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A B S T R A C T

High-entropy alloys (HEAs) offer opportunities to discover new functional materials with combination of 
properties not reached in other classes of materials. Here we report a detailed investigation of the structure, 
magnetic and magnetocaloric properties of some high entropy materials in the FeMnNiGeSi quinary system. Our 
findings indicate the persistence of partial chemical ordering, with transition metal atoms and metalloids pref
erentially occupying specific crystallographic sites. This ordering is further supported by ab initio total energy 
calculation. In turn, the magnetic moment - carried out mainly by Fe and Mn - exhibits a strong dependence on 
the crystallographic sites occupied by these magnetic atoms. By exploring the chemical landscape, we observed 
highly non-linear magnetic behavior upon Mn doping, resulting in an isothermal entropy change (ΔSm) as high 
as 35 Jkg− 1K− 1 in 5 T, while the transition temperature can be tuned in the range from 160 to 263 K, approaching 
room temperature. These outstanding performances suggest that rare-earth free high entropy materials can rival 
conventional magnetocaloric materials. Additionally, we find that the first-order magnetostructural transition 
can evolve into a second-order magnetic transition through chemical tuning. This opens the possibility of 
discovering similar materials near the boundary between first- and second-order transitions, with vanishing 
hysteresis - potentially addressing their mechanical instability issue.

1. Introduction

The development of magnetic refrigeration technologies depends on 
the availability of a magnetocaloric material that should fulfill several 
requirements [1–5]. The primary one is to exhibit as large a magneto
caloric effect (MCE) as possible, that is, the reversible change of its 
temperature and entropy respectively when adiabatically or isother
mally magnetized/demagnetized [6]. The temperature of the transition 
should be adapted to the targeted applications, i.e. close to room tem
perature for magnetic refrigeration, or lower for cryogenic cooling [7,8]. 
Secondary requirements are also to be considered, including 
non-criticality of its constituent elements, high thermal conductivity, 
good mechanical properties and corrosion resistance as well as 

machinability among others. Most of the current prototypes and mar
keted magnetic refrigerators use expensive and critical rare earth (RE) 
elements, i.e. Gd due to its large saturation magnetization and Curie 
temperature (TC) at around room temperature [2,3,9]. The MCE in this 
case is based on a second-order magnetic phase transition (SOMT), 
usually associated with a relatively small isothermal entropy change 
ΔSm and negligible thermomagnetic hysteresis. In contrast, first-order 
magnetic transition (FOMT) materials exhibit much larger ΔSm, thus 
enhancing the amount of transferable heat, but these materials suffer 
from larger hysteresis that may drastically reduce the reversible effect 
exploitable in thermomagnetic cycles [10–12]. In the quest of the ideal 
magnetocaloric material, which in principle should take the best of these 
two materials classes [13], high-entropy alloys (HEAs) have recently 
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come in the forefront of the scene [14,15].
HEAs is a new concept for designing alloys introduced by Yeh and 

Cantor [16,17]. In contrast to conventional alloys - usually based on a 
principal element and containing secondary elements added to specif
ically improve a property - HEAs mix a large number of elements (five or 
more) at equal or near-equal concentrations. The original idea was that 
the resulting high configurational entropy of mixing could contribute to 
the stabilization of a solid solution in a simple crystallographic structure 
like bcc, fcc or hcp. HEAs have attracted considerable interests in ma
terials science in the last two decades, mainly for their exceptional 
mechanical properties [18,19]. Interestingly, HEAs can exhibit 
non-linear effects, in the sense that some of their properties do not 
change proportionally or predictably with small changes in composition. 
This is different from conventional alloys, for which many properties 
follow a linear rule of mixture. An example of non-linear behavior is the 
dramatic increase of strength or a change in magnetism upon minor 
compositional change in the CoCrFeMnNi Cantor alloy [20–23].

In recent years, the focus on HEAs has shifted towards multifunc
tional properties, including electronic, catalytic, optical and magnetic 
properties [24,25]. Recent works reported promising magnetocaloric 
performances in several RE-based HEAs with ΔSm ~10 Jkg− 1K− 1 in 5 T, 
however with transition temperatures usually below 100 K [26–28]. The 
temperature of the transition can be tuned towards room temperature in 
transition metal based (TM) HEAs, but in these materials, the values of 
ΔSm were very modest (≤1 Jkg− 1K− 1) in initial reports [29–33]. Tuning 
magnetocaloric HEAs towards a first-order phase transition was pivotal 
in enhancing their MCE up to remarkable values. This strategy was 
successfully applied to MM’X-type of alloys (with M,M’ = TM and 
X =Ge, Si or Sn) but could be extended to all-d-Heusler-type or Fe2P-
type compounds in principle [34–38]. Starting from the ternary system 
MnNiSi presenting the targeted FOMT and applying chemical sub
stitutions to drive the compound in the HEA domain led to the 
groundbreaking discovery of a set of promising quinary (FeMnNiGeSi) 
or senary (FeMnNiCoGeSi) magnetocaloric HEAs. In the case of FeMn
NiGeSi, their MCE was evaluated from the isothermal entropy change 
ΔSm reaching values up to 13 Jkg− 1K− 1 in 2.5 T, with a magneto
structural transition temperature that can be tuned from 143 to 203 K by 
chemical optimization [34,35]. It was further reported that the mag
netocaloric response and the transition temperature could be increased 
upon low-temperature heat-treatment, a fact attributed to a 
stress-relaxation mechanism [39]. It results from these previous reports 
on FeMnNiGeSi HEAs that the MCE is very sensitive to small chemical 
and microstructural changes in these samples.

