting
value of the presented curves, the observed evolution of the lattice
parameter can be safely attributed to the kinetics of the magnetic-field
induced phase transition.

2.2. Magnetic field dependence of the structural relaxation

A detailed study of the effects of pausing the magnetic field at
different field strengths, Hpause, On the observed structural relaxation
was conducted at magnetic fields around and above a critical field, He;.
H,, is defined, as shown in Fig. S4 in the Supplemental Material [56], as
the minimum field required to onset the PM to FM phase transition of the
material at each of the temperatures specified [20].

In Fig. 2b), an increase in the relaxation time of the weighted lattice
parameter is observed when poHpause = pioHe1r = 1.6 T. This increase is
followed by a gradual decrease as Hpause further increases, as observed in
the corresponding relaxation time constants (7), shown in Fig. 2d). These
time constants were calculated from k and 7 through a fit of the kind
fem(t) = fsae — fre €xp( — kt"), as illustrated in Fig. 2 and discussed in the
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Fig. 2. Relaxation of the a) FM phase fraction and b) weighted lattice parameter as a function of time after the applied magnetic field is driven at 5.4 mT s * and
paused at varying field strengths at 7.5 K above T¢. ¢) Time evolution of the weighted lattice parameter, 4.3 K above T, showcasing the role of the magnetic field on
triggering the material’s isostructural phase transition (red) in comparison with a zero-field equilibrium measurement series (black). The a) Avrami and c) linear fits
(dashed lines) are shown as employed to extract the relaxation rate (da/dt) and relaxation time constant (7), as presented in Fig. 3 d) The observed unsaturated (t = 0
s) and saturated (t = 500 s) values of the lattice parameter as a function of applied magnetic field for the relaxation profiles presented in b), together with the time
constant separating the two states, as presented in Fig. 3 b). The horizontal dashed lines delimit the temperature and phase fraction bounds of the structural transition
at the specified conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

next section. Similarly, it is also around this magnetic field that a large
increase of the saturated weighted lattice parameter and FM phase
fraction is observed, with progressively smaller increases as poHpause
further increases, as shown in Fig. 2d). The dependence of the lattice
parameter with magnetic field strength and time is similar to that re-
ported for the magnetization of the bulk alloy by Lovell and co-authors’
previous work following the same Hpause protocol [20]. However, the
observed structural kinetics occur on a much longer time scale than
those reported for the magnetization, which, in the cited work, peaked
at around 25 s under similar experimental conditions.

Due to the presence of small plateaus in certain relaxation profiles of
the phase fraction, along with disturbances in the time evolution of the
lattice parameter of each individual phase, some plateaus occur in the
time evolution of the weighted lattice parameter, as shown in Fig. S3 in
the Supplemental Material [56] and in Fig. 2a) and b). These resemble
the plateaus observed in the relaxation of magnetization, and those
observed in the magnetization and phase fraction upon heating/cooling
in previous reports [20,36]. This effect is most pronounced at magnetic
field values of 1.6 T, 1.7 T, and 1.8 T and occurs around the same phase
fraction, where structural relaxation consistently displays a two-step
behavior. These plateaus are not observed when those fractions are
surpassed by driving to a higher magnetic field. Given the powdered
nature of the sample and its caloric properties, these plateaus highlight
the significant role played by thermal linkage within the sample in
influencing the relaxation profiles.

2.2.1. Evaluation of the structural relaxation

To facilitate the comparison of our results with those reported by
Lovell and co-authors for the magnetization [20], the lattice parameter’s
relaxation in time was characterized by its slope, achieved through a
linear fit to the beginning of the relaxation of the lattice parameter, as
presented in Fig. 2c¢), which quantifies how fast the lattice parameter
expands towards saturation as the magnetic field is paused at a given
value. As shown in Fig. 3a), when the pausing magnetic field is increased
past the value of the critical field H.;, the relaxation rate increases in a
linear fashion. These results are consistent with what is observed in
Fig. 2b), where higher Hpase values are shown to reach their respective
saturation lattice parameter sooner. Additionally, Fig. 3a) demonstrates
that temperature does not influence the lattice parameter’s relaxation
rate, with no differences being observed for the magnetic fields tested,
suggestive of a phenomenon that is not thermally activated. When pla-
teaus were observed in a relaxation profile, only the major relaxation
process was considered, as it exhibited identical characteristics to the
others.

