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Materials with a large magnetocaloric response require a large magnetic moment. However, we show in
this paper that it is possible to retain both the isothermal entropy change and the adiabatic temperature
change even using dopants that reduce the magnetic moment of the parent alloy, provided that the first
order character of the transition is enhanced. In this work, a combination of first-principles calculations,
experimental determination of the magnetocaloric response (direct and indirect) as well as a new cri-
terion to determine the order of the phase transition are applied to Cr-doped La(Fe,Si);3 compounds.
Despite a reduction in magnetic moment, the magnetocaloric response is retained up to x = 0.3 in
LaFeq16xCrxSi14. Unlike other transition metal dopants, Cr occupy 8b sites and couple antiferromag-
netically to Fe atoms. The cross-over of first to second order transition is achieved for a Cr content of
x = 0.53, larger in comparison to other dopants (e.g. Ni or Mn). A direct relation between the first order
character and the hysteresis is observed.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Magnetocaloric (MC) materials for room temperature applica-
tions require a large magnetic moment that exhibits a strong
temperature and field dependence [1]. Therefore, one natural
approach to enhance the magnetocaloric response is to increase the
magnetic moment of the alloy or compound. However, the tem-
perature change of magnetization does not relate directly to the
magnitude of the moment but it depends on the characteristics of
the phase transition. In the most general case, however, doping a
certain material does not significantly change the details of the
transition and, therefore, an increase in the moment will translate
into an increase of the magnetocaloric response. However, once the
character of the transition is altered, this intuitive relation no
longer holds. This is particularly true for compounds that are close
to the separation between first and second order phase transition
(i.e., the composition of the critical point of the second order phase

* Corresponding author.
E-mail address: vfranco@us.es (V. Franco).

https://doi.org/10.1016/j.actamat.2019.06.022
1359-6454/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

transition). In these cases, we will show that the magnetocaloric
response can remain essentially constant despite a reduction in the
magnetic moment, leading to alternative ways of tackling the
optimization of the materials.

La(Fe,Si)13 compounds are one of the most promising families of
magnetocaloric materials [1—3]. They are based on abundant, non-
critical and non-contaminant elements and exhibit a large MC
response with small hysteresis [4—6] and soft magnetic behavior
[7]. For La(Fe,Si){3 compounds, their MC effect is attributed to their
itinerant-electron metamagnetic transition [3] at low magnetic
fields above the Curie temperature (from para-to ferro-magnetic
state). This transition is found to be of first order type (FOPT) with
associated volume change of around 1% though the crystal sym-
metry remains unaltered (magneto-elastic transition).

It is well known that a FOPT is defined by the existence of a
discontinuity in the first derivative of the free energy with respect
to a thermodynamic variable (like magnetization), while a second
order phase transition (SOPT) is associated to a discontinuity in the
second derivative [8]. SOPT MC materials present lower responses
than those of FOPT MC materials, though the former exhibit a larger
temperature span and have a reversible character, avoiding the
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hysteresis that accompanies FOPT MC materials [9]. One of the
goals for the development of MC materials is to combine the pros
from both types of materials: large response without associated
hysteresis. Consequently, the search of compounds is currently
focused at the intermediate point between both categories of MC
materials [10,11]. The family of La(Fe,Si);3 compounds is a good
example of this search for the critical point of the transition, as it
can exhibit mixed characters of FOPT and SOPT by compositional
variations [12,13].

The MC response of La(Fe,Si){3 compounds is the largest around
200K. For tuning it for room temperature applications, hydroge-
nation of the sample shifts the transition temperature to temper-
atures above room temperature (around 340K) without a
significant decrease of the MC response. In addition, very fine
tuning of the transition temperature is attained by using different
dopants (mainly, rare earths substitution to La or transition metals
(TM) to Fe) [14—16]. Moreover, for technological applications, it is
also desirable to produce a series of compounds with a distribution
of transition temperatures [17] or reduced associated hysteresis
[18]; both can be achieved by doping. Elements on the left side of Fe
in the periodic table can be employed, being Mn the most exten-
sively studied [6,14,19] though at the expense of lowered MC
response and alteration of FOPT to SOPT. Cr addition also leads to a
reduction of the transition temperatures in TM-based compounds,
being Cr a possible alternative dopant to Mn that minimizes the
difficulties in materials preparation (Mn vaporizes or oxidizes
easily).

