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a b s t r a c t 

Materials responding vigorously to minor variations of external stimuli with negligible hysteresis could 

revolutionize many of the energy technologies, including refrigeration, actuation, and sensing. We report a 

combined experimental and theoretical study of a two-phase composite, naturally formed at the LaFe 2 Si 

stoichiometry, which exhibits a nearly anhysteretic, two-step first-order ferromagnetic-to-paramagnetic 

phase transformation with enhanced sensitivity to an external magnetic field. Other unusual properties 

include a large plateau-like positive magnetoresistance, magnetic-field-induced temperature and entropy 

changes occurring over a wide temperature range, and a Griffiths-like phase associated with short-range 

ferromagnetic clustering in the paramagnetic state. The heat capacity, magnetization, Mössbauer spec- 

troscopy, and electrical resistivity, all exhibit characteristic, unusually sharp, first-order discontinuities 

even in magnetic fields as high as 100 kOe. We expect that similar phenomena could be designed in 

other mixed-phase systems, leading to novel functionalities, such as giant caloric effects in many yet 

undiscovered or/and underperforming intermetallic compounds. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Energy-efficient, environmentally-benign magnetocaloric cool- 

ng, or, more generally, magnetocaloric heat pumping, has become 

 lively subject of research following discoveries of the giant mag- 

etocaloric effect in Gd 5 Si 4-x Ge x [1] and a few other families of 

aterials [2–8] , and laboratory demonstration of a heat pump, 

here the giant magnetocaloric effect of LaFe 13-x Si x H y was put to 

se [9] . Giant magnetocaloric effects arise from first-order mag- 

etic phase transformations (FOMPTs), hence significant hystere- 

is and poor thermal transport remain two materials-related ba- 

ic science challenges that impede the transitioning of the mag- 

etocaloric cooling technologies to market [ 10 , 11 ]. Preserving gi- 

nt magnetocaloric effects while reducing hysteresis to eliminate 

rreversibility has emerged as a major research area in rare-earth 

R) metal-based LaT 13-x Si x H y , where T = Fe mixed with late 3 d -

etals and R 5 X 4 , where X = group 14 element, and in transi-

ion metal-based Ni 2 TX and MnTX, where T = {Mn, Fe, Co, Ni, Cu} 
∗ Corresponding author. 
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359-6454/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
nd X = {Al, Si, Ge, Sn, Ti} [12–18] . Considering the natural abun-

ance of the constituting elements, LaFe 13-x Si x -derived compounds 

re among the most promising materials for energy applications 

 9 , 19-22 ]. They are, however, extremely brittle and mechanically 

riable, showing rather low thermal conductivities and measurable 

rreversibilities, which thus far could not be completely eliminated. 

Intermetallic compounds with general stoichiometry LaFe 13-x Si x 
rystallize in a face-centered cubic NaZn 13 -type structure (space 

roup Fm ̄3 c) with eight formula units per cell. The binary LaFe 13 

ompound is unstable due to a positive heat of formation relative 

o La and Fe elemental solids. However, this structure can be sta- 

ilized by adding a third element, for example, Si in LaFe 13- x Si x 
hen x ≥1.2. In a 112-atom, face-centered cubic cell of a hypothet- 

cal LaFe 13 , there are 8 La atoms located in 8a ( 1 / 4 , 
1 / 4 , 

1 / 4 ) po-

itions and two symmetrically independent Fe atoms: 8 Fe 1 in 8b 

0, 0, 0) and 96 Fe 2 in 96i (0, y, z) [23] . Neutron powder diffrac-

ion data suggest that the Si atoms in LaFe 11.4 Si 1.6 nearly randomly 

ccupy both 8b and 96i sites [23] . The Fe 1 -Fe 2 distance plays an

ssential role in determining the strength of magnetic exchange 

nteractions and, therefore, it affects the Curie temperature, T C , of 

aFe x Si x [ 23 , 24 ]. 
13- 

https://doi.org/10.1016/j.actamat.2021.117083
http://www.ScienceDirect.com
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As reported, LaFe 13- x Si x compounds with low Si content un- 

ergo magneto-volume, itinerant-electron metamagnetic (IEM) 

OMPTs between ferromagnetic (FM) and paramagnetic (PM) 

tates. These phase transformations can be induced by tempera- 

ure, external magnetic field, or both [25] . Defined as the mini- 

um of the first derivative of magnetization with respect to tem- 

erature, T C increases with the increasing magnetic field, and it 

s also influenced by stress/strain [26] . The Curie temperature de- 

ends on the composition, x , rising from T C ≈ 175 K for x = 1.17 to

 C ≈ 208 K when x = 1.6 [27] . Increasing x further converts this

undamentally and practically interesting FOMPT into a conven- 

ional second-order ferromagnetic-paramagnetic phase transforma- 

ion [27] . In general, properties of itinerant electron metamagnets 

re susceptible to, and can be rationalized and controlled by, vary- 

ng 3 d electronic density of states (DOS) at the Fermi energy ( E F )

28] . Thus, substituting T = V, Cr, Ni, Cu into La(Fe 1- y T y ) 11.4 Si 1.6 is

oth expected and known to strongly influence the d -electron con- 

entration and, hence, magnetic, magnetocaloric, and magnetoelas- 

ic properties of the LaFe 13- x Si x parent [29] . 

In addition to manipulating chemistry, substantial efforts have 

een devoted to tailoring mechanical, thermal, and magnetocaloric 

roperties of LaFe 13- x Si x by creating metal-metal composites 

hrough pressing and sintering its powders mixed with powders of 

ther constituents. For example, samples prepared by spark-plasma 

intering after adding 5% of LaAl, which promotes the formation of 

he LaFe 13- x Si x phase, show significant improvements in their mag- 

etic properties [30] . In another example, Wang et al. [31] reported 

aFe 13- x Si x H y /In composites prepared with different concentrations 

f indium by hot-pressing, which improves mechanical properties 

nd thermal conductivity. 

