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In this work, we study the effect of Ni substitution on the magnetocaloric properties of La(Fe,Si)3
compounds. Sample quality has been optimized by a combination of induction melting and suction
casting techniques, which allowed to shorten the annealing time by an order of magnitude and expand
the existing range of LaFeq16.xNixSi1.4 phase with cubic NaZn3-type structure up to x = 0.4. According to
our Density Functional Theory calculations, Ni addition does not significantly alter the crystal structure
(finding that Ni atoms occupy preferably 96i positions) as well as the total magnetic moment; both
predictions are in agreement with experimental results. With increasing of Ni concentration, the tran-
sition temperature increases and the order of the phase transition changes from first to second-order
type. In addition, we show that the magnetic field dependence of magnetocaloric effect enables a
clear analysis of the order of phase transition even for compositions near the critical point, surpassing the
accuracy of conventionally used techniques for determining the order of magnetic phase transitions (e.g.
Banerjee's criterion).

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Magnetic refrigeration is a new technology aiming to replace the
conventional chillers exploiting the gas expansion/compression
cycles, which are dominating the market since 1927 when first
commercial devices appeared. Most of the traditional refrigerators
operate in a closed circuit, in which the condensation/evaporation
of gas leads to wasted heating/cooling of a load. For magnetic
refrigeration, a solid magnetic material substitutes those gas re-
frigerants and the expansion/compression is replaced by the
application/removal of a magnetic field [1—4]. Hence, the use of
non-environmental-friendly gases, such as CFC, NH3, HCFC or HCF,
responsible for greenhouse effect and ozone depletion is elimi-
nated. Furthermore, magnetocaloric prototypes show a larger en-
ergy efficiency (60% of the theoretical limit versus 40% in typical
refrigerators), which is another significant advantage of magnetic
refrigeration [5].
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This emerging magnetic refrigeration technology is based on the
magnetocaloric (MC) effect. This effect, discovered and explained
by P. Weiss in 1917 [6], is defined as the thermal response of a
magnetic material upon subjected to a varying magnetic field
[7—10] and is conventionally ascribed to the interactions between
the magnetic and lattice subsystems. With the application of an
alternating magnetic field, the entropy of the magnetic subsystem
changes due to the alignment/misalignment of the magnetic mo-
ments along the direction of the magnetic field while the lattice
entropy is only affected by temperature variations. Under
isothermal conditions, the system undergoes a change in the total
entropy (ASrt) that equates to the variation in the magnetic sub-
system (no lattice contribution to the entropy). When the magnetic
field is changed adiabatically, a variation of the material tempera-
ture (ATs) results from the change in lattice entropy that com-
pensates for the magnetic entropy change, as the total entropy is
maintained constant.

A significant MC effect (i.e. large values of AS; and ATg at
moderate magnetic field change of 1-2 T, which are used in real
devices) occurs in the vicinity of a magnetic phase transition. Phase
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transitions are mainly classified as first (FOPT) and second-order
(SOPT) phase transitions according to the Ehrenfest's classifica-
tion [11]. A FOPT is characterized by a discontinuity in the first
derivative of the free energy associated to a thermodynamic
parameter (leading to the existence of a latent heat, coexistence of
the two phases during the transition and hysteresis phenomena
[12]). A SOPT is characterized by a discontinuity in the second de-
rivative of the free energy (leading to a continuous phase trans-
formation). With this, MC materials are categorized with the same
classification. Typically, SOPT MC materials present lower MC effect
than FOPT MC materials, nevertheless exhibiting a broader tem-
perature width of MC maximum and a reversible character of the
transition. The FOPT MC materials show a large MC effect but in a
narrow temperature range accompanied by thermal/field
hysteresis.