In this work, we show that the MC response (either Asy and ATs)
remains essentially constant up to a Cr content of x = 0.3, though
the magnetic moment is significantly reduced. Both experiments
and Density Functional Theory (DFT) calculations show that the
NaZn3-type crystal structure [20] is unaltered by Cr incorporation.
However, in contrast with previously studied dopants such as Co
[21] or Ni[13], Cr atoms are found to preferably occupy 8b sites and
are antiferromagnetically coupled to Fe atoms. Making use of the
recently developed field dependence MC analyses [12,22], the or-
der of phase transitions for the studied series is successfully
determined and compared to the results of Banerjee's criterion
[23]. According to the results, a non-monotonic evolution of the
order of phase transition with increasing Cr content is found
(increasing the FOPT character for low Cr concentrations), in
agreement with the observed thermal and magnetic hysteresis.
Moreover, these analyses aid further estimation of the critical SOPT-
FOPT composition, being x = 0.53 (larger than previously reported
for similar compounds [24] and comparable to other transition
metal dopants [13,14]).

2. Experimental

LaFe11,6Si1.4 compound, which was reported that it underwent a
FOPT, was chosen as the parent composition [12]. For each alloy
with nominal compositions LaFeqq.xCrxSi1a (X=0 up to 0.6) 5g
of material were produced by induction melting from pure ele-
ments. To remove possible oxides in the elements, La was initially
melted by arc melting prior to induction melting with other ele-
ments. The ingots were then further segmented into different
pieces for subsequent suction casting (using a rectangular mold of
10x4x05mm3). 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 resistive tube furnace at different temperatures
for 48 h to obtain high amounts of the desired NaZn13-type
structure (subsequently denoted as 1:13 phase). The use of suc-
tion casting drastically reduced the annealing process from weeks
to days [13].

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
Kay radiation (A=0.70930A). Rietveld refinement of the XRD
patterns was performed using TOPAS 6.0 software.

Magnetic moment measurements were performed with a
vibrating sample magnetometer. The magnetic field was applied
along the length of the suction casted plates to minimize contri-
butions from the demagnetizing factor. As; was calculated
numerically from isothermal specific moment (o) curves measured
at different temperatures using Maxwell relation:

H

st (T.H) = o | (57),,.9H (1)
0

where the initial magnetic field is chosen as 0. ATg was directly
measured in a home-built experimental set-up whereby the sam-
ple was thermally isolated to ensure adiabatic conditions during
the variation of the magnetic field (more details in Ref. [25]). This
device allows us to also characterize the time evolution of the
temperature close to the phase transition. As FOPT MC materials
can exhibit thermal hysteresis, a discontinuous protocol for erasing
the thermal and magnetic history of the samples was performed
[26,27]. The field dependence exponent n [28] was calculated from
Ast data as:

dIn(Asr)
n(T,H) = “din(H) (2)

Density Functional Theory (DFT) calculations were performed to
unveil the structural, electronic and magnetic properties of the
LaFe116.xCrxSi14 series at atomic-scale, using the VASP code [29].
The one-electron wave functions were expanded in a set of plane
waves with a kinetic energy lower than 335eV [13,30,31]. The
projected augmented wave method [32,33] was employed to
construct the pseudopotentials of all species involved while the
Perdew-Burke-Ernzerhof (PBE) functional [34] was chosen to
reproduce the electronic exchange and correlation. As a first step,
the four constituent metallic elements were separately tested by
calculating simple bulk structures to ensure a good agreement of
the obtained lattice parameters and bulk moduli.

The equilibrium geometries of all analyzed compounds were
obtained after structural optimizations, which utilize a conjugate
gradient algorithm till the forces upon atoms were smaller than
0.005 eV/A while each self-consistent electronic loop converged
with a tolerance better than 10~®eV. All calculations were initial-
ized from the same parent unit cell with cubic symmetry (space
group Fm-3c, crystal structure NaZny3) and a lattice parameter of
11.488 A. All the atoms were allowed to relax to find their equilib-
rium positions and there were no restrictions imposed in the vol-
ume cell during the relaxation process. The minimal distortions
found in the unit cells after the geometrical optimization indicate
that the original cubic symmetry is preserved upon Cr incorpora-
tion (see Sec. 3.2 for further crystallographic details). In the calcu-
lations, the reciprocal space was sampled using a I'-centered
3 x 3 x 3 Monkhorst-Pack grid [35]. For exploration of the mag-
netic and electronic properties, all calculations were performed
with collinear spin polarization and the Vosko-Wilk-Nusair inter-
polation [36] was used to resolve the on-site magnetism at atomic
level. Due to the strong ferromagnetism in these compounds, it is
necessary to start from an initial configuration of high magnetic
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moment: 3.5 pg per Fe atom and —3.5 or +3.5 pp per Cr atom were
used in this work to obtain the antiferromagnetic or ferromagnetic
solutions, respectively. Both the magnetic and electronic features
were evaluated using a thinner k-point grid of 5x5 x5 and a
Gaussian broadening of 0.1eV, starting from the pre-converged
structures.