The observed scattering of the magnetocaloric performances in
dicates the importance of a full structural and microstructural charac
terization of the materials variables that could influence their 
properties. A better understanding of the physical mechanisms under
lying the enhanced MCE must be developed based on crystallographic, 
chemical and microstructural considerations.

In the following, we present a detailed investigation of the structure 
and magnetocaloric properties of some HEAs in the FeMnNiGeSi quinary 
system. Fully homogeneous samples have been obtained by heat- 
treatment and their crystallographic structure has been investigated 
by single-crystal X-ray diffraction, high-resolution scanning trans
mission electron microscopy and X-ray powder diffraction, com
plemented by ab initio calculations. By exploring the effect of chemical 
tuning, we observe strongly non-linear magnetic behavior evidenced by 
a 350% enhancement of the isothermal entropy change upon Mn-doping 
(<1 at.%). The ΔSm reaches values as high as 35 Jkg− 1K− 1 in 5 T (17 
Jkg− 1K− 1 in 2 T), and the transition temperature is brought close to 
room temperature in heat-treated samples. Such excellent magneto
caloric performances suggest that these rare-earth free HEAs can 
compete with conventional magnetocaloric materials. Furthermore, we 
discover that the first-order magnetostructural transition can evolve into 
a second-order magnetic transition by changing the Si/Ge ratio. This 
effect could be used to reduce hysteresis effects and mechanical 

instability issues linked to the large volume change experienced across 
the structural transition. By chemically tuning the nature of the transi
tion toward second-order magnetic phase transition, ferromagnetic 
ordering could be reached without an alteration in the crystal structure 
and thus enabling a reversible MCE in these materials.

2. Experimental and theoretical details

2.1. Sample preparation and structural characterization

HEA samples with a total mass ranging from 3 to 5 g were synthe
sized by arc melting or induction melting the pure elements (Fe: 99.98%, 
Mn: 99.99%, Ni: 99.95%, Ge, Si: 99.9999%) under a partial pressure of 
argon (base pressure: 10− 6 mbar, backfilled with 700 mbar Ar). In case 
of arc-melting, the samples were inverted and remelted at least five 
times to ensure homogeneity. A mass loss typically smaller than 1% was 
systematically measured after each melting. Parts of the ingots were 
further placed in a Ta foil, sealed in an evacuated quartz tube (backfilled 
with 500 mbar of an Ar(95%)/H2(5%) gas) and annealed at 1073 K for 7 
days, followed by cooling to room temperature. Sample labels, nominal 
and measured compositions are reported in Table 1. The label S0 refers 
to the nominal composition (FeMnNi)66.6(Ge0.45Si0.55)33.4. The labels 
S0- + x% correspond to samples with nominal compositions identical to 
S0 adding x% of the Mn mass contained in S0. The labels S1 and S4 
explore different Ge/Si ratio compared to S0. All alloys have a calculated 
entropy of mixing ΔSmix ~1.6 R, where R is the gas constant, thus ful
filling the requirement for quinary HEAs [40]. Characterization of the 
phases has been carried out using powder X-ray diffraction (PXRD) on a 
D8 Advance Bruker diffractometer using Cu Kα1 radiation 
(λCuKα1 = 1.54056 Å). Single-crystal X-ray diffraction (SC-XRD) data 
were collected on a Bruker Kappa APEX-II diffractometer equipped with 
a mirror monochromator and a Mo Kα microfocus source 
(λMoKα = 0.71073 Å). The APEX2 program package (Bruker, 2004) was 
used for the cell refinements and data reductions. The crystal structure 
was solved using direct methods and refined with the SHELXL-2013 
program (Sheldrick, 2008). Semi-empirical absorption correction 
(SADABS; Krause et al., 2015) was applied to the data. The elemental 
distribution was analyzed with energy-dispersive X-ray spectroscopy 
(EDXS) in a FEI Quanta 200 FEG scanning electron microscopy (SEM). A 
thin lamella was extracted by focused ion beam (FIB) milling using an 
FEI Helios Nanolab 600i dual beam with a gallium ion source (Thermo 
Fisher Scientific, Eindhoven, the Netherlands, previously FEI company). 
Structural analysis via selected area electron diffraction (SAED) and 
atomic resolution high-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) observations were carried out with 
a probe Cs aberration-corrected JEM-ARM200CF TEM/STEM equipped 

Table 1 
Sample labels, nominal (plain text) and measured (italic) compositions of the 
synthesized HEAs (in at.%). The compositions measured by EDXS are the ones 
obtained in the homogeneous samples, i.e., after annealing. The last columns 
provide the average valence electron number per atom for each compound, as 
well as the Ge/Si and TM/(Si + Ge) ratios.