Another way to create a nearly ideal metal-metal composite is 

o make use of phases naturally developing in off-stoichiometric 

lloys. Considering that LaFe 13- x Si x is the phase of interest, it is im- 

ortant to examine how other phases present in the La-Fe-Si sys- 

em coupled via the cleanest possible interfaces in two- or three- 

hase alloys affect the functionality of such composites. The nearly 

quiatomic LaFeSi compound (its homogeneity range at 873 K ex- 

ends from LaFe 0.95 Si 1.05 to LaFe 1.13 Si 0.87 [32] ) and Fe 1- δSi δ solid 

olution always form in as-cast stoichiometric LaFe 13- x Si x alloys 

s the two primary solidification phases [33] . LaFeSi and Fe 1- δSi δ
ust be reacted in the solid-state during post-solidification an- 

eals to yield LaFe 13- x Si x [34] . The resulting annealed alloys nearly 

lways contain some Fe 1- δSi δ , which is a soft ferromagnet with T C 
ar above that of LaFe 13- x Si x , but LaFeSi is usually completely con- 

umed upon heat treatment. Large (10-15 wt. %) concentrations of 

esidual Fe 1- δSi δ improve mechanical stability but this phase also 

dds substantial ferromagnetic background and, for example, mag- 

etocaloric properties of two-phase LaFe 13- x Si x + Fe 1- δSi δ alloys al- 

ays suffer [29] . 

The LaFeSi intermetallic is drastically different from both 

aFe 13- x Si x and Fe 1- δSi δ: the nearly equatomic ternary compound is 

 Pauli paramagnet with no known crystallographic phase changes 

eyond conventional thermal expansion. So, the question arises 

hether LaFeSi intimately coupled with LaFe 13- x Si x will affect mag- 

etism and magnetothermal behavior of such a natural compos- 

te? And, if yes, then how? Phase relationships [32] in the ternary 

a-Fe-Si system indicate that, for example, a rather simple LaFe 2 Si 

omposition falls into a two-phase equilibrium region between 

aFe 13- x Si x with x close to 2.2 and nearly equiatomic LaFe 1.1 Si 0.9 . 

he LaFe 2 Si stoichiometry ensures that there is a large amount of 

he LaFe 1.1 Si 0.9 phase ( ca 70 % at 873 K, according to the lever rule)

o make a difference – the basic properties of nearly phase pure 

aFe 13- x Si x are explicitly known now. 

In this work, we investigate how properties of LaFe 13- x Si x in the 

wo-phase system are affected by the presence of the LaFeSi matrix 

sing temperature- and field-dependent magnetization, specific 
2 
eat, powder X-ray diffraction, and electrical resistivity measure- 

ents, as well as temperature-dependent Mössbauer spectroscopy. 

he well-known IEM FOMPT of LaFe 13- x Si x splits into two related 

vents, one of which is clearly reflected as anomalies of all mea- 

ured properties, while the second transformation remains hidden 

n bulk magnetization and electrical resistivity data. Further, the gi- 

nt magnetocaloric effect is observed over a much broader temper- 

ture range, and the thermal hysteresis is much lower when com- 

ared to those in the well-studied conventional LaFe 13- x Si x , com- 

only in the presence of 5-10 % of Fe 1- δSi δ . These results confirm 

hat the LaFe 2 Si alloy is indeed a naturally formed metal-metal 

omposite containing magnetically active LaFe 13- x Si x and magnet- 

cally inactive LaFeSi matrix rather than a simple non-interacting 

wo-phase mixture thereof. 

. Experimental techniques 

Elemental La with 99.98 + wt.% purity with respect to all other 

lements in the periodic table was obtained from the Materials 

reparation Center of the Ames Laboratory. At least 99.99% pure 

e and Si were purchased from Alfa Aesar Inc. A 10 g alloy with a

ominal composition of LaFe 2 Si was prepared from the elements 

y arc melting in an argon atmosphere. First, Fe and Si were 

elted together and re-melted three times, followed by adding 

he La metal and re-melting the alloy three more times; the al- 

oy button was flipped upside down after each re-melting. The to- 

al weight loss was 0.08 wt.%. The arc-melted button was then 

rop-cast into a ~1 cm diameter chilled copper mold to reduce 

rain sizes and achieve homogeneous solidification microstructure 

hroughout the ingot. The drop-cast alloy was further annealed at 

323 K for two weeks in a quartz tube sealed under vacuum, fol- 

owed by cooling with the furnace to room temperature after shut- 

ing down the power. 

The crystal structure was determined by powder x-ray diffrac- 

ion (XRD) between room temperature and 15 K in zero and ap- 

lied magnetic fields up to 35 kOe using the Rigaku rotating anode 

iffractometer (TTRAX system, Mo K α radiation) equipped with a 

ontinuous flow cryostat and a split-coil superconducting magnet 

35] . The crystallographic parameters of both phases and phase 

oncentrations were determined by Rietveld analysis using LHPM 

ietica [36] . dc magnetization was measured with a supercon- 

ucting quantum interference device magnetometer (MPMS-XL7, 

uantum Design, Inc.) and with a vibrating sample magnetome- 

er (PPMS, Quantum Design, Inc.) in magnetic fields up to 140 

Oe. The heat capacity measurements were performed using a 

omemade adiabatic heat-pulse calorimeter [37] in zero and ap- 

lied magnetic fields up to 100 kOe. Electrical resistivity measure- 

ents were performed in a four-contact configuration using PPMS. 

he microstructure and energy dispersive X-ray spectroscopy (EDX) 

easurements were carried out on an FEI Teneo scanning electron 

icroscope (SEM) equipped with an Oxford Instruments Aztec EDX 

ystem. The 57 Fe Mössbauer spectroscopy measurements were car- 

ied out using a 50 mCi 57 Co Rh source, in constant acceleration 

ode, and calibrated using a standard α-Fe foil. Isomer shifts are 

uoted relative to α-Fe at ambient temperature. The sample was 

ooled in a vibration-isolated closed-cycle helium refrigerator with 

he sample in a helium exchange gas. The spectra were fitted to 

 sum of Lorentzian lines. The clear broadening of the magnetic 

omponent was modeled using a Gaussian distribution of hyper- 

ne fields with the peak field and the Gaussian widths to the high 

nd low sides as independent variables. 