Nowadays, one of the most promising family of MC materials are
La(Fe,Si)13 compounds [13,14]. These compounds are composi-
tionally based on abundant, non-critical and non-contaminant el-
ements. From the different binary systems consisting of a rare earth
element and one of the Fe, Co or Ni transition metals, only the
La—Co system presents an intermetallic compound with the
NaZnjs-type structure [15,16]. The large saturation magnetization
and high Curie temperature of LaCoi3 made it attractive for its
possible application as a permanent magnet (with limited success,
as the cubic structure has no anisotropy) or as a high temperature
soft magnetic material [17,18]. It is possible to obtain the NaZnqs-
type structure in the LaFej3 system by incorporating Si [19]. The
cubic La(Fe,Si){3 phase shows a temperature-induced FOPT ferro-
paramagnetic transition (as well as field-induced para-ferromag-
netic transition) around 200 K. The temperature and type of the
transition are strongly depended on Si content [20,21]. The corre-
sponding transition leads to an MC effect with moderate thermal
hysteresis (compared to other FOPT MC materials, such as FeRh or
Heusler alloys) and with associated volume change of around 1%
though the crystal symmetry remains unaltered (magneto-elastic
transition). Hydrogenation of the La(Fe,Si);3 compounds produces
an expansion of the NaZni3-type unit cell that shifts the transition
temperature (Tigns) close to room temperature (around 340 K)
without decreasing the MC effect, which facilitates their applica-
tion in room temperature devices [22,23].

However, it entails issues to be solved before commercialization
of La(Fe,Si)q3, for example the material degradation under cycling or
reducing the thermal hysteresis [24]. Its MC effect is tunable by the
additions of different dopants (mainly, rare earths substitution to La
or transition metals to Fe). It has been reported that elements on
the left side of Fe in the periodic table, which exhibit similar atomic
radius as Fe (e.g. Mn [25], Cr [26]), shift Tyqns to lower temperatures
(antiferromagnetic coupling) [27]. Conversely, those on the right
side (e.g. Co [28], Ni [26]) shift Tyans to higher temperatures
(ferromagnetic coupling) [27]. For Ni additions, the MC effect can
be tuned in the same way as Co additions but the former avoids
using critical raw materials and at the same time reducing material
cost (Co is a critical element), which contributes to enabling com-
mercial magnetocaloric devices.

With the aim of studying the influence of Fe substitution by Ni
on the properties of La(Fe,Si)13 magnetocaloric materials, a series of
LaFeq16-xNixSi1.4 compounds were developed and characterized.
The studied samples, produced by induction melting and suction
casting, exhibit an extended compositional critical point of SOPT of
Xcritical = 0.21 (leading to a 2.6-fold extension compared to previ-
ously reported similar alloys [26]) together with high sample ho-
mogeneity and amount of NaZnq3 phase. Density Functional Theory
(DFT) calculations show that the NaZnq3-type crystal structure is
retained with Ni substitutions, in agreement with experiments. The
order of the phase transition is also studied using the Banerjee's

criterion and two other methods based on field dependence of MC
effect (one based on the Bean and Rodbell model [29] and a recent
proposed quantitative criterion using the field exponent [30]). The
latter two techniques are shown to successfully determine the or-
der of phase transitions for all compositions and even address for
compositions near the compositional critical point of SOPT, which
is challenging for such materials exhibiting a gradual crossover
from FOPT to SOPT.

2. Experimental and methods

LaFe116Si14 compound, which was demonstrated that it un-
derwent a FOPT [31], was chosen as the parent composition. In
order to investigate influence of Ni on the MC effect of this com-
pound, 20g of material, each with nominal compositions of
LaFeq16-xNixSi14 (x =0, 0.1, 0.2, 0.3 and 0.4) were produced by in-
duction melting from pure elements. To remove possible oxide
phases in the elements, La was initially cleaned by arc melting prior
to being induction melted with other elements. It was reported that
the shape and cooling rate influence the annealing time for
La(Fe,Si)13 compounds, which consequently affect the amount of
the NaZn3-type structure phase (denoted as 1:13 phase) [32]. To
ensure homogeneity, the samples, encapsulated in quartz tubes
under Ar atmosphere, were subsequently annealed at 1050 °C for
3 h. The annealed ingot was then further segmented into different
pieces for subsequent suction casting (using a rectangular mold of
10 x4 x 0.5mm>). A 9wt. % excess of La was also added to
compensate its vaporization during the melts. Suction casted
samples were then annealed (wrapped in Mo foil and sealed in
quartz tubes) in a resistance tube furnace at 1100 °C for 24 h to
obtain high amount of the desired 1:13 phase.