The lattice parameter relaxation rate results are in excellent agree-
ment with what has been reported for the magnetic field dependence of
the magnetization relaxation rate by Lovell and co-authors [20], aside
from the unobserved plateau of the relaxation rate at high magnetic
fields, which is attributed to the set of magnetic fields tested not having
been of high enough intensity to saturate the phase transition during
field application. However, in the cited work, the magnetization’s
relaxation rate was reported to decrease and subsequently vanish as the
temperature of the alloy was raised up to 13.5 K above T¢, which is in
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Fig. 3. a) Lattice parameter relaxation rate (da/dt) and b) natural logarithm of
the relaxation time constant (z) of the FM phase fraction as a function of
#o(Hpause-He1). The relaxation rate (da/dt) was derived from linear fits to the
weighted lattice parameter’s relaxation, presented in Fig. 2c¢), as the magnetic
field is paused. The relaxation time constant was obtained from fitting the phase
fraction’s relaxation to the Kolmogorov-Johnson-Mehl-Avrami relation and
calculated as 7 = k~1/7.

contrast with the insignificant temperature related changes observed for
the lattice parameter’s relaxation rate described here. Comparing the
relaxation rates of the lattice parameter and the magnetization,
measured from the same sample, as shown in Fig. S5 in the Supple-
mental Material [56], demonstrated that they exhibit slightly different
behavior. Notably, the magnetization exhibits higher relaxation rates
compared to the lattice parameter and reaches its saturated value at a
magnetic field closer to H;.

The experimental phase fraction’s relaxation profiles were fitted
with the adapted Kolmogorov-Johnson-Mehl-Avrami (KJMA) relation,
fem(t) = fear — frer exp(—kt") [58], as shown in Fig. 2a) and Fig. S6 in the
Supplemental Material [56]. Here, k is related to the activation energy, 7
is the Avrami exponent, fi, is the saturated value of the FM phase
fraction and f, is the relaxation’s contribution to fiq. This yielded the
outcomes presented in Fig. 3b).

Here a peak in relaxation time constant (z), calculated as k=11 is
observed when the pausing magnetic field is equal to that of the critical
field H.;. Furthermore, the exponential decrease of 7 observed with
increasing values of Hpayse, together with its invariant temperature
dependence, is consistent with the above presented increase of the lat-
tice parameter’s relaxation rate. While these findings further highlight
the importance of phase transition dynamics in overcoming the struc-
tural relaxation observed, and hence maximizing cyclability, they also
suggest that temperature has a negligible effect on these dynamics (for
the temperature range tested), outside of determining the critical field
(Hc1) at which the phase transition is triggered. Once again, this is an
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unexpected feature, given the magnetovolume nature of the phase
transition and the reported relaxation process for the magnetization of
LaFej; ¢Si1.4, which was found to be neither thermally activated nor
athermal [20]. Lastly, the Avrami exponents () of the KJIMA fits yield
values between 0.7 and 1.6 which, when plotted against po(Hpause-Hc1),
exhibit a general trend towards decreasing n as the magnetic field is
increased past the value of Hey, as shown in Fig. S11 in the Supplemental
Material [56]. This is suggestive of an instantaneous growth with con-
stant nucleation rate [49,50,59].

2.2.2. Transition direction asymmetry

The phase evolution was investigated for the span of a full magnetic
field cycle (field application and halt followed by field removal),
enabling the assessment of the (a)symmetry of the phase transition ki-
netics. As evidenced by Fig. 4a) and 4b), there is a striking contrast
between the time-dependent phase evolution on ramping the field up
(forward transition) versus ramping the field down (backwards transi-
tion). In the latter, there is no observable time-dependent structural
relaxation, as the isostructural transition is completed while the field is
still ramping down. This was consistent across all tested temperatures,
ranging from T¢ + 4.4 K up to T¢ + 10.5 K, during field removal at 5.4
mTs L.