. Computational methods 

We used VASP [ 38 , 39 ] and KKR-CPA [ 40,41 ] codes to study

aFe x Si x and LaFeSi phases: an all-electron Korringa-Kohn- 
13- 
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ostoker (KKR) Green’s function code [40] that is capable of ad- 

ressing atomic and magnetic disorder within the coherent po- 

ential approximation (CPA) [41] , and a pseudo-potential, plane- 

ave method embodied in VASP code [ 38 , 39 ]. In both codes, we

sed the same Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

unctional [42] and the same modified, second Broyden method 

43] for accelerated convergence. We used 4 × 4 × 4 Monkhorst- 

ack k -meshes [44] for the Brillouin zone integration in the 112- 

tom unit cell of LaFe 13- x Si x (lattice constants and moments per 

ite are reported in Table S1 in the supplementary information, SI). 

ith Si doped on Fe sites, the structure is NaZn 13 (space group 

 m ̄3 c) with La at 8a sites, Fe 1 at 8b sites, and with Fe 2 at 96i sites

ith (0 y z) coordinates, as determined from the Rietveld refine- 

ent of the XRD data collected at 15 K (see below and Tables S2 

nd S3). The LaFeSi structure (with 2 atoms each) has a tetragonal 

nit cell (space group P4/nmm) with lattice constants ( a, b , and c )

nd La, Fe, and Si sites specified in Tables S2 and S3, similar to that

lso found from calculations by the Materials Project [45] . 

KKR-CPA calculations [ 40 , 46 ] were performed using a site- 

entered spherical-harmonic basis (including s, p, d , and f orbital 

ymmetries, i.e., l max = 3) in a scalar-relativistic approximation 

that is, no spin-orbit coupling) with periodic boundary correc- 

ions to account for interstitial electrons commensurate with crys- 

al symmetry. The screened CPA was used to address the atomic 

harge-correlations (Friedel screening) on average in the random 

lloy [47] . The self-consistent charge density was obtained from 

he all-electron Green’s function by means of a complex-energy 

semi-circular) contour integration using a Gauss-Laguerre quadra- 

ure (i.e., 24-point mesh enclosing the bottom to the top of the 

alence states). The cores of La, Fe, and Si included 48, 18, and 10

lectrons, respectively. The PM state was approximated by an un- 

orrelated disordered local moments (DLM), spherically distributed 

y 4 π radians, easily handled within the KKR-CPA. 

In VASP, atoms were fully relaxed until atomic forces did not 

xceed 0.024 eV/ ̊A. We used 400 eV energy cutoff for the plane- 

ave basis, and Davidson-block iteration scheme (IALGO = 38) for 

he electronic energy minimization [ 38 , 39 ]. Spin-polarized calcula- 

ions revealed the electronic structure of FM LaFe 13- x Si x at several 

alues of x . At x > 0, four different representative supercells were 

onsidered at each fixed composition. Bader analysis [48] was per- 

ormed to find a distribution of atomic charges and magnetic mo- 

ents. 

. DFT results 

According to the ternary phase diagram [32] , the LaFe 2 Si com- 

osition should segregate into into LaFeSi and LaFe 13- x Si x phases. 

ensity functional theory (DFT) shows that LaFeSi is non-magnetic 

NM), with zero atomic moments, see Fig. 1 (a). This agrees with 

he literature as experimentally no magnetic ordering has been 

etected for LaFeSi [49] . In contrast, the cubic LaFe 13- x Si x phase 

s magnetic, see Fig. 1 (b,c,d). KKR-CPA calculations reveal that a 

tructure with Fe/Si disorder on both Fe1 and Fe2 sites is slightly 

igher in energy than disorder only on Fe2 sites, in contrast to the 

nterpretation from neutron diffraction, which may be altered by 

hemical entropy; nonetheless, results are reported for Fe2 disor- 

er, see Table S1. We also note (our unpublished crystallographic 

ata) that the p -block element is known to avoid the 8b site, for 

xample in LaNi 11.4 Ge 1.6 , where Ge is found only on the 96i site,

hile the 8b site is fully occupied by Ni. KKR-CPA results reveal 

 strong dependence of atomic magnetic moments on the lattice 

onstant. In the PM (DLM) state, magnetic moments, M a , of Fe 1 
nd Fe 2 (see Table S1) increase from 0.547 and 2.163 Bohr mag- 

etons ( μB ) at a = 11.484 Å to 0.844 and 2.229 μB at a = 11.550
˚ ; moments of Si and La remain zero. In the FM state, all atoms 

ncluding Fe , Fe , Si, and La have nonzero M a , which increase, re-
1 2 

3 
pectively, from 1.54, 2.34, -0.178, and -0.325 μB at a = 11.484 Å to 

.61, 2.384, -0.181, and -0.336 μB at a = 11.550 Å. The CPA assumes 

 homogeneous occupancy of each sublattice, i.e., no atomic short- 

ange order (SRO), and returns a configurationally-averaged value 

f M a for each symmetry-distinctive species. In reality, there is a 

istribution of local moments. In VASP, Bader analysis in supercells 

eturns distribution of atomic volumes and magnetic moments of 

e atoms, expected due to a varying local chemical environment 

aused by disorder on 8b and 96i sites. Average values are compa- 

able to those from CPA, as expected. 