3. Results and discussion
3.1. Structural characterization

BSE (Back Scattering Electron) images of the LaFeq1g.xCrSii4
series after annealing are shown in Fig. 1. Different annealing
temperatures were used for different Cr contents for the phase
optimization of 1:13 phase, which is highly desired for the large MC
response in these compounds. It is found that the required
annealing temperatures for maximum amounts of 1:13 have
significantly increased with Cr incorporation. Bright spots corre-
spond to LajFe;Siy or LasSi; phase (P4/nmm and P4/mbm, respec-
tively), dark ones to a-Fe phase (Im-3m) and the grey ones to 1:13
phase (Fm-3c). For all studied compositions, BSE images show a
homogenous structure with the 1:13 phase as the main phase.
Almost negligible a-Fe impurities were observed for samples with
Cr contents up to X = 0.42. For samples up to x = 0.21, some small
black spots can be observed that correspond to shape irregularities
(secondary electrons images corroborate this). Small La;Fe;Sii/
LasSi; amounts can be also noted, which could arise from the excess
La from the initial element mixture. However, this excess prevents
the formation of large amounts of a-Fe. For Cr contents larger than
x = 0.35, the LasSi, phase is formed while, for smaller contents, the
typical La;Fe;Si; phase is obtained. The a-Fe phase fraction be-
comes more noticeable with increasing Cr concentration though
the high 1:13 phase fraction for x = 0.56 sample shows an exten-
sion of the solid solubility limit previously ascribed to Cr (for a Cr
content close to 0.5 we reach 87 wt% of 1:13 phase, while only 73%
was achieved in Ref. [37]). A further compositional examination of
the secondary phases shows that the Cr/Fe ratio is the highest in o-
Fe (e.g. for x = 0.56 sample the Cr/Fe ratio is 0.051 and 0.071 for the
1:13 and a-Fe phases, respectively) while there is no Cr in the LazSi,
phase. The composition of the 1:13 phase analyzed by EDX is shown
in Table 1: the compounds are labeled according to their deter-
mined Cr content in 1:13 phase (x = 0.00, 0.12, 0.21, 0.35, 0.42, 0.47
and 0.56).

Fig. 2 shows the XRD patterns for the LaFeq;6.xCrSiy4 Series. It is
observed that the different samples mainly consist of 1:13 phase

and trace amounts of o-Fe (indexed lines); La-rich phases are not
clearly detected. Table 1 also shows the lattice parameter of the
1:13 phase (aj.13), phase fractions (§) and goodness of fit (GoF)
obtained from Rietveld refinement of the spectra. GoF values are
close to 1 (ideal case) and below 2, indicating a good fitting. For all
the compounds, the NaZnq3-type structure is retained without a
significant modification of the lattice parameter. The amount of a-
Fe increases as Cr increases, which is consistent with microstruc-
tural analysis by BSE.

3.2. DFT studies

Microscopic crystal structure of the LaFeq15.xCrxSiy 4 alloy series
was investigated with DFT calculations. All calculations were car-
ried out starting from the same parent unit cell with periodic
boundary conditions to reproduce the cubic symmetry of the
LaFeq16Si14 parent sample. All unit cells contained a total of 112
atoms (8 unit formulas) distributed in three nonequivalent Wyckoff
positions (8a, 8b and 96i). In the hypothetical LaFeq3 structure
(NaZnq3-type), the heavier La atoms would occupy all the 8a posi-
tions while Fe atoms would be located either in 8b or 96i sites with
full occupancy. In this arrangement, two crystallographic different
iron species can be found, labeled as Fe—I (8b) and Fe-II (96i). The
structure presented in Fig. 3 shows a distribution of La atoms and
Fe—I atoms that follows a cubic CsCl arrangement. Each La atom is
surrounded by 24 Fe-II nearest-neighbor atoms, forming a poly-
hedron that resembles a snub cube. Eight such polyhedra with
alternating orientations make up the conventional unit cell, whose
lattice parameter is twice the minimum distance of Fe—I—Fe—I (or
La—La). On the other hand, the coordination sphere of each Fe—I
atoms consists of 12 first neighbors, constituting a near-
icosahedron of Fe-II atoms. Therefore, this structure can also be
viewed as Fe-II icosahedra stacked in alternating directions, form-
ing a unit cell that contains eight of these icosahedra. In the stable
structure of LaFeq16Siq4, a fraction of Fe atoms has been replaced by
lighter Si atoms, responsible for the final stabilization. Previous
studies [38,39] suggest that the incorporation of Si atoms prefer-
entially or exclusively takes place at 96i sites. Therefore, 13 Fe-II
atoms were randomly substituted by Si atoms to closely repro-
duce the compound composition of LaFeq16Si14, which serves as
starting point (x=0) for the subsequent Cr incorporation. It is
worth noting that this unit cell is large enough to reproduce a
reasonable random distribution of Si atoms on 96i sites.

