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Abstract. The temperature dependence of the magnetic moment in La(Fe «Six)13 compounds
reveals the presence of both first-order and second-order magnetic phase transitions. The nature of
the transition is governed by variations in the Si concentration, which induce significant
modifications in the Fe—Fey interactions between Fe atoms occupying two non-equivalent sites.
These effects can be effectively modeled as a form of random anisotropy, the resulting behavior of
which is accurately described within the framework of the Blume-Capel model. Monte Carlo
simulations demonstrate that the evolution from a first-order to a second-order magnetic transition
in La(Fe;«Six)13 compounds can be consistently reproduced by maintaining a fixed anisotropy
probability p while systematically reducing the corresponding anisotropy amplitude D, yielding
good agreement with experimental trends.
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1. Introduction

Over the past two decades, research on the room-temperature magnetocaloric effect (MCE)
has expanded rapidly because of its high efficiency, reduced energy consumption, environmental
compatibility, and strong potential for applications in magnetic refrigeration [1-4]. Among candidate
materials for room-temperature magnetic refrigeration, La(Fe.xSix)13 compounds, which crystallize in
the cubic NaZnis-type structure, contain the highest fraction of the transition metal per formula unit
compared with other rare-earth transition-metal intermetallic compounds [5, 6]. These compounds
exhibit a giant MCE, which is further enhanced when it is associated with a first-order magnetic
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transition (FOMT) in the temperature dependence of the magnetic moment [1, 7-9]. The FOMT is
generally attributed to competing Fe—Fe exchange interactions: antiferromagnetic (AFM) coupling
occurs when the Fe—Fe interatomic distance is smaller than approximately 2.45 A whereas ferromagnetic
(FM) coupling emerges at larger separations [7-10]. However, theoretical approaches based solely on
this mechanism, most commonly employing mean-field theory combined with a Brillouin function, have
been unable to adequately reproduce the FOMT behavior in the vicinity of the critical temperature 7.
(8,9, 11].

Figure 1. Crystal structure of the La(Fe1«xSix)13 compounds adopting the cubic NaZn;s-type structure,
characterized by the space group Fm3c [7].

The crystal structure of the La(Fei«Six)i3 compounds is illustrated in Fig. 1. Within the cubic
framework formed by La atoms at the 8a site, the Fe atom at the 85 site is surrounded by an icosahedron
composed of 12 Ferr atoms occupying the 96i site, where Si substitution preferentially occurs. Because
both La and Si are nonmagnetic, the dominant magnetic contribution arises from the icosahedral cluster
(Fer—Feu)13, which can be regarded as a magnetic superatom embedded in the cubic lattice. According
to Refs. [8, 9], increasing the Si concentration does not significantly modify the (Fey—Fen) interatomic
distance (approximately 2.53 A), thereby preserving a stable FM coupling among Feys atoms. In contrast,
Si substitution primarily affects the (Fe—Fer) distance. The FOMT is observed when the average (Fei—
Fen) separation approaches approximately 2.45 A. Under this condition, FM and AFM exchange
interactions coexist within each (Fe—Fer)i3 superatom, allowing spin-up and spin-down moments to
coexist within a single superatom. As a result, the oppositely oriented spins may partially compensate
one another, thereby reducing the net magnetic moment of the superatom. Consequently, each (Fei—
Fen)i3 superatom can be modeled as a multistate spin located at the vertices of the cubic lattice. Within
this framework, the overall (Fei—Fer) exchange interactions inside a superatom are treated as an effective
random anisotropy, arising from the random spatial distribution of Si atoms and governing the
magnitude of the corresponding multistate spin. Furthermore, owing to the predominance of Fey; atoms
at the surface of the superatom, the interaction between neighboring multistate spins can be reasonably
approximated as a uniform FM exchange coupling.

Since the total spins in La(Fe|.«Six)i3 compounds can be readily aligned by a weak external field
[12], their magnetic behavior is reasonably described within an Ising-like framework. In this context,
the Blume-Capel (BC) model with random anisotropy, as the simplest model capable of exhibiting the
FOMT, emerges as a suitable candidate [13, 14]. Recent investigations of this model have successfully
reproduced the FOMT characteristics observed in the single-crystal Cri1Geio [15] and in doped
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perovskite manganite oxides AMnOs [16] by utilizing advanced Monte Carlo (MC) techniques that
overcome the limitations of conventional mean-field approaches.

In this study, MC simulations are performed and show good agreement with the experimental data
on the magnetic transition in La(Fe;.«Six)13 compounds reported in Ref. [12]. This consistency supports
the validity of the model and highlights the important role of random anisotropy in governing the
magnetic transition mechanism.