In DFT, the equilibrium lattice constant in the PM state of 

aFe 13- x Si x is smaller than that in the FM state, see Fig. 1 (b) and

he experimental data for LaFe 11.7 Si 1.3 in Fig. S1, SI. Bond lengths 

re shorter in the paramagnetic state compared to the ferromag- 

etic state due to increased separation from the magnetic wave- 

unction overlaps, and, as the atomic moments in the PM state are 

maller, one should expect a volume change at FOMPT. Similarly, in 

eRh, the Rh moment is zero in the antiferromagnetic (AFM) state, 

ut not in the FM state, and the AFM volume is slightly smaller 

50] . However, in systems like Pr 2 In [51] the volume change at the 

M-PM transition is negligible, and hysteresis is minimal. 

DFT results provide a compositional dependence of the equilib- 

ium lattice constant of LaFe 13- x Si x , which decreases with x [27] . 

his dependence is expected due to a smaller effective atomic 

adius of Si compared to Fe. The electronic and spin densities 

f states depend on the composition. Sharp peaks and narrow 

seudo-gaps are possible in ordered compounds, while atomic dis- 

rder smears them, see Fig. 1 (a,c). A similar phenomenon happens 

n high-entropy alloys [52] . A change of electronic DOS at E F affects 

he electronic entropy and contributes to the overall caloric effect 

50] . 

As mentioned above, small induced atomic magnetic moments 

f Si and La in the FM phase of LaFe 13- x Si x are aligned antiparallel

o those of the majority of Fe atoms. If an iron atom is effectively 

aged by Si [53] (e.g., an atom in the middle of the vertical edge

n Fig. 1 (d)), then its moment can align with Si neighbors and be- 

ome antiparallel to that of the majority of Fe atoms. However, the 

lignment of M a of such atoms should strongly depend on the ex- 

ernal magnetic field. 

Comparing atomic structures of magnetic LaFe 13- x Si x ( Fig. 1 d) 

nd NM LaFeSi ( Fig. 1 (a) insert), one can expect that LaFe 13- x Si x 
an precipitate in the LaFeSi matrix, coherently or not. The Curie 

emperature scales with the energy difference �E between PM and 

M states (dashed line in Fig. 1 (b)), which depends on the lat- 

ice constant, altered by strain or stress. Due to coherent strain, 

oherent precipitates undergo a FOMPT at T C , which differs from 

ncoherent precipitates. The NM LaFeSi matrix is inert to an exter- 

al magnetic field, but the matrix can alter the magnetic response 

f coherent LaFe 13- x Si x precipitates. First, anisotropic thermal ex- 

ansion of the matrix that adopts a tetragonal crystal structure 

hould create variable stress fields around the precipitates. Second, 

arge (up to 1.6 %) phase volume changes that occur in LaFe 13-x Si x 
t T C will further modulate the stress fields locally. Coupled with 

he itinerant nature of the magnetism of LaFe 13-x Si x , where both 

he magnetic moments and exchange interactions are sensitive to 

train, both of these effects are expected to play a role in defining 

he magnetic responses of magnetically active LaFe 13-x Si x grains. 

otably, as short-range order arising from two phases lowers en- 

rgy, the actual energy per atom of the PM state will be lower than 

iven by the DLM energy per atom. Consequently, the computed 

E in Fig. 1 (b) is an overestimate, albeit the slope vs. a is qualita- 

ively correct. As M a becomes smaller when the volume per atom 

s reduced and �E monotonically increases with M a , starting from 

E = 0 at M a = 0, the monotonic increase of �E(a ) in Fig. 1 (b) is

xpected. 
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Fig. 1. (a) Calculated electronic DOS (states-eV −1 per formula unit) in non-magnetic LaFeSi. The inset shows 0.033 e/ ̊A 3 charge-density isosurface in LaFeSi from VASP 

[La is green, Fe is brown, Si is blue]. (b) KKR-CPA energy of paramagnetic (PM DLM) and ferromagnetic (FM) states and �E = E(DLM) – E(FM) versus lattice constant in 

LaFe 13- x Si x at x = 0 and 2.208 with homogeneous disorder on (Fe,Si) sublattice. (c) Spin DOS (states-eV −1 per formula unit) in FM LaFe 13- x Si x at x = 0 and 2.25, computed in 

supercells using VASP. (d) 0.004 e/A 3 spin-density isosurfaces in FM LaFe 10.75 Si 2.25 lowest-energy structure [La is black, Fe is brown, Si is blue]. Positive (up) spin density is 

red-yellow-green with yellow isosurface, negative (down) is shades of blue (high is dark, low is light) with light-blue isosurface. 
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From the distribution of Fe moments and the dependence of 

ach atomic moment on its chemical environment (the fluctuat- 

ng number of Si or Fe atoms among neighbors), we expect de- 

endence of properties on the short-range order formed during 

eat treatment that depends on the thermal history of a sample. 

n particular, caloric response and T C may differ in quenched and 

nnealed samples. A similar effect was observed in other materials 

xhibiting a giant magnetocaloric effect [54] . 