Interestingly, this time-dependent asymmetry between the forward
and backward directions of the structural phase transition was also
observed for its magnetization counterpart under identical conditions
(temperature, Hpayse and field sweep rate), as can be seen in Fig. S7 in
the Supplemental Material [56]. Additionally, this temporal asymmetry
mimics what is observed during temperature cycling, where the phase
transition is sharper upon heating into the PM state, as compared to
cooling into the FM state [36]. Therefore, the similarity between the
transition asymmetry upon magnetic field application/removal and the
transition asymmetry upon sample cooling/heating is reinforced [60].
In bulk materials, this has been postulated to arise from neighboring
crystals competing for space as they increase in volume [14,36]. How-
ever, as will be demonstrated below, the time-dependent asymmetry of
the magnetovolume phase transition here presented can be explained on
the grounds of the different energy landscapes and their corresponding
energy barriers.

The effect of varying the magnetic field sweep rate can be observed
in Fig. S8 in the Supplemental Material [56], where a clear increase in
the lattice parameter’s relaxation time constant (z) is observed with
increasing sweep rate, going from 94 to 107-123 s, at 1.8 mT s, 3.6
mTs 'and5.4mTs ™}, respectively. Despite this, the total time taken for
the material to undergo the magnetic field induced transition, including
the magnetic field application time, decreases as the magnetic field
sweep rate is increased, which is in agreement to what has previously
been reported for the magnetic phase transition of the alloy [20].

2.3. Modelling of the magnetovolume phase transition

To gain further insight on the experimentally observed structural and
magnetic kinetics of LaFe; ¢Si;.4, a model Hamiltonian was constructed
comprising a compressible 3D lattice of Ising spins, where the interac-
tion energy includes magnetovolume coupling [61].

1

A = —=
2

[J(v)Si.S;:] + %sz - MH 2
ij

In Equation (2), J is the magnetic exchange parameter between
nearest neighbor spins S; and Sj, v is the volume, and K the
compressibility. The dependence of J on volume is given by J(v) = Jy +
J(v— wo)/vo, where v, is the volume at the paramagnetic limit, with
corresponding Jo. J is the parameter that drives the first-order transition
and, along with K, was adjusted to best match the experimental data.
The simulated lattice is of a cubic array of Ising spins, each representing
an (Fe,Si) icosahedron of the LaFe 1 ¢Si1 4 unit cell [19,29]. A reasonable
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agreement between experimental isothermal magnetization data and
simulated data, particularly for the critical field dependence on tem-
perature, is reached, as shown in Fig. S9b) in the Supplemental Material
[56]. Albeit simpler than other spin vector models, the 3D Ising model
with magnetovolume coupling provides a thermodynamically sound
physical interpretation of the system under study.
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Appropriate parameters in Equation (2) were determined by fitting
to experimental data, namely the cell parameter and magnetization data

measured as a function

of temperature and magnetic field. Typical fits

are illustrated in Fig. S9a) in the Supplemental Material [56]. The Gibbs
free energy of LaFe;; ¢Si;.4 was then simulated for a wide range of
temperatures, magnetic fields, magnetization, and cell parameter
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Fig. 5. Contour plots of the simulated Gibbs free energy landscapes of LaFe;; ¢Si; 4 as a function of the lattice parameter and the magnetization 7.5 K above T¢ at a)
0 T and b) 2 T. These contour plots, from low (yellow) to high (purple) energy values, show a single minimum at O T, denoted as A1, which is replaced by two minima
at 2 T, denoted as A1’ and A2, as highlighted in each plot. ¢) The Gibbs free energy landscape of the lattice parameter is shown for O T and 2 T, with an arbitrary scale,
together with the route taken by the value of the lattice parameter for magnetic field application (yellow arrow), and for magnetic field removal (orange arrow). The
local maximum and minima are represented by up and down triangles, respectively. The energy barrier (AG*) is represented by the horizontal purple dashed lines. d)
The natural logarithm of the relaxation time constant (7) as a function of the energy barrier (AG*) for magnetic fields above H,;. Linear regressions to both tem-
peratures’ curves are presented, demonstrating these are near parallel and hence temperature invariant. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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values. As presented in Fig. 5a) and 5b), these were then grouped to form
2D contour plot maps of the energy landscape of the system for a given
temperature and magnetic field.