2. Model and Monte Carlo Simulation

2.1. Blume-Capel Model

.............

_________

Figure 2. Representation of the cubic spin lattice structure adopted for the spin-1 Blume-Capel model.

To elucidate the variation in magnetic transition types observed in the La(Fe;«Six)13 compounds, a
cubic lattice of size N = L xL XL with periodic boundary conditions applied along all spatial directions
is simulated within the framework of the spin-1 BC model incorporating random anisotropy (Fig. 2).
The Hamiltonian of the system is expressed as follows:

2
Hpe = =] 2y STS7 + 2 Di(Sf)” — hX;Sf (1)
Here, the variable S;, which can take the discrete values +1 or 0, denotes the z-component of a

classical spin S = 1 located at lattice site i. The first summation is performed over all nearest neighbor
pairs (i,j), where a positive exchange interaction J > 0 favors ferromagnetic alignment between adjacent
spins. The final term represents the contribution of an external magnetic field of strength 4. In addition,
the site-dependent random anisotropy field D; is introduced in the second term, which obeys a bimodal
probability distribution [15-20],
P(D;) =p8(D; — D) + (1 — p)8(D)) 2)
In this formulation, the anisotropic field at each lattice site takes a finite value D with probability
p, while it becomes zero with probability /-p. For the numerical analysis, the dimensionless temperature
T is defined in units of J/kz. Accordingly, it can be related to the experimental temperature 7, expressed
in  Kelvin, through the relation 7 = /kgt/J. The  dimensionless magnetic
moment per spin is evaluated as
N
2s)
i=1

N

m=
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2.2. Monte Carlo Simulation

MC simulations are performed on a cubic lattice with linear size L = 16, which is sufficient
to determine the physical properties according to Ref. [21]. The calculations follow a two-stage
computational scheme.

In the first stage, the approximate transition temperature 7. is determined by applying the standard
Metropolis algorithm [22] combined with a simulated annealing procedure, during which the system is
progressively cooled from a high-temperature configuration. At each temperature, 10° MC sweeps are
executed to ensure thermal equilibration. Subsequently, an additional 10° sweeps are carried out to
evaluate the thermal average of the dimensionless magnetic moment.

In the second stage, the parallel tempering method, also known as replica exchange MC [23], is
implemented over a set of temperatures distributed symmetrically around the previously estimated 7.
[24]. The replicas corresponding to these temperatures are simulated simultaneously, and 10* exchange
attempts between adjacent replicas are proposed. Each exchange attempt is separated by 100 Metropolis
sweeps. The statistical averages of the dimensionless magnetic moment are subsequently evaluated from
the accumulated simulation data.

3. Results and Discussion
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Figure 3. The normalized magnetic moment (m-m,)/(ms-m,) as a function of the normalized temperature 7/7.
for the experimental results of La(Fe1«xSix)i3 [12].

According to Fig. 3 in Ref. [12], no systematic correlation is observed between increasing
Si content in La(Fei.«Six)i3 and either the saturation or the remanent magnetic moment. This
behavior originates from the itinerant-electron nature of magnetism in La(Fei..Six)i3 [6, 25-28],
where magnetic ordering is governed by the splitting between spin-up and spin-down subbands in
the electronic density of states rather than by localized magnetic moments [29, 30].

To clearly examine the magnetic transition behavior (FOMT and SOMT) and eliminate the influence
of itinerant-electron magnetism, which cannot be fully described by localized-magnetic-moment models
such as the BC model, we analyze the temperature dependence of the magnetic moment in La(Fe;.xSix)13
using a normalized representation that removes the effects of different saturation and remanent magnetic
moments. The experimental thermomagnetic curves reported in Ref. [12] are replotted in Fig. 3 in
relative units, where m; denotes the remanent magnetic
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moment, 7, the saturation magnetic moment, and 7. the critical temperature. As shown in Fig. 3, La(Fe;.
«Six)13 exhibits a SOMT at x = 0.21, whereas a FOMT is observed for compositions in the range x = 0.12
- 0.18. Although the FOMT behavior is nearly identical for x = 0.12 - 0.18, the composition x = 0.18
displays the sharpest change at the critical temperature, which is most consistent with the definition of
a FOMT in phase transition theory [31].
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Figure 4. Comparison between experimental results and MC simulations for the normalized
magnetic moment (m-m,)/(ms-m,) as a function of normalized temperature (7/7).