Microstructural characterization and average bulk composi-
tional quantification of the samples were performed using a Philips
XL30 FEG scanning electron microscope equipped with energy-
dispersive X ray system (SEM/EDX). The X-ray diffraction (XRD) of
the pulverized samples were collected at room temperature using a
Stoe Stadi P instrument in transmission mode with Molybdenum
Koy source radiation (A =0.70930 A). Rietveld refinement of the
XRD patterns was performed using TOPAS Version 6.0 software.

Magnetization measurements were performed with a vibrating
sample magnetometer (standard option of a Quantum Design
Physical Properties Measurement System, PPMS). The magnetic
field was applied along the length of the suction casted plates to
minimize contributions from the demagnetizing factor (further
details in Results and discussion section). From isothermal
magnetization (M) curves measured at different temperatures, the
isothermal entropy change (AS7) was calculated numerically indi-
rectly using the Maxwell relation according to [33]:

ASH(T, H) = to /H (57) o ()
0

where the initial magnetic field is fixed as 0. The adiabatic tem-
perature change (ATs) was directly measured in a home-built
experimental set-up whereby the sample was thermally isolated
to ensure adiabatic conditions during the variation of the magnetic
field (more information can be found in Ref. [34]). As FOPT MC
materials can exhibit thermal hysteresis, a special characterization
protocol for erasing the thermal and magnetic history of the sam-
ples has been applied in order to appropriately measure their
isothermal magnetization curves and correctly apply the Maxwell
relation for AS7 calculations [24,35]. A power law for the field
dependence of ASr (in the form of AS;oeHMT-AH)Y js assumed
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[36,37]. The local field dependence exponent n was calculated from
ASr data as:

din(ASy)

n(T,H) = ~din(H) (2)

In addition, Density Functional Theory (DFT) calculations were
performed to unveil at atomic level the structural, electronic and
magnetic properties of LaFeq15.xNixSi1.5 compound series, using a
plane-wave basis set as implemented in the VASP package [38].
This composition is one of the closest that can be generated using
the selected unit cell for the NaZny3-type crystal. Although the Si
content slightly deviates from the experimental compound inves-
tigated in this work, LaFeq15Si1 5 also shows a FOPT and the effects
of Ni additions should be similar for both cases. An energy cutoff of
335 eV was considered to build the plane-wave basis set, which was
proved to accurately describe such compounds [39,40]. The pro-
jected augmented wave method [41,42] was employed for the
pseudopotentials of all species involved and the Perdew-Burke-
Ernzerhof (PBE) functional [43] was chosen to reproduce the ex-
change and correlation electronic interactions. The four constituent
metals were separately tested by calculating simple bulk structures
to ensure a good agreement of the obtained lattice parameters.

Following a conjugate gradient algorithm, to study their equi-
librium configurations all the structures subjected to ionic re-
laxations were considered, starting from the same parent unit cell
(NaZni3-type) with a lattice parameter of 11.488 A (see Results and
Discussion section for further details about the cell). Although no
restrictions in the cell volume were imposed during these re-
laxations, no significant distortions from the initial cubic symmetry
are observed in the final structures. The convergence criterion to
complete the structural minimization process was that forces upon
atoms must be less than 0.005 eV/A while a cutoff of 10-% eV was
established to achieve electronic self-consistency. Due to the large
size of the cell, the reciprocal space was sampled usinga 3 x 3 x 3
Monkhorst-Pack grid [44]. To explore magnetic and electronic
properties, collinear spin polarization was required for all calcula-
tions and the Vosko-Wilk-Nusair interpolation [45] was used to
resolve the on-site magnetism at atomic level. Due to the strong
ferromagnetism of this material, it is necessary to start from an
initial high magnetic moment configuration, which in our case was
3.5 Bohr magnetons per Fe atom. Both magnetic and electronic
features were evaluated using a thinner k-point grid of 4x4x4 and a
Gaussian broadening of 0.1eV, starting from the converged
structures.