Sample Fe 
(%)

Mn 
(%)

Ni 
(%)

Ge 
(%)

Si 
(%)

e/a Ge/ 
Si

TM/(Si 
+ Ge)

S0 22.2 22.2 22.2 15 18.4 6.88 0.81 2.0
24.6 22 24.5 12.8 16.1 ​ 0.79 2.46

S1 24 20.4 20.5 18.5 16.6 6.80 1.11 1.85
24.6 21.5 22.9 18.1 12.9 ​ 1.4 2.22

S4 24.2 21.3 21.5 16.3 16.7 6.90 0.98 2.03
25.9 21.2 22.9 15.1 14.9 ​ 1.01 2.33

S0- 
+1%

22.2 22.4 22.2 14.9 18.3 6.89 0.81 2.01
22.2 22.6 21.9 15.2 18.1 ​ 0.84 2.0

S0- 
+2%

22.1 22.6 22.1 15 18.2 6.89 0.82 2.01
22 22.3 21.7 15.6 18.4 ​ 0.85 1.94

S0- 
+3%

22.1 22.8 22.1 14.9 18.1 6.89 0.82 2.03
22.6 22.9 22 15 17.5 ​ 0.86 2.08
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with a Centurio 100 mm2 EDX detector (JEOL, Tokyo, Japan) operating 
at 200 kV (point resolution 0.12 nm in TEM mode and 0.078 nm in STEM 
mode). The HAADF-STEM images were denoised using a non-linear 
filter (NLFilter).

2.2. Magnetic characterization

The physical properties were measured using a physical property 
measurement system (PPMS-9) and vibrating sample magnetometer 
(VSM) from Quantum Design Inc. Isofield magnetization measurements 
with applied fields (μ0H = 0.02, 0.5, 1, 2, 5 T) were performed on 
heating and cooling in the T range (50 K-300 K). In addition to charac
terizing the magnetic response as a function of T, the measurements 
enabled a detailed investigation of the hysteretic behavior associated 
with the martensitic transition and its dependence on the applied 
magnetic field. Isothermal magnetization curves for applied fields μ0H 
up to 5T were measured at different T across the transition. The mea
surements were performed on samples in powder form with a mass in 
the range of 30 to 60 mg. No specific correction due to internal 
demagnetization field was applied to the isothermal magnetization 
curves.

The Curie (TC) and structural transition temperatures were also 
determined from ac magnetic susceptibility measurements performed 
with a homemade ac susceptometer under an alternating (500 Hz) field 
of 1 mT using thermomagnetic analysis (TMA), over a temperature 
range from 140 to 300 K. Direct adiabatic temperature change mea
surements were performed with a dedicated experimental setup based 
on a Cernox temperature sensor [41] using a cyclic protocol on cooling 
[42]. The sample temperature is continuously measured while the sur
rounding temperature is decreased at a constant rate of 2 K min− 1 and a 
1.8 T magnetic field is cyclically applied and removed.

2.3. Electronic structure calculations

In order to gain better insight into quantum mechanisms of magnetic 
and magnetocaloric properties of disordered FeMnNiGeSi HEA systems 
in hexagonal (SG P63/mmc, n◦194) and orthorhombic (SG Pnma, n◦62) 
structures, the Green function charge- and spin-self consistent Korringa- 
Kohn-Rostoker method with the coherent potential approximation 
(KKR-CPA) was used for electronic structure calculations [43–45]. The 
CPA model appears to be particularly well-adapted approach to inves
tigate highly disordered materials, since it allows to account for ab initio 
computations of random atoms distribution on selective crystallo
graphic sites. The effective medium is defined by the averaging of 
Green's functions ascribed to particular atoms, Gi, over their concen
trations, xi, i.e. Gcpa = Σi xi Gi, where index i denotes either transition 
metal atoms (Mn, Fe, Ni) or metalloids (Si, Ge), and these CPA condi
tions are solved in a self-consistent way. It is really worth noting that 
within the CPA model, the symmetry of the unit cell is maintained in the 
considered range of alloy composition, for which ground state properties 
can be computed (density of states, magnetic moments, total energy) 
and then compared for different alloy compositions. The self-consistent 
crystal potential was constructed within the local spin-density approx
imation (LSDA) framework, using the Perdew-Wang formula for the 
exchange-correlation part. The KKR-CPA computations in disordered 
FeMnNiGeSi have been restricted to the muffin-tin form of crystal po
tential with truncations on each atom up to the angular momentum 
cutoff lmax = 3. For well-converged atomic charges (below 10− 3 e) and 
crystal potentials (below ~10 meV), the total, site-decomposed and 
l-decomposed density of states (DOS) were computed using the inte
gration tetrahedron method in reciprocal space and 560 k-space points 
in the irreducible part of the Brillouin zone. The total magnetic moment 
per Wigner-Seitz cell and all atomic magnetic moments inside muffin-tin 
spheres were calculated. The Fermi level, EF, was accurately determined 
from the Lloyd formula [44]. In our KKR-CPA computations both core 
and valence states of electrons were treated in a nonrelativistic 

approach. It should be highlighted that all calculations were performed 
for the nominal systems, assuming experimentally determined lattice 
parameters and atomic positions.