To study the effect of Cr substitutional doping in the crystal
structure, additional Fe atoms (from 1 to 6) were replaced by Cr

Fig. 1. BSE images of the LaFe;;.xCrySi; 4 samples after annealing at different temperatures (for which maximum 1:13 phase fraction is obtained).
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Composition of the 1:13 phase determined by EDX analysis and lattice parameter of 1:13 phase, phase fraction and goodness of fit (GoF) determined from Rietveld refinement
for the LaFeq;6.xCrySiy 4 series.

Compound Composition [1:13] a3 £(1:13) ¢(a-Fe) GoF
(A) (wt.%) (wt.%)
x=0.00 La1_00(4)Fe11_5(5)Si1_40(14) ]1478(3) 100 0.0 1.55
x=0.12 Lal‘00(4)Fe11‘3(7)Cr0,12(2)5i1‘42(14) ]1.476(3) 100 0.0 1.49
x=0.21 Laj o03)Fe11.1(5)Cro.21(2)S11.42(14) 11.478(4) 97.7 2.3 1.39
x=0.35 La]'()()(s)FE1140(7)Cl’0_35(5)si1442(17) ]1477(4) 94.9 5.1 1.25
x=0.42 La1_00(3)Fe10_8(5)Cr0_47(3)5i1_59(16) ]1.475(2) 92.8 7.2 1.10
x =047 Lag.00(3)Fe10.8(7)Cro.42(4)Si1.53(16) 11.477(2) 87.5 12.5 1.99
x=0.56 La1,00(3)Fe1047(5)Cr0_55(4)5i1459(15) ]1476(2) 75.5 24.5 134
T T T T T T T T
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=0.42 Fig. 3. Perspective view of the unit cell of LaFe;6Siy 4 (space group Fm-3c) represented
R0 with a ball model displaying the coordination polyhedra of La atoms (blue), which
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occupy 8a positions. Fe—I atoms (orange) are located on 8b sites while Fe-II atoms (red)
and Si atoms (not shown in the figure) distribute randomly on 96i sites. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
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Fig. 2. XRD patterns for the LaFe;.xCrxSi1 4 series. Bragg reflections corresponding to
o-Fe and 1:13 phases are indexed.

atoms, leading to the series of x = 0.125, x = 0.25, x = 0.375,x = 0.5,
x=0.625 and x =0.75. This enabled a fair comparison with the
experimental series of compounds obtained. As the preferential site
for the substitution of Cr atoms cannot be assumed a priori, two
possibilities were studied: the incorporation at 96i and 8b Wyckoff
sites. The calculations point out that the incorporation in Fe—I (8b)
sites is clearly more energetically favorable than that at the Fe-II
(96i) sites. In particular, we find that Fe—I substitution is stabi-
lized by 0.31 eV per Cr atom in the unit cell with respect to the Fe-II
replacement. This is retained for all concentrations studied with
similar energy differences. The strong annealing treatment during
the synthesis of the samples justifies the selection of the 8b sites for
the substitution. In this regard, it is worth noting that Cr atoms
display a distinctive behavior compared to other first-row transi-
tion metals in the periodic table, despite having a similar atomic
size. Especially, Cr dopants have a clear preference to occupy the
highly symmetrical 8b sites of Fe—I, rather than the 96i positions
of Fe-II, which was the usual substitution observed for Ni [13] or
Co [21].

occupancy at 8b positions, which possess enough free room to
avoid the expansion/compression of the unit cell. The small dis-
tortions suffered in the unit cells after Cr substitution are, overall,
considered minor for the studied range of concentration. This re-
veals that the original NaZnis-type crystal structure is preserved
upon Cr incorporation. Table 2 shows the lattice parameters and
mass densities obtained for the LaFeqq6.xCrySii4 series. The lattice
parameter remains unaltered regardless the concentration of Cr,
without showing any relevant tendency, in agreement with XRD
results. The same trend is observed for the mass density.
Spin-polarized DFT calculations allow us to get further insight
into the magnetic ordering of the alloys, resolving the individual
magnetic moments of each atomic species. The parent sample
displays a strong ferromagnetic behavior with a total magnetic
moment per cell of 24.13 up for LaFeq16Siy.4. Using crystallographic
data shown in Table 2, the magnetic moment of the cell can be
expressed in terms of specific magnetization, leading to a value of
164.4 emu/g. The strong ferromagnetic behavior in the La(Fe,Si)13
compounds arises mainly from the majority Fe-II atoms, which
possess an average magnetic moment of 2.24 pg per atom, while
Fe—I atoms also contribute with a slightly lower value of 1.83 g per
atom. In addition, Si and La atoms show a slight anti-parallel
coupling with residual magnetic moment per atom of —0.10 pg
and —0.21 pg respectively. These findings are in concordance with
previous calculations [30,39] and experimental values obtained by
neutron scattering [38] and Mossbauer spectroscopy [40].
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Table 2

Lattice parameters, mass densities, magnetic moment per unit cell and saturation magnetization obtained with DFT calculations for the LaFe 1 6.xCrxSiy 4 series. The number of

atoms of each species per unit cell is also indicated.