3. Results and discussion

Fig. 1 shows the back scattered electron (BSE) images for the Ni-
containing LaFeqqs.xNixSij4 samples. Bright spots correspond to
La;Fe;Si; phase (P4/nmm), dark ones to ¢-Fe phase (Im-3m) and
the gray ones to the desired 1:13 phase (NaZny3-type, Fm-3c). For
all studied compositions, BSE images show a homogenous structure
with the main phase of the desired 1:13 stoichiometry. Almost
negligible a-Fe impurities were observed for samples with low Ni
contents of x = 0.1 and 0.2 (while some minor amounts of «-Fe was
reported for similar alloys in the literature [46]). Some bright spots
of La;Fe;Sij phase can be noticed, which could be due to the excess
La added for suction casting. The dark spots corresponding to a-Fe
phase become more noticeable with increasing Ni concentration
for higher Ni contents (x = 0.3 and 0.4), although the high amount
of the obtained 1:13 phase with compositions close to the nominal
shows an extension of the solid solubility limit previously ascribed
to Ni [47]. In addition, the compositional analysis by EDX (Table 1)
shows a good agreement between the measured and nominal

compositions with only slight deviations for higher Ni content. A
further examination of the latter samples shows that the Ni/Fe ratio
is the highest in the LajFe;Si; phase than in a-Fe and 1:13 phases,
indicating a preferential segregation of Ni in the La-rich phase.

Fig. 2 shows the XRD spectra for LaFeq16.xNixSi1.4 samples. It can
be seen that the samples mainly consist of 1:13 phase and trace
amounts of a-Fe and La;jFe;Si; phases are also detectable, which
agree with our BSE results. In addition, minor peaks corresponding
to a-Fe phase become more evident with higher Ni content, espe-
cially for x = 0.3 and 0.4. The results from the Rietveld refinement
of the different XRD spectra and the goodness of fit (GoF) are
tabulated in Table 2, in which all the GoF values close to 1 (ideal
case) are observed. The amount of a-Fe increases with Ni content,
showing large increments of 10.4 and 7.1 wt.% for samples with
x = 0.3 and 0.4, which is consistent with microstructure presented
in Fig. 1. Ni additions do not modify the NaZn3-type structure
though the lattice parameter decreases with increasing Ni content
at a rate of —0.0018(6) A (at.% Ni)~! (also shown in the composi-
tional dependence of lattice parameter plotted in Fig. 3a).

In addition to experimental investigation, the crystal structure
of related LaFeq15.«xNixSiq 5 alloy series was studied using DFT cal-
culations. They were performed using the same parent unit cell
(NaZny3-type) with periodic boundary conditions to represent the
cubic symmetry (Fm-3c) of the crystal structure of LaFe11 5.xNixSi1 5.
It contains a total of 112 atoms (8 formula units) distributed in three
nonequivalent Wyckoff positions (8a, 8 b and 96i) as depicted in
Fig. 3b. While the 8 La atoms occupy the 8a positions, Fe atoms are
located either at 8b or 96i sites, giving rise to two chemically
different iron species, Fe—I and Fe-II respectively. Since most of the
studies [48—50] assume that the incorporation of Si atoms prefer-
entially or exclusively takes place on 96i sites, we have randomly
replaced 12 Fe-II by Si atoms in order to obtain the stoichiometric
LaFeq15Si15 compound, which serves as the starting point (x =0)
for the subsequent Ni incorporation. With this aim, we replaced
additional Fe-II atoms (from 1 to 4) by Ni atoms, leading to the
series x = 0.125, x = 0.25, x = 0.375 and x = 0.5, in agreement with
the compositions of experimental samples. It is worth noting that
this unit cell is large enough to allow an approximate random
distribution of silicon and nickel substitutions. The preferential
incorporation of Ni atoms at the 96i sites is also considered for
other two calculations: Ni replacing a single Fe atom from the 96i
and 8 b positions. The results pointed out a slightly more energet-
ically favorable configuration (0.13 eV per unit cell) for the first
choice. Taking into account the intense annealing carried out on the
samples during the synthesis, we can consider that Ni atoms will
finally exclusively incorporate at the 96i positions. In this sense, Ni
substitution behaves very similar to the case of Co, which has been
already studied by neutron diffraction [51]. Small distortions from
the cubic symmetry in the equilibrium structures indicate that the
original NaZnqs-type crystal structure is retained upon Ni sub-
stitutions, indicating that the substitution of Ni atoms has a very
small impact on the parent crystal structure, in agreement with
experimental results. The minimal reduction of the lattice param-
eter with increasing Ni content (Fig. 3a) also agrees with XRD re-
sults while a noticeable increment in the mass density is observed
due to the higher atomic mass of Ni compared to lighter Si (see
Table 3 for details).