3. Results and discussion

3.1. Structural analysis

The sample S0 has a nominal composition corresponding to the 
general formula (FeMnNi)66.6(Ge0.45Si0.55)33.4 and is derived from the 
ternary NiMnSi system through nearly isoelectronic chemical sub
stitutions. The PXRD pattern recorded at room temperature indicates a 
pure hexagonal phase. However, a dual-phase microstructure is evident 
in SEM images and EDXS maps in the as-cast state (Fig. 1(a)), with re
gions of darker and lighter contrast within each grain corresponding to 
different Ge/Si ratio similar to [34]. After determining a solidus tem
perature of 1348 K by differential thermal analysis, a thermal-treatment 
at 1073 K for 7 days was applied, resulting into a chemically homoge
neous single-phase sample (Fig. 1(a)). The composition measured by 
EDXS Fe24.6Mn22Ni24.5Ge12.8Si16.1 is close to the nominal one. This ho
mogenization treatment is accompanied by a narrowing of the diffrac
tion peaks. The structure was determined from SC-XRD at room 
temperature and the crystallographic data are summarized in Table 2. 
The compound crystallizes with a hexagonal unit cell with parameters 
a = 4.0283(3) and c = 5.1740(6) Å in the P6/3mmc space group. The 
structure type is identified as FeNiGe with three Wyckoff crystallo
graphic sites (2a (Fe), 2d (Ni), 2c(Ge)) and two formula units per cell 
(Fig. 1(b and c)).

As mentioned earlier, the realization of a full random solid solution 
in HEAs is only rarely achieved, except in all-RE HEAs for which the pair 
enthalpies of mixing and elemental atomic radii differences are negli
gible [46,47]. In many other HEA systems, these conditions are not 
strictly reached, and many of them are metastable and prone to dem
ixing, resulting in inhomogeneities sometimes at a nanometer scale. In 
order to verify the sample homogeneity at a shorter length scale, a FIB 
lamella was extracted from the annealed S0 and analyzed by TEM 
(Fig. S1). The lamella contained only few grains, most of them being 
oriented along the [0,1,0] zone axis (selected area electron diffraction 
pattern (SAED) in Fig. 2(a)). A composition profile measured by EDX 
along a 500 nm long line with a 27 nm step is shown in Fig. 2(b). The 
composition does not show any significant variation on that length scale 
and the line-averaged composition is similar to the one reported above, 
thus confirming chemical homogeneity at the nanoscale.

Another important question to be addressed is the possible chemical 
ordering among the crystallographic sites. Are all the three Wyckoff 
positions of the hexagonal unit cell randomly occupied by all atomic 
species, or is there any partial ordering between the transition metal 
(TM) atoms and the metalloids in the quinary system? HAADF-STEM is a 
method of choice to answer this question due to its Z1.7 contrast 
dependence of the atomic column, with Z the average atomic number of 
the atoms constituting the column. Along the [0,1,0] zone axis of the 
FeNiGe structure type, each atomic column is monoelemental. There
fore, if the (2a,2d) crystallographic sites were occupied by the TM atoms 
and the (2c) by the metalloids like in the parent ternary phase, taking 
into account the composition of the quinary phase, the atomic columns 
of the TM should be 30% more intense compared to the metalloid ones. 
However, the 2d (Ni) and 2c (Ge) columns are separated by a distance of 
only 1.14 Å and are therefore difficult to resolve, thus producing an 
elongated shape in the [210] direction as can be seen in the HAADF- 
STEM image shown in Fig. 2(c). Examples of line profiles taken along 
this direction (inset of Fig. 2(c)) either show a doublet of peaks with 
similar intensities or a single broader, elongated peak when the doublet 
is not resolved. In some other parts, the intensity distribution is more 
asymmetric as would be expected for selected occupancies of these two 
crystallographic sites. It is therefore difficult to conclude from HAADF- 
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STEM analysis alone.
More information can be obtained from a structure refinement of SC- 

XRD patterns considering using several hypotheses. One hypothesis 
considers a full random distribution of all chemical species on the three 
Wyckoff positions while the three others consider partial ordering, in 
which the metalloids occupy only one type of sites and the TM atoms the 
two other ones (see Table 2). The reliability factor is quite high 
(R1 = 0.21) for metalloids occupying the site 2a, while for fully random 
occupation, the reliability factor is reduced to R1 = 0.044. The reliability 
factor is slightly lower (R1 = 0.038) if the metalloids occupy the site 2c, 
or equivalently the site 2d which have both the same symmetry. From 
these results, we conclude that all the elements are either randomly 
distributed on all crystallographic sites, or partially ordered with the 
metalloids on site 2c or 2d.