Atoms per unit cell Compound a Atomic weight Density n a5

La Fel Fell Cr Si (A) (g mol~! fu.™") (g cm™3) (ug fu1) (emug ")
8 8 83 0 13 LaFeq16Si1.4 11.4436 819.781 7.27 2413 164.4

8 7 83 1 13 LaFe11.475Cro.1255i1.4 11.4395 819.300 727 23.46 160.0

8 6 83 2 13 LaFe;135Cro255i1.4 11.4347 818.819 7.28 22.79 155.5

8 5 83 3 13 LaFe11.225Cro375Si1.4 11.4296 818.338 7.28 22.10 150.8

8 4 83 4 13 LaFeq1.1CrosSit4 11.4236 817.857 7.29 2143 146.3

8 3 83 5 13 LaFe10.975Cro.6255i1.4 11.4270 817.376 7.28 21.17 144.7

8 2 83 6 13 LaFe05Cro.75Si1.4 11.4289 816.895 7.27 20.86 142.6

First-principles calculations to study the changes of the mag-
netic properties at the atomic level upon progressive Cr incorpo-
ration were also performed. A noticeable reduction (approximately
15%) in the total magnetic moment per f.u. (and saturation
magnetization) with increasing Cr concentration is shown in
Table 2, decreasing from the initial 24.13 pg (x=0) to 20.86 ug
(x=0.75). For that, the atomic on-site magnetic moment distri-
bution collected in Fig. 4 is further studied. The most relevant
feature of substitutional Cr dopants is the antiferromagnetic
coupling to Fe atoms. No ferromagnetic solution is observed for Cr
additions, in agreement with previous calculations on a reduced
cell, which also pointed out to the exclusivity of the antiferro-
magnetic coupling [41]. However, it is remarkable the existence of a
stable ferromagnetic solution for low Cr concentration (x = 0.125)
but only when the Cr atoms are incorporated in 96i sites, which is
not the most energetically favorable configuration. Hence, the only
stable solution is the one with anti-parallel magnetic coupling
between Cr and Fe atoms. This is reflected by the bar charts in Fig. 4,
where Fe—I and Fe-II atoms show opposite signs to the other atoms
in the compounds, wherein their magnetic moments are repre-
sented by different colored bars: Cr (purple), Si (grey), La (blue),
Fe—I (orange) and Fe-II atoms (red). Notice that in all these cases

mm Si mm Cr mm Fe-ll Fe-l mLa

S

oL x=0.000

2+

" N -
[ x=0.125

2L

t- T
[ x=0.375

2L

2+
SE T
[ x=0.500

2L

2+
T
[ x=0.625

2L

2+
R 1T
I x=0.750

2L

f(pg)

Fig. 4. Atomic on-site resolved magnetic moment obtained with spin-polarized DFT
for the 112 atoms of the unit cell in the LaFeq 6.xCrySiy4 compound as a function of Cr
content.

the coupling is entirely antiferromagnetic. Cr atoms usually display
a magnetic moment of —1.5 pp but for higher Cr content (x = 0.625
and x = 0.75), the antiferromagnetic coupling weakens and some
Cr atoms display a lower value of magnetic moment (—0.5 pg). The
slight asymmetry between 8b sites is likely a spurious effect due to
the absence of a real random distribution of Si atoms on 96i sites.

According to this scenario, the reduction in the total magnetic
moment is attributed to the antiferromagnetic coupling of the new
Cr atoms incorporated in the crystal lattice. No other relevant
changes in the magnetic moment distribution of La, Fe or Si atoms
are observed with respect to the original parent sample of
LaFeq16Si14. This strong antiferromagnetic coupling is another
distinctive fingerprint of Cr dopants in this system at variance with
other similar transition metals, like Co or Ni, which displays only
ferromagnetic coupling [13,21,41], or Mn, whose preferential
magnetic configuration is not clear [41,42].