Fig. 4 shows experimental results of the temperature depen-
dence of the normalized magnetization (with respect to the
magnetization at 170K) at 0.05T for the set of samples. It can be
observed that the temperature span of the transition becomes
broader and shifts to higher temperatures as Ni content increases.
From the normalized representation, it is possible to estimate the
amount of a-Fe from the high temperature range of the curves.
These obtained values are in good agreement with those obtained
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Fig. 1. BSE images for the set of LaFe1.xNixSiy4 series and schematic representation of suction casted plate dimensions.

Table 1
Compositional EDX analysis for the 1:13 phase in the different samples.

Sample

LaFe11.6Si1.4 La1.00(3)F€11.2(4)Si1.45(12)
LaFeq1.5Niq.1Si1.4 La1.00(3)Fe11.22)Nio.10(2)S11.42(12)
LaFeq1 4Nio2Si1 4 La1 oo2)Fe11.1(2)Nio.18(3)Si1.44(12)
(
(

1:13 phase composition

LaFeq13Nig3Si1.4 Lay o0(3)Fe10.9(2)Nio.26(3)Si1.50(12)
LaFeq1.2Nig4Si1.4 La1.00(3)Fe10.92)Ni0.33(3)Si1.54(12)
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Fig. 2. XRD spectra for the LaFe;6.xNixSi14 series.

from the Rietveld refinement of the XRD spectra and BSE images,
revealing the high homogeneity of the produced samples (as
different parts and different plates have been taken into account to
perform the different analyses). Magnetization values of the

1:13 phase for the different samples are slightly modified with Ni
additions. Removing the a-Fe effect in magnetization curves (from
the fitting of the paramagnetic tail of the data) it can be observed
that the spontaneous magnetization at 180K for the 1:13 phase
slightly decreases as the Ni content increases at a rate of 7.7(2.2)
emu g~ ! (at.% Ni)~!, although the presence of o-Fe prevents any
further analysis. The transition temperature (Tqns) is determined
as the temperature for which the derivative of magnetization with
respect to temperature is maximum (shown in the inset of Fig. 4). It
can be observed that Tyqns phenomenologically follows an
monotonous increase with increasing Ni content (fitted to a power
law of the form Tigns = a+bx® with a=192.6(5), b=159(17),
c=2.19(13) and 12 = 0.998).

Further analysis of the magnetic behavior using spin polarized
DFT calculations was performed to resolve the on-site magnetic
moments of individual atoms and to provide additional informa-
tion about the ferromagnetic state of these alloys. For the parent
LaFe115Si15 compound a total magnetic moment per formula unit
(fu.) of 24.61 pg was calculated. Using crystallographic data of
Table 3 a saturation magnetization of 166.9 emu g~ is obtained. Fe
atoms are responsible for the strong ferromagnetic behavior of this
compound, displaying average magnetic moment of 2.24 g (Fe-II)
and 1.83 pp (Fe—I) per atom. Conversely, Si and La atoms show a
slight antiparallel coupling with residual magnetic moment per
atom of —0.10 pg and —0.21 pp respectively. These results are in
good agreement with previous calculations [39,50] and reported
experiments of neutron scattering [49] and Mossbauer spectros-
copy [52].

In the case of partial substitution of Fe-II by Ni atoms, a slight
monotonic reduction in the total magnetic moment per f. u. (and
saturation magnetization) of ~1 pg with increasing Ni concentration
was found (from 24.61 pg to 23.85 ug, see Table 3). The atomic on-
site magnetic moment calculated from spin-polarized DFT is pre-
sented in Fig. 5 and it shows no relevant changes in the magnetic
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Table 2
Lattice parameters of NaZn3-type phase, phase proportions and goodness of fit (GoF) obtained for the LaFeq;6.xNixSi14 series determined from Rietveld refinement.
Sample a [LaFe 3] (A) 1:13 (wt.%) a-Fe (wt.%) LaFeSi (wt.%) GoF
LaFeq1.6Si14 11.49043(13) 97.9 0.2 1.9 1.35
LaFe11.5Nig1Sit.4 11.49179(16) 96.9 0.9 23 1.17
LaFeq1.4Nip2Si1 4 11.48836(15) 96.2 3.8 0 1.26
LaFe;;.3Nig3Si1 4 11.4884(3) 849 142 0.9 1.01
LaFe112Nig4Sit 4 11.4857(5) 776 213 1.1 1.10
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Fig. 3. a) Lattice parameter obtained from Rietveld refinement and DFT calculations for different Ni concentrations. b) Side view along de the (100) face of the unit cell of LaFey;5Si 5
crystal structure (space group Fm-3c) represented with a ball-and-stick model. La atoms (blue) occupy 8a positions, Fe-I (orange) 8 b sites while Fe-II and Si atoms (depicted with
red or gray bonds) distribute randomly on 96i sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Lattice parameters, mass densities, magnetic moment per formula unit and satu-
ration magnetization obtained from DFT calculations for the LaFe;; 5x<NixSiy 5 alloys.