The HEA compound undergoes a structural transformation upon 
cooling towards an orthorhombic phase, the structure of which was also 
determined from single-crystal XRD at 90 K. The crystallographic data 
are summarized in Table 3. The compound crystallizes with an 

orthorhombic unit cell with parameters a = 5.820(3), b = 3.6674(2) and 
c = 7.005(3) Å, space group Pnma. The structure type is identified as 
TiNiSi with three 4c Wyckoff positions. The reliability factor is 0.052 for 
the full disorder hypothesis and slightly lower (0.044) for the partial 
disorder solution in which the metalloids occupy the position of Si in the 
parent structure. The R-factor is significantly larger (R1 = 0.0692 and 
0.0706) if the metalloids are placed on one of the two 4c sites of the 
parent structure occupied by TM atoms, consistent with the results ob
tained for the hexagonal phase.

The volume of the orthorhombic unit cell (Vorth = 149.50 Å3) is 
roughly twice as large than that of the high temperature hexagonal 
phase (Vhex = 72.71 Å3) and contains four formula units per cell instead 
of two. The structural relationship between the high and low tempera
ture phases is illustrated in Fig. S2. The lattice parameters are linked by 
the following relationships: 

aortho ∼ ahexa*
̅̅̅
2

√
; bortho ∼ chexa*

1̅
̅̅
2

√ ; cortho ∼ ahexa*
̅̅̅
3

√

Fig. 1. (a) Optical images, backscattered electron micrographs and corresponding Ge/Si EDXS maps of (FeMnNi)66.7(Ge0.45Si0.55)33.3 sample S0 in the as-cast state 
(left column) and after annealing (right column). (b) Rietveld refinement of powder x-ray diffraction pattern recorded at room temperature after annealing showing a 
pure hexagonal phase with P63/mmc space group, refined lattice parameters a = 4.029 Å, c = 5.177 Å, and FeNiGe structure type illustrated in (c).

Table 2 
Precession images (sample S0) recorded at 300 K (left column) and structure refinement from single crystal XRD patterns assuming either selective occupation 
(central column) or full random solid solution (right column). The corresponding models are illustrated, with indication of the site symmetry occupied by the 
metalloids in case of partial disorder solutions.
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The structural transition was followed as a function of temperature 
between 300 K and 100 K by powder XRD, both upon cooling and 
heating. The acquisition time for each temperature was 2 h. The results 
are shown in Fig. 3, in a 2θ-range containing diffraction peaks of both 
the hexagonal and the orthorhombic phases. Upon cooling, the struc
tural transition hexa → ortho starts at 145 K. This is consistent with a first 
order transition observed in the specific heat measurement (Fig. S3). The 
transition is progressive, the two phases coexisting in the range 145- 
120 K and at 100 K, only the orthorhombic phase can be detected. Upon 

annealing, the hexagonal phase reappears at ~160 K, thus with some 
thermal hysteresis. The orthorhombic phase cannot be detected 
anymore for T ≥ 170 K. The lattice parameters and corresponding unit 
cell volume (Vortho or 2Vhexa) as a function of temperature are plotted in 
Fig. S4. It shows a significant increase of the material's volume across the 
transition hexa → ortho, on the order of 3%, the low temperature phase 
being the one with the largest volume (i.e. negative thermal expansion).

3.2. Magnetic properties

In Fig. 4(a) and (b), isofield magnetic measurements on heating and 
cooling are shown. At low field (μ0H = 20 mT) the magnetization on 
heating shows an abrupt increase at 161 K corresponding to the struc
tural martensitic transformation from orthorhombic to hexagonal 
structure, followed by a decrease at the ferromagnetic to paramagnetic 
(FM→PM) Curie transition at 189 K, consistent with the peak observed 
in the Cp(T) (Fig. S3). Upon cooling, the magnetization shows a sharp 
paramagnetic to ferromagnetic (PM→FM) transition at 189 K (Fig. 4(a)). 
On further cooling, the magnetization decreases abruptly to a lower 
value at 145 K corresponding to the structural transition. While the 
critical temperature for the second-order Curie transition is identical on 
heating and cooling, the first-order structural transition shows a thermal 
hysteresis of 16 K. A similar behavior, characterized by an increase of 
signal on heating at the structural transition, is also observed for 0.5 T 
(Fig. 4(b)). At such low fields, the signal is governed by the magneto
crystalline anisotropy of the two phases. In fact, the phase stable at 
lower T has the lowest symmetry (orthorhombic) and the highest 
magnetocrystalline anisotropy, resulting in lower magnetic susceptibil
ity with respect to the hexagonal one. The thermomagnetic analysis is 
consistent with a first order structural phase transition (FOPT) not 
concomitant with the second-order magnetic one.

Fig. 2. (a) SAED pattern (sample S0) taken in the [0,1,0] zone axis. (b) EDX compositional profile. (c) HAADF-STEM image recorded in the same zone axis, 
superimposed with the FeNiGe structure type model. The inset shows the intensity profile along the dotted green line in the [210] direction.