. Experimental results and discussion 

Powder X-ray diffraction shows that LaFe 2 Si contains two 

hases ( Fig. 2 ), where the minority (~20 wt.%) phase is LaFe 13- x Si x 
dopting the cubic NaZn 13 -type structure and the majority (~80 

t.%) phase is LaFeSi 0.95 crystallizing in the PbClF-type structure 

ith space group P4/nmm. The composition of the 1:13 phase was 

xed with x = 1.2 (see below) and was not refined further, while 

he Rietveld refinement clearly indicates the presence of defects 

n the silicon sublattice of the majority phase (SI, Tables S2, and 

3). According to XRD, the material contains no other phases, such 

s α-(Fe 1- δSi δ), which is the primary solidification phase in alloys 

repared at the LaFe 13- x Si x stoichiometry regardless of x [ 55 , 56 ],

nd is often present in nearly stoichiometric 1:13 alloys even af- 

er long term annealing. The SEM and EDX results, (Fig. S2, and 

able S4, SI) are consistent with the XRD data, confirming the for- 

ation of a two-phase alloy, as well as the compositions of the 

wo phases within the accuracy of the technique. Considering the 
4 
verage ratios of concentrations of Fe and Si in both phases de- 

ermined from EDX, the LaFeSi matrix has stoichiometry close to 

aFeSi 0.9 , and stoichiometry of the LaFe 13- x Si x phase corresponds 

o x = 1.21. The latter nearly matches the commonly reported low- 

st concentrations of Si required to stabilize the LaFe 13- x Si x phase 

y annealing at and above 1300 K, while falling outside the ho- 

ogeneity range of LaFe 13- x Si x at 873 K, which terminates at the 

owest x = 1.73 [32] . 

The main LaFeSi 0.95 phase is a weak Pauli paramagnet with no 

eported magnetic or structural transitions down to 4.2 K [49] . Fur- 

her, our DFT calculations return zero atomic magnetic moments 

or stoichiometric LaFeSi, which is consistent with the stable non- 

agnetic phase of LaFeSi reported in ref. [57] . The absence of 

tructural polymorphism in the matrix is confirmed by XRD data 

ollected at 300 and 15 K ( Fig. 2 b). Therefore, LaFeSi 0.95 is ex- 

ected to be a magnetically inert matrix contributing negligibly to 

he magnetization of the LaFe 2 Si composite; interactions between 

he two phases are expected to be nearly exclusively elastic. The 

inority LaFe 13- x Si x phase is distributed uniformly in the matrix, 

aking the sample’s microstructure uniquely adapted to exhibit 

unctionalities that may not be available in a single-phase mate- 

ial, as discussed in detail below. 

Heat capacity, C p ( T ), measurements of LaFe 2 Si in various mag- 

etic fields are shown in Fig. 3 . Unexpectedly, C p ( T ) displays two

istinct anomalies: one at T 1 = 154 K, and another at T 2 = 192

. Both anomalies clearly reflect the first-order nature of the un- 

erlying phase transformations. The anomaly at T 2 nominally cor- 
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Fig. 2. Rietveld-refined X-ray powder diffraction patterns of LaFe 2 Si recorded at room temperature (a) and at T = 15 K (b). The upper sets of vertical bars represent locations 

of Bragg peaks of the minority cubic NaZn 13 -type phase, and the bottom sets of vertical bars represent the same for the majority, PbClF-type phase. 

Fig. 3. Heat capacity, Cp , of LaFe 2 Si measured as a function of temperature in magnetic fields up to 100 kOe. Inset in (c) shows the details in the vicinity of the phase 

transition anomalies in H = 40 kOe. Inset in (e) shows temperatures of heat capacity peaks as functions of a magnetic field. Inset in (f) shows the peak values of the 

temperature-dependent heat capacity anomaly as a function of a magnetic field. 

r  

b  

t

b  

d

o

t  

T

e

H  

t  

g

t  

m

fi

n

F

a

m

i

r

l  

m

a

m

i

t

c

r

esponds to ambient pressure T C of LaFe 13- x Si x with x = 1.45 [27] ,

ut the lowest reported T C = 175 K for x = 1.17 [27] is much higher

han the observed T 1 . Assuming that the linear dependence of am- 

ient pressure T C on x [27] holds for x ≤ 1.17, T 1 = 154 K would in-

icate x = 0.8, which is impossible, considering both the XRD data 

f Fig. 2 and consistency of EDS results listed in Table S4. With 

he increasing magnetic field, the temperature of the C p ( T ) peak at

 1 increases rapidly and linearly, but the field has minimal, if any, 

ffect on the anomaly at T 2 , which remains distinguishable up to 

 = 40 kOe, remaining at the same T 2 = 192 K ( Fig. 3 e, inset). The

wo C p ( T ) anomalies merge at H = 50 kOe, and they remain to-

ether in higher magnetic fields. The field-dependent behavior of 

he anomaly at T 1 , as well as of the single anomaly after the two

erge at H ≥ 50 kOe, is consistent with the effect of the magnetic 

eld on IEM transitions in nearly phase-pure, chemically homoge- 
5 
eous LaFe 13- x Si x . Hence, the splitting of the standard single IEM 

OMPT and the unusual magnetic field-dependent behavior of the 

nomaly at T 2 in the active LaFe 13- x Si x component of the composite 

ust be related to the mechanical coupling with the magnetically 

nert matrix. 

As commonly observed in intermetallic compounds that exhibit 

obust first-order magnetoelastic transitions, the individual anoma- 

ies at T 1 and T 2 , and the single anomaly after the two merge, re-

ain quite sharp regardless of the magnetic field. As T 1 (and T 2 
fter the two peaks merge) increases with the magnetic field, the 

agnitude of the heat capacity peak increases, as expected assum- 

ng that the total entropy change during the corresponding phase 

ransformation remains constant. Only at 100 kOe the single heat 

apacity anomaly begins to noticeably broaden, as follows from the 

eduction of the peak maximum (see inset in Fig. 3 f). The value of 
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Fig. 4. The adiabatic temperature change (a) and the magnetic field induced en- 

tropy change (b) as functions of temperature computed from heat capacity data for 

�H = 20 kOe. 
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discontinuous IEM. 
 p ( T = 300 K) = 101 J mol −1 K 

−1 in zero magnetic field ( Fig. 3 a) is

n agreement with the classical Dulong and Petit limit of the lattice 

eat capacity at constant volume C V = 3n R = 99.77 J mol −1 K 

−1 ,

here n = 4 is the number of atoms per LaFe 2 Si formula unit, and

 is the universal gas constant [28] . 