Alloy a(A) Density (gcm™3)  p(ug) Ms(emug™?)
LaFeq15Si15 11.4473 7.291 24.61 166.9
LaFE11_375Ni0_125511_5 11.4457 7.297 24.40 165.4
LaFey10sNigasSins 114431 7.305 2416 1638
LaFeqq 10sNigs7sSirs 114429  7.309 2404 1628
LaFeq1Nig5Si15 11.4419 7314 23.85 161.5

moment distribution of the original LaFeq15Si15 species when Ni
atoms are introduced. As the mean values per species remain
essentially constant, the reduction of the total magnetization is
attributed to the presence of Ni atoms (green bars in Fig. 5). They
display a much lower magnetic moment compared to those of Fe-II
atoms, with a mean magnetic moment per atom ranging from 0.4
ug to 0.5 up, depending on the particular compound. Hence, the
magnetic moments of Fe-II and Ni atoms are observed to be very
similar to those of their corresponding metallic states [53]. There-
fore, a reduction in the total magnetic moment per unit f. u. of ~0.2
ug [emerging from (2.2—0.4)/8] per Ni atom is expected (see
Table 3).

The magnetic structure is further studied at atomic-scale from
the various atomic contributions to the total electronic density of
states (DOS), which is shown in Fig. 6. Each curve represents the
accumulated projected DOS of each atom type. A strong peak
contributed by La atoms is observed on empty states (E-Er = 3 eV)
while those from Fe—I and Si atoms are less significant. As expected,
the dominant contribution comes from Fe-II atoms, which are
responsible for the permanent magnetic moments: for e.g.,
remarkable discrepancies are observed between up and down DOS

at E-Er = -3 or +2 eV for all compositions. With the partial sub-
stitution by Ni atoms, these differences decrease with Ni content
though a strong ferromagnetic behavior is preserved as the Ni/Fe
ratio is still small. For low Ni content, the contribution of Ni atoms
(magenta lines) to the total DOS is limited but different from that of
Fe-II. Now the main mismatch between up and down spins is near
E-Er = —2 eV butin a much less accused way. This strong difference
in the electronic structure between Fe-II and Ni atoms suggest for
the observed variation in the magnetic properties of LaFeqis.
xNixSi15 despite that similar total magnetic moments are ob-
tained with varying Ni content. In the frame of DFT calculations, it is
very challenging to extract quantitative information about the
transition temperatures but both experimental [54] and theoretical
results [55] point out that the magnetic exchange energy of Ni is
clearly stronger than that of Fe. Thus, a shift of the transition
temperatures to higher temperatures would be expected after
partial substitution of Fe-II atoms by Ni atoms. At the mean field
level, the Ni—Ni exchange interactions become more evident
especially for higher Ni concentration. This is equivalent to what
has been observed for Co substitution [13,56,57].

Fig. 7 (a) and (b) show the experimentally obtained temperature
dependences of ASy and ATs (at ppAH = 1.9 T), respectively, for the
different samples. For ASr, it can be observed that the maximum
ﬂASka decreases with Ni content at a rate of 5.8(6) ] kg~ ' K~ ! (at.%

i)*li ? = 0.95). Moreover, the AS‘;" curves for x=0 and x=0.1
(despite a slight reduction of |A. ‘;k observed for the latter) main-
tain abrupt low temperature tails that drastically change into a
gradual type for higher Ni content (x > 0.2). In addition, the cor-
responding temperatures of AS‘;" , Tﬁ’;, shift to higher tempera-
tures with Ni additions, whi i

e the width of the curves becomes
larger (the full width at half maximum (FWHM) varies from 8.6 to
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Fig. 4. Normalized magnetization (with respect to magnetization at 150 K) at 0.05T and calculated transition temperature (inset) for the for the LaFe;;6.x<NixSij 4 series.