Fig. 5 shows the different contributions of the atoms in the unit

- - Six10
Crx10

—— Fe-ll
—— Fe-l
--- La

Total

PDOS per f.u. (eV)

20 20
10 10
0 0
-10 -10
-20 | x=0.625 + x=0.750 4-20
6 4 20 2 46 4 20 2 4
E-EE (eV)

Fig. 5. Evolution of the electronic properties of the LaFeq;¢.xCrySii4 alloy with
increasing Cr concentration. Each curve represents the accumulative PDOS of each
species (the sum of the PDOS of all atoms of the same class). Notice that Si contribution
is only shown for x =0 and it remains unaltered in the other compositions.
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cell to the total electronic density of states (DOS). Each curve rep-
resents the accumulated projected density of states (PDOS) of each
species, that is, the sum of atomic PDOS of atoms belonging to the
same class. As expected, the contributions of La and Si atoms are
minor and they remain unchanged with Cr substitution.
Conversely, the main contribution arises from the Fe atoms, the
majority species, especially Fe-II atoms, due to their higher pro-
portion. The presence of Fe-II atoms is responsible for the strong
ferromagnetic behavior shown in this material. Notice, for instance,
the clear differences between up and down PDOS in E-Eg = —3 eV
or +2 eV, which appear in all studied concentrations of Cr. The
presence of Cr dopants reveals a distinctive behavior also charac-
terized by a magnetic fingerprint, showing opposite signs of those
of Fe-II. This is mainly observed in the down PDOS peaks located at
E-Er = —4 eV and -2 eV, whose magnitude grows with increasing
Cr content. However, it has to be noted that the atomic Cr/Fe ratio is
rather low and the main characteristics of the studied series will be
essentially those coming from the majority Fe-II atoms, like the
strong ferromagnetic ordering in spite of the Cr antiferromagnetic
coupling.

3.3. Magnetocaloric properties and characteristics of the phase
transition

Fig. 6 shows the temperature dependence (heating and cooling)
of the normalized magnetic moment with respect to the value at
100K for 0.05 T. In this representation, the high temperature values
offer information on the amount of a-Fe, which are only evident for
higher Cr content, in agreement with the XRD values. The transition
temperature shifts to lower temperatures with increasing Cr con-
tent. Determining Tirqns as the temperature for which the derivative
of magnetization with respect to temperature is maximum for the
cooling curve, a linear trend as a function of the Cr content (rate of

Cr content, x

0.0 0.2 04 0.6
190

185 _
<
Y — <
E g
x=0.00 | , 170F
0.5 el [ 4.6(4) K (at.% Cr)
| 165

/500K

0.05T 1
@2Kmin"
0‘0 C 1 1 1 1 1 1 ]

1
150 160 170 180 190 200 210 220
T(K)

Fig. 6. Temperature dependence of the normalized magnetization with respect to the
magnetization at 100K for a magnetic field of 0.05T for the LaFe;;¢xCrySii4 series.
Inset: Calculated Tyqns While cooling as a function of Cr content.

4.6(4) K (at.% Cr)~1) is observed, which is further shown in the inset
of Fig. 6. This rate of change is smaller than those found in other
TM-doped series such as Co [43] or Mn [42]. It is experimentally
found that magnetic moment of the 1:13 phase reduces with Cr
additions (about 10 emu/g per at. % Cr at around 150K), in agree-
ment with DFT calculations, though the presence of a-Fe phase
prevents any further analysis. Fig. 7 shows the thermal hysteresis
(blue curve) obtained from the data presented in Fig. 6 as a function
of Cr content. A non-monotonic behavior of the thermal hysteresis
as Cr content increases is observed. The maximum value is
observed for x = 0.21 sample, while hysteresis decreases for higher
Cr content, reaching values close to zero for x=0.47 and 0.56
samples. In addition, the magnetic hysteresis (red curve) is
analyzed from the magnetization/demagnetization curves at tem-
peratures above the transition temperatures (Fig. 7). The inset of
Fig. 7 illustrates the magnetization/demagnetization curves for the
samples x = 0.00, 0.21 and 0.42 (as an example of the curves from
which the data are obtained). A similar trend is observed for both
types of hysteresis. From Table 1, an increase of the Si content for
higher Cr doped samples (from x = 0.42) is observed, which can be
related to the presence of the a-Fe phase. This higher Si content can
also affect the hysteresis for that set of samples, though the non-
monotonic feature remains unaltered as the Si content is the
same for samples up to x = 0.35.

The upper panel of Fig. 8 shows the temperature dependence of
Ast for the LaFeq16-xCrySij4 series, together with the Cr content
dependence of the peak values (|As'**|) (inset), for a magnetic field
change of 1.9T measured upon cooling. It is observed that the
temperatures at which |As"%¥| takes place, i.e transition tempera-
tures, decrease with Cr content (as previously observed). An
evident increase in the width of Ast curves for higher Cr content is
also observed. |Asi"®*| decreases as Cr content increases following a
power law of the form f(x) = a+ bx¢, being x the Cr content (with
a=221(5)] kg ' K-, b=-69(10) ] kg~' K~ and c = 2.6(3)). For
low Cr content, |AT'*| remains practically constant, with changes
being noticeable for x = 0.25 and above. With respect to the shape
of the Asr vs. T curves, the characteristic abrupt variation associated
to FOPT MC materials is observed for compositions up to x = 0.47.
The lower panel of Fig. 8 shows the temperature dependence of AT
and the Cr dependence of AT (inset) for a magnetic field change
of 1.9 T measured upon cooling. The same main features observed
for the Ar case are also observed for ATg(T). The ATs response
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Fig. 7. Thermal and magnetic hysteresis associated to the LaFe 1 6.xCrxSiq4 series. Inset:
Magnetization/demagnetization curves at temperatures close to Ty for x = 0.00, 0.21
and 0.42 samples.
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Fig. 8. Temperature dependence while cooling of Asy (upper panel) and ATs (lower
panel) for a magnetic field change of 1.9 T for the LaFe;;6.xCrySiy4 Series. Insets: \AST”"\
and AT¢™ as a function of the Cr content, compared to Ni doped results [13].