As observed in Fig. 5a), the energy landscape at zero magnetic field
and at T¢ + 7.5 K predicts a single minimum of the Gibbs energy,
denoted by Al. This minimum is then replaced by two local minima
when a magnetic field of 2 T is applied: one minimum in the vicinity of
the 0 T minimum, denoted as Al’; and another which occurs at high
magnetization and high lattice parameter values, denoted as A2. In-
spection of the energy profile as a function of lattice parameter, shown
in Fig. 5¢), reveals the minimum A2 to have a lower energy value than
Al’, hence corresponding to the global minimum, and thus a stable
state. The A1 and A2 states correspond to the experimentally measured
lattice parameter (and magnetization) states observed at O T and 2 T,
respectively.

As such, during the transition from the local minimum Al’ (meta-
stable state) to the absolute minimum A2 (stable state), the system must
first traverse an upward energetic slope to reach the saddle point (path
section in dark red) and then descend towards A2 (path section in light
red in Fig. 5b)). The saddle point which separates these minima is
indicative of an energy barrier which must be overcome for the system
to reach its lowest energy state from its initial metastable state. For a
given temperature and magnetic field combination, the height of this
barrier (AG*), represented in Fig. 5c), was calculated and is plotted in
Fig. 5d) as a function of the experimentally observed relaxation time
constant (7) previously presented in Fig. 3b). Additionally, for a given
field, an increase in temperature above T¢ resulted in an increase of the
energy barrier.

As shown, an increase in the energy barrier can be linearly correlated
with an increase in the natural logarithm of the relaxation time for
magnetic fields above H,;. The linearity of the logarithm of the relaxa-
tion time constant with the simulated energy barrier is indicative of a
nucleation and growth process by activation over an energy barrier. In
contrast to the previously reported thermally activated growth process
observed in the magnetically induced FOPT of Gds(Sip 5Geg.5)4 [47], the
parallel slopes found in Fig. 5d) provide additional evidence that the
growth process is not thermally driven, but instead reflect the material’s
free energy landscape [20].

Accordingly, the absence of a second minimum in the energy land-
scape when no magnetic field is applied, and thus the absence of an
energy barrier, suggests that no relaxation should be observed upon
complete removal of the magnetic field. This coincides precisely with
what is observed experimentally and shown in Fig. 4a) and b), and hence
explains the asymmetric behavior of the lattice parameter and magne-
tization’s relaxations.

3. Conclusion

In this work, we have extensively analyzed the kinetics of the
structural component of the magnetovolume phase transition in a
LaFej; 6Si1 4 sample, building upon prior knowledge derived from
magnetic measurements. A strong influence of the applied magnetic
field profile was observed in the time evolution of the magnetovolume
coupled phase transition. The application of a sufficiently high magnetic
field was capable of inducing the isostructural phase transition. How-
ever, when the magnetic field is paused at a field larger than the critical
field H¢p, the lattice shows further relaxation in time (up to 300 s),
significantly surpassing the relaxation times reported from magnetiza-
tion measurements (up to 25 s under identical conditions) [20].
Increasingly higher lattice parameter relaxation rates and lower relax-
ation times are observed as the magnetic field is further increased above
the critical field H;. The rate at which the magnetic field is applied was
also observed to influence the relaxation time. Although faster appli-
cations resulted in longer relaxation times, the shorter field application
period inherently associated to higher sweep rates compensates this
increase, leading to an overall decrease in total transition time. While
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the sample’s temperature played a key role in determining the lattice
parameter at zero magnetic field, as well as the critical field at which the
phase transition is initiated, we find the characteristics of the relaxation
profiles of the lattice parameter to be largely independent of tempera-
ture, which contrasts with what has been reported for its magnetization
counterpart.

Magnetic field cycling (allowing saturation of the lattice parameter
following field application) revealed the lattice parameter to return to its
initial value while the magnetic field had not yet been completely
removed. This asymmetry of the phase transition dynamics during field
application and removal was modeled by a suitable Hamiltonian which
allowed the simulation of the Gibbs free energy landscape of the
magnetization and lattice parameter for a wide range of temperatures
and magnetic fields across the phase transition. During magnetic field
application, the appearance of a second energetic local minimum gives
rise to a metastable energy state which is shown to be responsible for the
phase transition dynamics observed through correlation of the associ-
ated energy barriers and the observed relaxation times. Conversely, as
the magnetic field is removed completely, the absence of a secondary
minimum results in the lack of transition dynamics. Additionally, the
temperature dependence of the relaxation time with respect to the en-
ergetic barrier is indicative of a growth process that is not thermally
activated, but rather reflective of the intrinsic free energy landscape.