The maximum adiabatic temperature change ( �T) and max- 

mum magnetic field induced entropy change ( �S M 

) computed 

rom the heat capacity data of Fig. 3 and illustrated in Fig. 4 for

H = 20 kOe, are 1.7 K and -3.3 J kg −1 K 

-1 , respectively. Consid-

ring that only ca 20 wt. % of the 1:13 constituent is present in

he title material, the actual maximum value of the magnetic en- 

ropy change in the active LaFe 13- x Si x phase is at least -16.5 J kg −1 

 

−1 , which is comparable to the reported maximum �S M 

of pure 

hases , for example, -21.2, -20.8, and -14.2 J kg −1 K 

−1 for x = 1.17

nd 1.4, and 1.6, respectively, for the same magnetic field change 

f 20 kOe [27] . 

The full-widths at half maxima (FWHMs) of �T vs. T and �S M 

s. T curves are ~17 K at �H = 20 kOe (~38 K for �S M 

vs. T

t �H = 50 kOe, see Fig. 5 b, below), which represents an ex- 

raordinary enhancement when compared to approximately 5 K 

21 K) FWHMs observed in nearly phase pure LaFe 13- x Si x [27] for 

he same �H = 20(50) kOe. Thus, our results suggest that both 

he nature of the matrix and the distribution of the magnetocalor- 

cally active LaFe 13- x Si x phase in the matrix represent heretofore 

nrecognized, highly effective tools for controlling the progression 

f the magnetic field-induced first-order phase transition, related 

agnetocaloric effect and, likely, other physical properties of this 

nd similar composites. 

The isothermal magnetization, M ( H ), measured in the vicinity 

f both T 1 and T 2 and illustrated in Fig. 5 a is in agreement with

he heat capacity data of Fig. 3 . Field-induced metamagnetic-like 

ransitions are observed above T 1 with the critical fields rapidly 

ising as temperature increases from 153 to 181 K. Magnetic fields 

elow 50 kOe are too low to complete the transition at 185 and 

89 K, and at T = 193 K (just above the zero field T 2 ) M ( H ) be-

omes practically linear. Fig. 5 b depicts the magnetic field induced 

ntropy changes computed from the magnetization data for mag- 

etic field changes up to 50 kOe. Noting that �S M 

( T ) for �H = 20

Oe is in good agreement with the same calculated from the heat 

apacity data o Fig. 4 , the peak �S values vary from -2.2 J kg −1 

M 

6 
 

-1 to -4.2 J kg −1 K 

-1 at �H = 10 and 50 kOe, respectively, and

WHM of �S M 

vs T reaches ~38 K at �H = 50 kOe. 

The low-field ( H = 1 kOe) magnetization, M ( T ), ( Fig. 6 a) shows

 single step-like anomaly at T C = 144 K on cooling (taken as 

he minimum of dM/dT function), closely matching zero-field T 1 , 

hich moves to 186 K when the magnetic field increases to 50 

Oe; the heating and cooling M ( T ) data show anhysteretic phase 

ransition in H = 50 kOe ( Fig. 6 a). The anomaly in C p ( T ) observed

t T 2 is not reflected in low-field M ( T ). The inverse dc magnetic

usceptibility shows two distinct temperature-dependent regimes 

 Fig. 6 b and Fig. S3, SI): above approximately 250 K it follows the

urie-Weiss law, but at lower temperatures, an obvious downturn 

ignals the onset of a Griffiths phase-like behavior below a char- 

cteristic temperature, T G . The emergence of the Griffiths phase is 

sually associated with short-range FM clustering due to chemical 

nhomogeneities, but in the case of LaFe 2 Si it may also be related 

o the effects of strain existing at the likely incoherent interfaces 

etween the nonmagnetic LaFeSi matrix and magnetic LaFe 13- x Si x 
nclusions. 

To further understand the unusual twin anomalies observed in 

he heat capacity, the absence of the anomaly corresponding to 

 2 in M ( T ) data, and to analyze the associated crystallographic 

hanges, we carried out a temperature-dependent, powder X-ray 

iffraction study of LaFe 2 Si between 15 and 300 K in 0 to 35

Oe applied magnetic fields. Upon cooling in zero magnetic field 

 Fig. 7 a), the Bragg peaks of LaFe 13- x Si x rapidly but gradually begin

o shift to lower Bragg angles, starting around 190 K (close to the 

ransition at T 2 ), consistent with a strong lattice expansion. These 

hanges are followed by the discontinuous shifts of the same Bragg 

eaks between 170 and 160 K, confirming that the IEM transition 

n LaFe 13- x Si x is magnetoelastic and first order. Note that, when 

ecorded in a 35 kOe magnetic field ( Fig. 7 b), the discontinuous 

hanges of the positions of Bragg peaks of LaFe 13- x Si x occur around 

90 K, approximately coinciding with the temperature where the 

ontinuous lattice expansion on cooling in zero magnetic field is 

he fastest (also see next paragraph), in agreement with the ob- 

erved field-induced merging of the two heat capacity peaks. The 

ragg peaks of the LaFeSi 0.95 matrix, on the other hand, shift grad- 

ally and weakly in both 0 and 35 kOe magnetic fields, in accor- 

ance with the conventional lattice contraction on cooling. 