Table 3 
Precession image (S0 sample) recorded at 90 K (left column) and structure refinement from SC-XRD patterns for the full disorder hypothesis. The 
corresponding model is illustrated in the right column.

Fig. 3. Temperature dependent powder XRD patterns of (FeMnNi)66.7(
Ge0.45Si0.55)33.3 sample S0 upon cooling (a) and heating (b) showing the 
reversible martensitic structural phase transition hexa (H) → ortho (O). The 
indexation is (202)H and (222)O.
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At higher fields (≥0.5 T), the magnetization curves display a 
continuous decrease upon heating, with an abrupt drop at the structural 
transition followed by a more gradual decrease at higher temperatures 
(Fig. 4(b)). In this regime the intensity is governed by the saturation 
magnetization value that is higher in the orthorhombic phase than in the 
hexagonal one.

We further measured the isothermal magnetization curves (Fig. 4(c)) 
for different temperatures across the transition, between 124 and 210 K. 
Here a discontinuous measurement protocol was used in which the 
sample is re-heated well above the transition (Treset = 300 K) and then 
cooled to the next temperature for each M(H) measurement. This pro
tocol ensures that the measurement loop starts with the material in the 
same single-phase state, unambiguously crossing the phase transition 
and thereby avoiding spurious hysteresis effect [42,48,49]. For 

temperatures below the structural transition, the magnetization in
creases rapidly with field, approaching saturation after 1 T with 
magnetization value reaching 91 Am2kg− 1. The magnetization and 
demagnetization curves almost overlap, indicating negligible magnetic 
hysteresis. A hysteresis starts to develop when the temperature ap
proaches the martensitic transition temperature where a hysteretic 
metamagnetic behavior is observed due to the magnetic field induced 
structural transformation. It becomes negligible again for T ≥ 170 K. For 
temperatures above TC, the isothermal magnetization curves show a 
more linear aspect characteristic of a paramagnetic state.

The magnetocaloric response of the material is evaluated by calcu
lating the isothermal magnetic entropy change ΔSm using the Maxwell 
relation [42]: 

Fig. 4. Thermomagnetic measurements of (FeMnNi)66.7(Ge0.45Si0.55)33.3 sample S0 upon cooling and heating in 0.02 T (a) and for various field up to 5 T (b). 
Isothermal magnetization curves M(H) (c) and calculated isothermal entropy change ΔSm (d) The inset shows the presence of a second peak at 192 K.

Fig. 5. Magnetization curves M(T) in 0.02 T (a) and isothermal entropy change ΔSm of samples S1 (b) and S4 (c).
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Fig. 4(d) shows the temperature dependence of ΔSm in a magnetic 
field of 0-5 T. A peak maximum is obtained at 145 K, reaching a |ΔSm| 
value of 9.2 JKg− 1K− 1 in 5 T (3.5 JKg− 1K− 1 in 2 T), and a full width at 
half maximum of ~20 K. The peak value is similar to the one reported in 
Ref. [34] for a sample with similar composition in the as-cast state. In 
addition, the peak maximum in |ΔSm| occurs at the martensitic transi
tion temperature rather than at the Curie (TC) temperature. A second 
maximum is observed at 192 K ~ TC (inset of Fig. 4(d)), with peak value 
of 2.7 JKg− 1K− 1 in 5 T. It suggests that the lattice contribution is the 
dominant contribution to the entropy change.

3.3. Effect of chemical tuning

With the aim to align the structural and magnetic transitions to 
enhance the magnetocaloric effect [50], additional samples were syn
thesized with slightly different compositions compared to S0 (see 
Table 1).

3.3.1. Effect of Ge/Si ratio
The magnetization curves for sample S1 and S4 (Fig. 5(a)), which are 

isostructural to S0 but with higher Ge/Si ratio compared to sample S0 
(Table 1), only show a PM→FM transition at TC~192 K and 201 K in 
20 mT respectively, with no evidence for a structural FOPT. Indeed, S1 
and S4 remain hexagonal between 300 K and 90 K (see XRD patterns in 
Fig. S5). The corresponding magnetocaloric response evaluated through 
the isothermal magnetic entropy change ΔSm (Fig. 5(b and c)) shows a 
very broad peak at ~ TC with a full width at half maximum of ~90 K and 
with peak value of about 2.5 JKg− 1K− 1 in 5 T, therefore much lower than 
the values obtained for S0. A direct reversible adiabatic temperature 
change of 0.5 K in 1.8 T at ~200 K was also measured for both samples. 
Here only the spin system contributes to the entropy change, contrary to 
sample S0. Such strong variations of the magnetocaloric effect in sample 
S1 and S4 compared to sample S0, correlated with minute compositional 
changes, evidence a non-linear magnetic behavior in this system.