These findings prompt the necessity to further investigate the mag-
netic and structural dynamics of the phase transition in device engi-
neering of magnetic refrigerators and thermomagnetic energy
harvesters utilizing FOPT magnetocaloric materials, as these ought to
reflect the phase transition asymmetry, characterized by significant
structural relaxation times upon magnetic field application and their
absence upon magnetic field removal. Furthermore, these also highlight
the importance of a study comparing the magnetic and structural dy-
namics simultaneously, as well as analyzing in more detail the phase
transition dynamics upon magnetic field removal up to its corresponding
critical field.

4. Experimental section

The LaFej;6Sii.4 sample was prepared by induction melting and
subsequently subjected to a heat treatment at 1373 K for 1 week.
Detailed magnetization measurements indicate that, at poH = 2 T, the
sample exhibits an adiabatic temperature change (AT,q) of 5.9 K and an
isothermal entropy change (| ASi|) of 21.08 J kg™ K1, in addition to a
magnetic field dependence of the Curie Temperature (dT¢/dugH) of 3.6
K T7}, in good agreement with previous studies [28]. The sample was
then hand milled, resulting in a median particle size of 4.5 pm with a
standard deviation of 9.5 pm, as shown in Fig. S10 in the Supplemental
Material.

The Curie Temperature of the alloy was measured to be 178.1 K upon
cooling under a magnetic field of 0.01 T by acquiring X-ray diffraction
patterns as a function of temperature at a temperature sweep rate of 1 K
min~!. The acquired patterns were analyzed by Rietveld refinements
[62] employing a two-phase model with the software TOPAS [63,64].

The Hpause measurements were obtained by continuously acquiring
X-ray diffraction patterns at the 28-ID-1 PDF beamline at the National
Synchrotron Light Source II at Brookhaven National Laboratory with a
wavelength of 0.1665 A and a time resolution of 2 s during a complete
magnetic field cycle (application, pause and removal) [55]. As such,
diffraction patterns were continuously obtained during field application
at5.4mTs ! up to the value of Hpayse, for the following 10 min, and then
upon complete removal of the magnetic field at 5.4 mT s7L from Hpause
down to 0 T, and for 5 min afterwards. Between measurements, a 5-min
PM thermal reset at 218.1 K (T¢ + 40 K) was performed and the sample
was then cooled and allowed to reach a stable thermal equilibrium for
10 min at the desired measurement temperature, T¢ + Tp. As shown in
Fig. 1c), Rietveld refinements were performed to determine the struc-
tural evolution of the alloy as a function of time.
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The magnetic measurements presented were performed using the
VSM mode in a Quantum Design MPMS3 magnetometer following the
protocol described above. Minor experimental deviations to the mate-
rial’s T¢ brought about by the set-up were taken into account.

A similar protocol was also employed at the Wide-Angle Neutron
Diffractometer (WANDz) beamline at Oak Ridge National Laboratory
[65,66] making use of the High Flux Isotope Reaction (HFIR) and uti-
lizing a magnetic field sweep rate of 8.3 mT s!. The instrument was
fitted with a Ge[113] monochromator providing a beam with an inci-
dent wavelength of 1.488676 A. The detector bank was set to cover 20
scattering angles from 4° to 124°, corresponding to a d-spacing in the
range of 21.33 At00.85 ;\, and a momentum transfer (defined as 2r/d)
from 7.4 A " t0 0.3 A L. The sample was loaded in a helium filled 6 mm
diameter vanadium can and kept in place with a piece of neutron
absorbing Gd paper, to minimize rotation due to magnetic field induced
torque. The data collection at WAND? is made in event mode, allowing
the inspection of time dependent behavior after data collection, and its
processing was performed using the Mantid framework [67,68].
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