decrease and also shifts to lower temperatures with Cr addition.
The curves become wider for higher Cr concentration. The decrease
of ATZ™ with Cr content can be phenomenologically fitted to a
power law of the form f(x) = a + bx® (witha=6.7(4) K,b=-10(3) K
and ¢ =2.8(7)), as seen in the inset. Regarding the adiabatic tem-
perature change, similar ATs(T) curve shape of x =0.00 sample is
retained up to x = 0.47.

The results are compared to those of Ni-containing La(Fe, Si){3
compounds [13], showing the evolution of |Asf®*| and AT with
increasing Ni concentration in the insets of Fig. 8. Ni dopmg pro-
duces a significantly larger decrease of the magnetocaloric
response than Cr doping. This is in contrast with the smaller vari-
ation of the average magnetic moment per atom in the case of the
Ni-doped alloy. DFT calculations indicate that Ni atoms are coupled
with a magnetic moment of 0.44 pg while —1.5 pg is obtained for Cr
atoms. This demonstrates that to understand the role of the TM
doping on the MC response, the characteristics of the phase tran-
sition has to be characterized. For this purpose, two MC field
dependence analyses had been applied [12,22]. These methods had
been reported to easily determine the order of the phase transition
and the critical SOPT-FOPT composition. With a quantitative
magnitude, they identify the FOPT character of various materials,
such as La(Fe, Si);3 [13], Heusler alloys [44] or cobaltites [45].
Moreover, these analyses do not require any fitting procedure or
extended data calculations.

One of these methods recently reports [22] that an overshoot of
n values larger than 2 is observed near the transition temperature
for FOPT (while for SOPT, n goes to a minimum at Curie transition,
increasing to values not beyond 2 thereafter). Fig. 9 shows the
temperature dependence of the field dependence exponent n for a
magnetic field change of 1.9 T for the LaFeqq6.xCrySii4 series. It is
observed a clear overshoot of n above 2 for samples up to x = 0.47,
indicating that samples undergoes a FOPT. For x = 0.56, a smooth
variation from a minimum value up to 2 is observed, indicating
SOPT-behavior [46]. The values of the overshoot can give us infor-
mation about the nature of the transition, whereby higher values
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Fig. 9. Temperature dependence of the field dependence exponent n for a magnetic
field change of 1.9 T for the LaFeq1,6.xCrxSiy.4 series. Inset: n(Tyqns) as a function of the Cr
content for 1.9 T, compared to Ni doped results [13].

are attained with increasing FOPT-character, though a very fine
analysis should be performed as the temperature step can affect the
obtained characteristics (the narrow peak should be characterized
with enough temperature resolution). It should be noted that these
overshoots are found to appear for temperatures near the transition
and for moderate magnetic fields, i.e. when the itinerant-electron
metamagnetic transition occurs.

On the other hand, it was shown [12] that the values of the
exponent n at the transition temperatures (Tiqns) are related to the
order of the phase transition, being n(Tians)<0.4 for FOPT,
N(Ttrans)>0.4 for SOPT and n(Trans) = 0.4 for the critical SOPT-FOPT
point (where FOPT crossovers to SOPT). The inset of Fig. 9 shows
n(Tyans) as a function of the Cr content for the LaFeq;g.xCrySiy.4,
indicating FOPT for samples up to x =0.47 and SOPT for x =0.56
sample. This is in agreement with the results obtained with the
previously mentioned overshoot method. Interpolating
n(Tirans) = 0.4 for the critical point, it is estimated that the critical
composition corresponds to a Cr content of x = 0.53, which is larger
than the previously reported for similar compounds (a 120% in-
crease [24]). For comparison, the evolution of n(Tgqans) with Ni
concentration is also shown in the inset of Fig. 9. It can be observed
that Ni content affects the order of the phase transition in a larger
way that for Cr doping, changing rapidly the order of the phase
transition from first to second order, with a critical SOPT-FOPT
composition X = 0.21 [13]). Further analysis of the Bean-Rodbell
model [47], which is considered a good approximation to
describe La(Fe,Si);3 compounds [19], shows that n(Ttans) is smaller
when the FOPT-character is stronger (which is described by the n
parameter in the model). According to this, it is observed that for
samples with x =0.12, 0.21 and 0.35, their n(Tgqns) values are lower
than that of the parent compound, indicating a stronger FOPT-
behavior (as highlighted by the dashed box). This is not observed
for the Ni doped series, where a monotonous change from first to
second order is obtained. The obtained results are in excellent
agreement with the hysteresis evolution observed for these series
of compounds, obtaining the maximum hysteresis for the smallest
N(Terans) value (i.e. x=0.21 sample). As already discussed, the
slightly higher Si content for higher Cr-doped samples can slightly
modify this tendency though it has to be accounted that for all the
compounds the Si content is below the critical limit found at 1.65
[12].