In Fig. 4, the normalized temperature (7/7.) dependence of the normalized magnetic moment (m -
m,)/(ms - my) for La(Fe xSix)13 compounds under low-field cooling at H = 1 kOe is fitted to the spin-1
BC model with a fixed external field # =~ 4 x 10, anisotropy probability p = 0.8, and varying anisotropy
amplitude D. Qualitatively, the FOMT behavior for the composition x = 0.18 is well reproduced by MC
simulations of the spin-1 BC model with parameters p = 0.8, D = 3.424, and & = 4 x10*. Similarly, the
SOMT behavior for x = 0.21 is consistent with MC results obtained using p = 0.8, D = 3.0, and /& =
4x10*. A slight deviation near the critical temperature between experimental observations and MC
results in both the FOMT and SOMT cases may arise from the contribution of itinerant 3d electrons,
finite-size effects in the MC simulations, or the multi-state spin nature of the (Fei-Fen):3 superatom, for
which a spin-1 description may be insufficient.

For the FOMT composition x = (.18, with an experimental critical temperature z. = 251 K
corresponding to a dimensionless critical temperature 7. =~ 0.77 for p = 0.8 and D = 3.424, the exchange
interaction is estimated as J = kpr/T. = 28 meV. Using this exchange energy scale, the relationship
between the experimental external field A and the simulation field 4 is given by H = hJ/(guz), where the
Landé factor is g = 2 and up denotes the Bohr magneton. Accordingly, the experimental field H =1 kOe
corresponds to a simulation field 4 = 4 x10, which is applied consistently in all MC simulations.

The random-anisotropy-driven FOMT-to-SOMT transformation in La(Fe;«Six)i3 can be interpreted
as follows. Because the change in Si substitution between x = 0.18 and x = 0.21 is relatively small, we
assume that this compositional variation has a negligible effect on the anisotropy probability p = 0.8,
while primarily modifying the anisotropy strength D. For x = 0.18, where the average Fe—Fen distance
is approximately 2.45 A, AFM and FM interactions within each (Fer—Fer)i3 superatom are comparable
in magnitude. As a result, neither interaction dominates, allowing both spin-up and spin-down moments
to coexist within each superatom. Partial cancellation between these oppositely aligned spins suppresses
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the net magnetic moment of the superatom. Within the BC framework, this situation can be effectively
represented by a relatively large anisotropy amplitude, D = 3.424. For x = (.21, the increased Si content
enlarges the Fer—Fen distance and effectively converts most AFM couplings into FM ones. As a
consequence, the occurrence of suppressed-magnetic-moment states is significantly reduced. Within the
BC description, this behavior corresponds to a smaller anisotropy amplitude, D = 3.0, thereby
accounting for the transition from FOMT to SOMT.

In addition, the MC results for the temperature dependence of the magnetic moment at 7 ~4 x 10,
p = 0.8, and various values of D are presented in Fig. 5. These results further support the correlation
between increasing Si content and the reduction of the anisotropy strength D at fixed probability p, as
reflected by the corresponding increase in the critical temperature 7. As shown in Fig. 5, for p = 0.8,
the tricritical point separating FOMT and SOMT occurs at D, = 3.4. This critical value is expected to
correspond to the compositional range 0.18<x<0.21 in the La(Fe«Six)i13 compounds.
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Figure 5. MC simulation results for the temperature dependence of the magnetic moment at a fixed external field
h =4 x 10 and anisotropy probability p = 0.8, for various anisotropy strengths D.

4. Conclusion

Within the theoretical framework, the influence of Si substitution in La(Fe;.xSix)13 compounds can
be mapped onto a random-anisotropy scenario within the spin-1 BC model. The MC calculations
successfully reproduce the experimentally observed crossover from FOMT to SOMT by keeping the
anisotropy probability fixed at p = 0.8 and progressively decreasing the anisotropy amplitude D.
Specifically, the FOMT observed for x = 0.18 corresponds to D = 3.424 with 1 = 4 x 10, whereas the
SOMT at x = 0.21 is described by a lower anisotropy strength, D = 3.0, under identical p and 4.

For p = 0.8, the larger anisotropy amplitude D = 3.424, associated with the FOMT, corresponds to
an average Fe—Fen distance of approximately 2.45 A. In contrast, the smaller anisotropy amplitude D =
3.0, associated with the SOMT, corresponds to an average Fe—Fey distance greater than 2.45 A.
Moreover, for p = 0.8, the critical anisotropy separating FOMT and SOMT is found at D. = 3.4, which
aligns with the experimental compositional interval 0.18<x<0.21 where the transition order changes.
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