3.3.2. Effect of Mn-doping
A series of samples S0- + x% (x = 1,2 and 3, see Table 1) was pre

pared by adding x% of the Mn mass contained in sample S0. This results 
in small nominal composition changes, less than 1 at.%. The measured 
compositions given in Table 1 confirm a small enrichment in Mn, but 
also in metalloids Si and Ge, and a corresponding reduction in Fe and Ni. 
The Ge/Si ratio is similar to that in S0, but the TM/metalloid ratio are 
smaller in the S0- + x% series compared to that measured in S0 (see 
Table 1). Isostructural samples are obtained across the series, both in the 

as-cast and annealed states (Fig. S6). All samples S0- + x% undergo a 
FOPT from hexa (H) at room temperature to ortho (O) upon cooling as 
evidenced by powder XRD (Fig. S6). They contain a very small fraction 
of an impurity phase with a measured composition Fe8.7Mn32.5Ni32.7

Ge5.5Si20.5 that can be detected in EDX map (not shown here) but hardly 
in the XRD patterns. The thermomagnetic analysis shows a single jump 
in the ac susceptibility (Fig. 6(a)) suggesting that the structural transi
tion is now concomitant with the PM→FM transition. Interestingly, the 
TC increases upon Mn-doping, and increases further upon annealing 
(Fig. 6(a)). In the as-cast state, the Mn-doped samples have a TC ranging 
from 218 to 234 K while in the annealed state, TC ranges from 255 to 
263 K, i.e. close to room temperature.

The magnetization curves as a function of temperature for S0-1% are 
shown in Fig. 7(a) in low field and up to 2 T (Fig. 7(b–e)), both upon 
cooling and heating. A single jump in the magnetization is observed 
consistent with a FOPT. The transition temperature shifts by 2.7 K with 
increasing field up to 2 T (dTt/dH ≈ 1.35 K/T). A thermal hysteresis 
ΔThyst is observed between cooling and heating. The saturation 
magnetization derived from isothermal magnetization curves M(H) 
(Fig. 7(c–f)) approaches 100 Am2kg− 1 at low temperatures. The mag
netocaloric response evaluated from the isothermal entropy change ΔSm 
shows a peak maximum reaching values of 30 JKg− 1K− 1 in 5 T (15 
JKg− 1K− 1 in 2 T) both in the as-cast and annealed states (Fig. 7(d–g)). 
That is more than 3 times larger compared to the undoped sample. The 
full width at half maximum of ΔSm(T) is less than 10 K, with peak po
sition at 216 and 249 K for as-cast and annealed respectively.

Similar results have been obtained across the series of Mn-doped 
samples (FeMnNi)66.7(Ge0.45Si0.55)33.3 S0- + x% (x=1,2 and 3). The 
data are provided in Figs. S7 and S8 and summarized in the graph in 
Fig. 6(b) showing the TC upon heating and ΔThyst measured in 2 T, as 
well as peak values of ΔSm in 5T for the same samples. Therefore, the 
joint effect of Mn-doping and annealing leads to an increase of TC by 
approximately 100 K, reaching values close to room temperature, and 
ΔSm values up to 35 Jkg− 1K− 1 in 5 T, i.e. 3.5 times larger compared to 
the undoped S0 sample. The maximum adiabatic temperature change 
ΔTad for a complete phase transformation can be estimated from 
ΔTadmax = μ0

T
Cp

dH
dTt

ΔM, reaching 26 K in 5 T in our case. Here again, the 
strong variation of the magnetocaloric effect in samples S0- + x% 
compared to S0 evidences a non-linear magnetic behavior in this HEA 
system.

3.4. Results of ab initio KKR-CPA calculations

Based on our structural analysis, we calculated the electronic struc
ture and magnetic properties of the high-entropy alloy FeMnNiGeSi in 
the hexagonal and orthorhombic phases. For the hexagonal system with 
nominal composition (FeMnNi)66.7(Ge0.45Si0.55)33.3, three models with 
different complexity of chemical disorder were considered in line with 

Fig. 6. (a) ac susceptibility in low applied field of 1 mT as a function of temperature, measured upon heating for samples S0 and S0-x% (x = 1, 2 and 3) for as-cast and 
after annealing. The corresponding TC are mentioned in the caption. (b) Graph showing the TC upon heating and ΔThyst measured in 2 T, as well as peak values of 
ΔSm in 5T for the same samples.
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the XRD analysis. Model H1 assumed that transition metal atoms (Fe, Ni, 
Mn) randomly occupy the 2c (1/3, 2/3, 1/4) and 2d (2/3, 1/3, 1/4) 
positions with equivalent concentrations, while metalloid atoms (Si, Ge) 

preferentially occupy the 2a (0, 0, 0) positions with concentrations of 
0.55 and 0.45, respectively. Model H2 (fully disordered) assumed that 
all five atoms occupy the three aforementioned crystallographic 

Fig. 7. Thermomagnetic measurements of the Mn-doped sample (S0-1% for as-cast and after annealing) upon cooling and heating in 0.02T (a) and in various field up 
to 2 T (b,e). Corresponding isothermal magnetization curves M(H) (c,f) and calculated isothermal entropy change ΔSm (d,g).