25.7 K for the samples with x = 0 and 0.4, respectively). In the case
of ATs in Fig. 7b, the maximum ATs decreases for x = 0.1 despite
retaining a similar shape of ATg(T) curve as that of x =0 sample.
Similar features as those in Fig. 7a are observed: the shapes of
ATg(T) curves become gradual for x > 0.2, the maximum AT values
reduce at a rate of 1.47(13) K (at.% Ni)~! (+*=0.97), T‘;’}S shift to
higher temperatures with Ni additions, and the FWHM of the peak
increases with Ni content (from 5.3 to 25.7 K for the samples with
x=0 and 0.4, respectively). ATs(T) curves were measured using
increasing (heating) and decreasing (cooling) temperature pro-
tocols and no significant thermal hysteresis was observed for all the
studied samples.

It should be noticed that, for this analysis, the effect of the
demagnetizing factor have been checked. The demagnetizing factor
was determined from the inverse of M vs H slope using My curves
measured at low fields and temperatures well below the transition.
The demagnetizing factor of x = 0 sample is estimated as 0.0927(3)
(this value is used for the whole studied series as all the samples
have similar shapes). The recalculation of ASr values considering
the demagnetizing factor and using the internal field instead
(Hine = H — NM) results in a 2% difference in |ASP¥|, indicating that a
negligible effect on ASt (and therefore ATs).

To estimate the cooling power of the compounds we calculate
the minimal coefficient of refrigerant performance (CRP,,;,) ac-
cording to [58], whereby the temperature difference between the
hot and cold reservoirs is approximated as AT‘S’k instead of the
FWHM of ASt curve. The CRP,,;, values decrease with Ni additions
(from CRPp;,=3.1 to 0.2 for LaFeq;6Sij4 and LaFeq13Nig4Siy.4,
respectively). This cannot be ascribed to the presence of o-Fe
observed for higher Ni content samples since the «-Fe transition is
well above that of LaFe;3 phase and its mass fraction is negligible in
comparison with the decrease of CRP,;,. In addition, as both
experimental and DFT calculations show no drastic alteration to
overall magnetization with Ni additions, it is unlikely to attribute
magnetization to the reduction in MC effect with increasing Ni

content. Hence, the alteration of the nature of the phase transition
could arise as responsible for this change, which is also composi-
tional dependent.

To study how the order of the phase transitions of the samples
changes with Ni concentration, two methods based on the field
dependence of MC data were used. These methods do not need any
fitting procedure, assumptions of the material's nature or extensive
data analysis. The field dependence of AS; adopts a power law
expression as ASto«H™, and its exponent n at the transition tem-
perature is correlated to the critical exponents of the material in the
form of n(Tyans) =1+ (1 — 6’1 )(5’1 (where the critical exponents
and d give the temperature dependence of M at zero field and the
field dependence of M at Tiqns, respectively) [37]. For SOPT mate-
rials with long range interactions, the values of n(Tyqans) are typi-
cally similar to those determined using critical exponents for mean
field model (n(Tyqans) = 0.67). On the other hand, for short range
interactions, the typical values are close to Heisenberg or 3D-Ising
models (0.63 and 0.57, respectively). For the n(Tiqans) of SOPT, there
exists a lower compositional limit corresponding to the case where
the material transits from SOPT to FOPT and this point is called the
compositional critical point of SOPT (denoted as “tricritical point”
by some authors). According to theoretical considerations, the
values of the critical exponents at this critical point yield n(Tans) =
0.4 [59]. For FOPT, although the material does not exhibit a critical
region, the ASr(H) in high fields lead to n(T¢ans)<0.4 when using
the Bean and Rodbell model [60]. This is also experimentally
observed for other La(Fe,Si)q3 series [21]. Therefore, there is a clear
criterion to identify SOPT and FOPT MC materials based on the
values of n(Tyqns) when materials can be described with the Bean
and Rodbell model (e.g. La(Fe,Si);3 compounds).