L.M. Moreno-Ramirez et al. / Acta Materialia 175 (2019) 406—414 413

0.6 . : : . . : : : :
f X 180 : . i
i ——0.00
- OIS L ——o012 _ 44 ] 1
o L ——o0n &
5 $ ——0.35
! 04 Y ~ 172 1]
=) \ ——o042 056
£ Y ——047 . \
o 0.3 ‘X \Q ——0.56 168 | Cooling @ 0.016 K s
o 03 \ \ , e
O 5 0 200 400 600 800
N .
o 02f o,
— . o,
iy
0.1F+
0.0
-2

Fig. 10. Arrott plots for the LaFeq.xCrySi14 series at selected temperatures close to
their transitions. Inset: Sample temperature while cooling at constant rate at tem-
peratures close the transition for x =0.42, 047 and 0.56 samples.

In addition, the Banerjee's criterion is applied to compare with
the results previously obtained by the MC field dependence ana-
lyses [23]. This criterion, based on mean field assumptions, estab-
lishes that negative slopes of isothermal H /o vs. 6% (Arrott plots
[48]) indicate FOPT, while positive slopes point to SOPT. Fig. 10
shows the Arrott plots for the LaFeq16.xCrxSi14 series at selected
temperatures close to their transitions. The extracted results show
good agreement to the MC field dependence analyses except for
X = 0.47 sample, which is supposed to undergoes a SOPT according
to the Banerjee's criterion. One should note that this compound has
a composition very near to the critical FOPT-SOPT composition for
the studied series (x = 0.53 from the previous analyses). However,
for x =0.47 sample, the shape of the curves hint at an inflection
point, which is not observed for the x =0.56 (more in agreement
with the expected SOPT-behavior described by the model). This can
indicate the existence of a slight FOPT-character though the Bane-
rjee's criterion does not allow more information to be obtained. It
should be noted that Banerjee's criterion imposes a mean field
approximation, which might not represent properly the material
under study, leading to erroneous interpretations [49]. Moreover,
for MC analysis there is no contribution arising from impurities (as
their transition temperatures are well separated to the 1:13 phase
one) but for Banerjee's criterion the results can be affected if the
contribution of the impurity phase to the magnetic moment is
significant [50]. Some works also reported contradictory results to
Banerjee's criterion in compounds that do not follow a mean field
model [51].

Another way to determine the order of the phase transition is
using calorimetry studies. In this work, the sample temperature
inside the direct magnetocaloric measurement setup was moni-
tored while the chamber temperature was modified at a constant
rate. For FOPT, a plateau region is attained (the sample temperature
remains constant during the transition) while for SOPT a gradual
evolution of the sample temperature can be found. The inset of
Fig. 10 shows the sample temperature while cooling at 0.016 K™
for x = 0.42, 047 and 0.56 samples (the samples closer to the critical
FOPT-SOPT composition). A plateau is observed for both x =0.42
and 0.47 samples (though it is smoother for the latter as it is closer
to the critical point), indicating FOPT. On the other hand, for
x =0.56 sample, a continuous evolution is observed (a slight slope
change can be observed at the transition temperature), indicating

SOPT. These results are in agreement with those obtained from the
MC field dependence analysis, confirming the accuracy of the
method (but differ from those of the Banerjee's criterion).

4. Conclusions

Using Cr-doped La(Fe,Si)i3 series, we have shown that the
magnetocaloric response of a series of materials can remain con-
stant even if the magnetic moment of the sample decreases
significantly. The explanation of this peculiar behavior is the change
of the nature of the phase transition, becoming more first order for
low Cr content. Unlike other transition metal dopants, Cr sub-
stitutes Fe—I (8b) sites, and has a large solid solubility limit. By
using novel magnetocaloric criterions to determine the order of
phase transition, a non-monotonic evolution of the FOPT-character
is found for increasing Cr additions. This feature is accompanied by
avariation of the thermal and magnetic hysteresis. DFT calculations
support the experimental microstructural and magnetic results.
They also further reveal the antiferromagnetic coupling of Cr to Fe.
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