The temperature dependencies of the lattice parameters in 

 and 35 kOe magnetic fields are illustrated in Figs. 7 c, d. As 

entioned above, the application of a 35 kOe field increases 

he temperature of the discontinuous lattice parameter change in 

aFe 13- x Si x from ~165 K to ~190 K. At the same time, lattice pa-

ameters of LaFeSi 0.95 decrease monotonically with temperature 

nd are practically unaffected by the magnetic field. Thus, we con- 

lude that the observed anomalies in the physical behaviors of the 

aFe 2 Si alloy correlate with the lattice changes of the LaFe 13- x Si x 
hase, while the elastic behavior of the LaFeSi 0.95 matrix is con- 

entional. A closer examination of Fig. 7 c shows that the zero- 

eld dependence of a for LaFe 13-x Si x has two anomalies – the first- 

rder discontinuity at T C ∼= 

T 1 , and a rapid change that occurs 

round 190 K, corresponding to T 2 . Comparison of the structural 

nformation for room temperature and 15 K (Tables S2, and S3, 

I) provides no indication of a structural change, other than the 

ell-documented magnetovolume effect in the LaFe 13- x Si x phase. 

onsidering all of the data discussed so far, the formation of the 

aFeSi 0.95 /LaFe 13- x Si x composite splits the phase transformation in 

aFe 13- x Si x into two related events: a strongly first-order, discon- 

inuous transition around T 1 reflected in heat capacity, crystallo- 

raphic, and magnetic data, plus a weakly first-order transition 

round T 2 detectable by heat capacity and crystallography. Appli- 

ation of the magnetic field of ~50 kOe and higher leads to a single 
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Fig. 5. (a) Isothermal magnetization measured between 127 K and 193 K in applied magnetic fields up to 50 kOe. (b) Magnetic field induced entropy changes as functions 

of temperature for magnetic field changes ranging between 10 and 50 kOe calculated from the magnetization data of (a). 

Fig. 6. (a) Magnetization of LaFe 2 Si measured on heating (open symbols) and cool- 

ing (closed symbols) in 1 and 50 kOe magnetic fields. (b) Inverse DC magnetic sus- 

ceptibility of LaFe 2 Si and the Curie-Weiss fit. 
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The room-temperature Mössbauer spectrum of LaFe 2 Si is shown 

n Fig. 8 a and it can be fitted with a doublet and a singlet with ar-

as of 56(1)% and 44(1)%, respectively. This corresponds to approx- 

mately 25 vol.% of the LaFe 11.8 Si 1.2 and 75 vol.% of the LaFeSi 0.95 

hases in the LaFe 2 Si alloy (28 and 72 wt.%, respectively, account- 

ng for the differences in the X-ray densities of the two phases, 

hich are 7.3 and 6.1 g/cm 

3 ), in good agreement with SEM (Fig. 

2) and powder XRD (Table S2) results. Cooling LaFe 2 Si yields 

 magnetic contribution that is initially quite broad and gradu- 

lly sharpens upon further cooling, reaching its final form around 

75 K ( Fig. 8 b). However, even at 10 K the magnetic component

s clearly broadened with the Gaussian distribution of hyperfine 

elds peaked at 33.7(3) T typical for metallic iron, with widths of 

.1(2) T and 4.3(2) T to the high and low sides, respectively. Plot- 

ing the temperature dependence of the magnetic fraction in the 
7 Fe Mössbauer spectra ( Fig. 8 c) shows that the transition at 195 

 is first-order. However, cycling through the transition shows no 

vidence for significant hysteresis ( < 5 K). The temperature depen- 

ence of the average hyperfine field ( < B hf > ) in Fig. 8 d shows two

istinct regimes. Between the onset at 195 K and 175 K, there is 

 rapid growth in < B hf > , and the distribution of fields also sharp-

ns up. Below 175 K, < B hf > follows a more conventional form and,

s Fig. 8 d (dashed-line) shows it can be fitted using an S = 1/2

rillouin function yielding an extrapolated ordering temperature of 

79(1) K - the ordering temperature of the low-T form that would 

e observed if the first-order magnetovolume transition did not in- 

ervene. Estimated from < B > , the mean magnetic moment of Fe 
hf 

7 
eaches 2.1 μB /atom, which is in an excellent agreement with the 

ndividual atomic moments predicted from DFT (Table S1) assum- 

ng collinear ferromagnetism and x = 1.2 stoichiometry. 

The appearance of the magnetic fraction in the 57 Fe Mössbauer 

pectra is commensurate with the first-order nature of the phase 

ransition at T 2 seen in heat capacity, yet the magnetic transition 

tself is not reflected in M ( T ) data. Further, our ac magnetic suscep-

ibility data (Fig. S3, SI) demonstrate that energy losses related to 

omain wall motion and domain magnetization rotation, reflected 

y non-zero out of phase (imaginary) component, emerge at T 1 
ut they are absent between T 1 and T 2 . Considering conventional 

hermal expansion between 200 and 300 K ( Fig. 7 ), �a / a of both

hases are of the same orders of magnitude, ~8.7 and ~6.1 ppm 

 

−1 for the LaFe 13- x Si x and LaFeSi 0.95 , respectively. The thermal ex- 

ansion of the latter is anisotropic, and its �c / c ∼= 

17 ppm K 

−1 

s much higher. Elastic coupling between the matrix and the 1:13 

hase, therefore, brings anisotropic stress to bear on the progres- 

ion of the normally single step IEM FOMPT in LaFe 13- x Si x . Com- 

lex interplay between the effect of local strain fields on the de- 

elopment of IEM that goes beyond a similar analysis of the same 

n a millimeter-size, unconstrained LaFe 13- x Si x grains [58] requires 

urther studies, but it is clear that the rapid lattice expansion on 

ooling around T 2 observed in powder XRD data of Fig. 7 , gets ar-

ested before T 1 . Hence the rapid development of the hyperfine 

eld (and iron magnetic moments) between T 2 and T 1 remains 

idden in bulk dc magnetization and ac magnetic susceptibility 

easurements due to demagnetizing fields that are functions of 

oth magnetization and stress [59] . 