To clearly distinguish the order of the phase transition and also
to find the compositional critical point of SOPT, the field depen-
dence exponent n of the studied LaFe11 g.xNixSi1 4 series is plotted as
a function of temperature for ppAH = 1.9 T (main panel of Fig. 8).
The n(Trans) as a function of Ni content is presented in the inset of
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Fig. 7. Although the demagnetizing effect on ASy curves has been
earlier shown to be negligible in this study, it is being considered
for exponent n as it was reported to affect n more significantly than
the former [61—63]. It can be observed that samples with x =0, 0.1
and 0.2 show n(Tirans)<0.4 values, indicating they undergo FOPT. On
the other hand, larger n(Tyans) values (above 0.4) are observed for
x=0.3 and 0.4, indicating they undergo SOPT. Also, the composi-
tional critical point of SOPT corresponding to a Ni content is pre-
dicted as x=0.21 (where it is assumed a linear interpolation
between the different points). The presence of a-Fe could
contribute to increasing the values of n(Tyqns) for higher Ni-
containing samples [64] though this effect is relatively small as
the transition temperature of a-Fe is well above of that of La(Fe,Si) 3
phase. For samples with a Si content of 1.5 (LaFe11.5.xNixSiy 5), it was
reported that their order of phase transition altered from FOPT to
SOPT for alloys with a Ni content of x = 0.08 [26], which is a smaller
limit compared to our case. Furthermore, a higher amount of
1:13 phase is attained for all samples studied in the present work.

The next method to determine the order of the phase transition
using the field and temperature dependence of exponent n is model
independent, unlike the previous technique [30]. It shows that a
quantitative criterion of n > 2 near the transition indicates a FOPT
and was successfully applied to different MC materials, such as
La(Fe,Si)13 and Heusler alloys, composites etc. From Fig. 8, over-
shoots of n>2 near the phase transition for LaFeqSii4, LaFeq1s.
Nig1Si14 and LaFeq14Nig>Sij4 are observed, which indicate that
they undergo FOPT. On the other hand, higher Ni-containing sam-
ples show a gradual increase from the minimum towards a
maximum value of 2 (paramagnetic region), indicating SOPT
behavior. This is in agreement with the previous observations in
n(Trans) values.

In addition, the applicability of Banerjee's criterion to deter-
mine the order of phase transition [65] was also studied. This
criterion establishes that the negative slopes of isothermal M2 vs
HIM curves (Arrott plots) indicate FOPT, while positive slopes
point to SOPT. Furthermore, it implies that the material follows a
mean field model. The Arrott plots of the studied samples are
plotted in Fig. 9 (magnetic fields lower than 500 Qe are not
considered). They show good agreement with the former analyses
(from the exponent n) except for LaFeq14Nig2Si14 alloy, which
shows positive slopes in the Arrott plot (instead of negative). One
should note that this compound exhibits a composition very near
to the compositional critical point of SOPT for this series
(x=0.21). The imposition of a mean field model in this method
leads to values of the critical exponents rather different from
those of the critical point of SOPT, which attributes to its failure for
this composition (LaFeq14Nig2Sii4). These were also reported for
other magnetocaloric materials, wherein the results from Bane-
rjee's criterion contradict to calorimetric data [66].

4. Conclusions

In this work, we studied the influence of Fe substitution by Ni on
the structure, magnetic behavior and magnetocaloric effect of
La(Fe,Si)13 compounds. Using induction melting combined with
suction casting, the required annealing duration was reduced by an
order of magnitude as compared to that for the former counter-
parts. On top of that, the solid solubility of Ni in the desired
1:13 phase was extended. DFT calculations show that the NaZni3-
type structure was retained (Ni occupies the 96i sites) and only
slight decrease in the overall magnetic moment was predicted
(ascribed to the lower moment of Ni atoms); both theoretical
predictions are in agreement with experimental results. Magne-
tocaloric studies show that the first order phase transition was
transformed into a second order type with increasing Ni
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concentration. We show that using the field dependence of mag-
netocaloric effect, the order of the phase transition can be unam-
biguously determined using a quantitative criterion even for
compositions near the compositional critical point of SOPT (for
which FOPT — SOPT). This critical point was determined as
x = 0.21 in this work, leading to a 2.6-fold extension compared to
previously reported similar alloys (x = 0.08) [26].
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