The electrical resistivity as a function of temperature and mag- 

etic field between 1.8 and 300 K is shown in Fig. 9 . During the re-

istivity measurements, the sample was cycled through IEM FOPT 

ver 20 times by heating and cooling between 2 to 325 K in the 

elds ranging from 0 to 100 kOe. For each magnetic field, the re- 

istivity curves above and below the phase transition overlap, sug- 

esting the sample is mechanically stable, with no cracks develop- 

ng, and unaffected by aging due to thermal and magnetic cycling. 

s is well known, LaFe 13-x Si x and, especially, its hydrides are me- 

hanically unstable and their functional properties degrade even 

fter a few cycles at a low field [3] . Therefore, LaFe 13-x Si x based

aterials require a binder for applications [30] . The residual re- 

istivity is 6 μ�-cm, which is low for polycrystalline samples, and 

his value does not change with thermal cycling or magnetic field. 

he resistivity increases with temperature, indicating metallic be- 

avior. The anomalous step in resistivity is observed at T C = 154 

 in zero magnetic field, confirming the first-order nature of the 
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Fig. 7. The intensity contour maps of the x-ray diffraction patterns of LaFe 2 Si, shown in the region 14.5 ° ≤ 2 θ ≤ 19 ° for clarity, measured upon cooling in H = 0 (a) and 35 

kOe (b). The ( ∗) and (#) symbols in (a) and (b) represent the LaFeSi 0.95 and LaFe 13-x Si x phases, respectively. The unit-cell dimensions as functions of temperature at H = 0 

and 35 kOe of LaFe 13-x Si x (c) and LaFeSi 0.95 (d) phases determined from Rietveld refinements. 
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ransition, shifting up to ~212 K in a 100 kOe field ( Fig. 9 a, in-

et). The temperatures of the steps in the electrical resistivity are 

onsistent with the C p (T) peaks at T 1 and the single C p (T) peak ob-

erved in fields higher than 40 kOe. Like bulk magnetization, no 

ignificant change in electrical resistivity occurs at T 2 , which could 

e due to the weakly first-order nature of the phase transition, or 

eometry and lack of the connectivity between precipitates of the 

aFe 13-x Si x phase. 

Magnetoresistance, defined as MR = [ ρ( H,T ) - 

 ρ(0, T )]/[ ρ(0, T )] × 100% reaches + 8% over a broad tempera-

ure interval with FWHM of 16 K for �H = 20 kOe ( Fig. 9 b).

he maximum values of MR do not change significantly in higher 

agnetic fields, however, FWHM increases to ~32 K in H = 50 

Oe, which is consistent with the d T 1 /d H of ~ 0.8 K/kOe. The

road temperature ranges over which substantial MR is observed 

re consistent with equally broad temperature ranges where the 

iant magnetocaloric effects are observed in the same magnetic 

eld changes. The plateaus in MR, �T and �S occurring in wide 
M i

K

8 
emperature ranges, though rarely observed, are very important 

or applications. 

. Conclusions 

We report the anomalous physical properties of the LaFe 2 Si al- 

oy, a naturally formed composite containing two phases: mag- 

etically inactive LaFeSi 0.95 matrix phase and an active LaFe 13- x Si x 
nclusion phase. In addition to nearly anhysteretic, yet sharply 

rst-order and strongly magnetic field-dependent phase transition 

t T 1 that coincides with the Curie temperature, T C , an unex- 

ected magnetic-field-independent, a first-order transition occurs 

t a higher T 2 . This composite system exhibits highly non - linear gi- 

nt magnetocaloric effect and large positive magnetoresistance near 

 C that are effective over the range of temperatures 2-3 times 

roader than the same in nearly phase pure LaFe 13-x Si x . Further, 

he Curie temperature of the active component of the compos- 

te is highly sensitive to a magnetic field, where ∂ T C /∂H = 0.85 

 kOe −1 , which is a critical parameter establishing a fundamen- 
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Fig. 8. (a) Room temperature and (b) low temperature 57 Fe Mössbauer spectra of LaFe 2 Si. (c) Temperature dependence of the magnetic fraction in the 57 Fe Mössbauer spectra 

of LaFe 2 Si showing the discontinuous onset on cooling through 195 K. (d) Temperature dependence of the average hyperfine field ( < Bhf > ) in the 57 Fe Mössbauer spectra of 

LaFe 2 Si showing the discontinuous onset on cooling through 195 K. Below 175 K the behavior can be fitted using an S = 1/2 Brillouin function (dashed line) yielding an 

extrapolated ordering temperature of 279(1) K. 

Fig. 9. The resistivity, ρ , as a function of temperature measured in magnetic fields up to 60 kOe (a). Inset in (a) shows ρ(T) near the phase transition for H = 100 kOe. The 

magnetoresistance, MR, as a function of temperature at �H = 20 kOe (b). Inset in (b) shows MR vs. temperature for �H = 50 kOe. 
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al limit on the maximum possible adiabatic temperature change. 

agnetic fields as high as 100 kOe do not weaken the first-order 

hase transition at T C , whereas, in other IEM systems, like FeRh, 

t is strongly suppressed by an increasing field. All anomalies in 

he physical properties correlate with the lattice changes of the 

aFe 13-x Si x phase, while the crystallographic behavior of the LaFeSi 

hase is conventional in the examined range of temperatures and 
9 
agnetic fields. Obviously, the LaFeSi matrix strongly modifies the 

hysical behavior of the LaFe 13-x Si x , while itself remaining indif- 

erent to the external stimuli beyond conventional thermal expan- 

ion. Both experiment and theory show that the LaFeSi matrix is 

M, but it alters the magnetic response of the LaFe 13- x Si x precipi- 

ates. This discovery of a thermodynamically stable composite sys- 

em (ferromagnetic phase embedded in the non-magnetic phase) 
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agnetic materials. 
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