Fig. 8. KKR-CPA spin-polarized electronic DOS in hexagonal (SG P63/mmc) FeNiMnGeSi HEAs assuming three models of disordered alloys: (a) model H1 - partially 
disordered phase, where Fe, Ni and Mn are randomly distributed on 2c and 2d sites, while Si and Ge randomly occupy 2a site; (b) model H2 - fully disordered phase, 
where all five elements randomly occupy all three crystallographic sites with the same concentrations; (c,d) model H3 - partially disordered phase, where Fe, Ni and 
Mn are randomly distributed on 2a and 2d sites, while Si and Ge randomly occupy 2c site.
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positions randomly, however with concentrations adjusted accordingly, 
so that the alloy composition in the two hexagonal models is identical 
(see Table 2 for details). Model H3 was very close to model H1 con
cerning the complexity level of chemical disorder, but with the exchange 
of occupation of positions 2a and 2c, namely the transition metal atoms 
(Fe, Ni, Mn) randomly occupy the 2a (0, 0, 0) and 2d (2/3, 1/3, 1/4) 
positions with equivalent concentrations, while metalloid atoms (Si, Ge) 
are preferentially located at the 2c (1/3, 2/3, 1/4) positions with con
centrations of 0.55 and 0.45, respectively.

Fig. 8(a) presents total and site-decomposed DOS in model H1 for 
ferromagnetic state. Spin-polarization of electronic states yields total 
magnetic moment of 3.28μB (per f.u.), resulting essentially from local 
magnetic moments on TM atoms with the values of 1.22μB (Fe), 1.21 μB 
(Mn), whereas the values on Ni and metalloid atoms are negligible. It is 
worth noting that even in the chemically disordered model H1, the 
nearest atomic environment for the 2c and 2d positions is quite similar, 
which results in the self-consistent spin-polarized DOS for Fe, Mn, and Ni 
(mainly of d-states) being also very similar. In consequence, the mag
netic moments of transition metal atoms at these two positions are very 
similar (see Table 4).

The magnetic properties of the fully disordered phase (model H2) 
and partially disordered phase (model H3 with inverted occupancies of 
sites 2a and 2c with respect to model H1) are markedly different from 
the aforementioned results for model H1. The reason for much larger 
magnetization (5.27 μB and 5.16 μB in models H2 and H3, respectively), 
can be investigated from the values of local magnetic moments (Table 4) 
as well as from the corresponding spin-polarized DOS shown in Fig. 8
(b–c).

It is worth noting that the presence of transition metals on site 2a 
generally enhances the magnetic moments on all crystallographic sites 
with respect to the values computed in model H1 (see Table 4). How
ever, what is most striking is the markedly stronger polarization of the d- 
states on the Fe and Mn atoms (but also on Ni) at the 2a position (best 
seen in Fig. 4(d)). This results in much larger magnetic moments of Fe 
(2.17 μB and 2.05 μB for models H2 and H3) and Mn (2.46 μB and 2.47 μB 
for models H2 and H3) at this crystallographic site with respect to those 
calculated on 2c and 2d positions.

The measured magnetization value for sample S0 is 90 Am2kg− 1 

~5.22 μB per f.u., which is very similar to the calculated ones for model 
H2 and H3.

In the fully disordered model H2 for the orthorhombic phase, the 
magnetic moment (7.87 μB per f.u.) mainly results from Fe and Mn atoms 
(but also Ni). The moments strongly depend on the crystallographic 
sites, especially those carried out by the Mn atoms. The calculated 
magnetization is ~67.8 Am2kg− 1, lower than that of the corresponding 
hexagonal phase, which is consistent with the drop in magnetization 
observed during the H → O transition (Fig. 4(a)). The Curie temperature 
was calculated for model H2 and is ~230 K, in quite good agreement 

with the experimental one.
Interestingly, the KKR-CPA calculations of the total energy clearly 

indicates model H3 as the most favorable, in line with the XRD re
finements. This supports the idea that some chemical order between TM 
atoms and metalloids is preserved in the HEA system. In the strict 
definition of a HEA, all atomic species should be randomly distributed 
on all crystallographic sites. Both theoretical and experimental results 
indicate that this criterion is not met in the FeMnNiGeSi alloys, even 
though the situation in the real material is probably intermediate be
tween H1 and H3. Therefore, it is more appropriate to call them high 
entropy materials (HEMs) rather than high entropy alloys (HEAs), 
because of the remaining chemical ordering is incompatible with a solid 
solution phase.

While partial chemical ordering is demonstrated, we now discuss in 
more details its thermodynamic origin and its impact on exchange in
teractions and magnetic instability. The reason why it is energetically 
preferred to have TM in 2a and 2d, compared to 2c and 2d, must be 
related to the coordination polyhedral around the different crystallo
graphic positions. Indeed, the local environment around 2a sites 
(bicapped hexagonal prism with coordination number CN 14) differs 
from that of 2c and 2d sites (pentacapped trigonal prism with CN 11). 
This results in substantially different interatomic distances, namely 
~2.66 Å between 2a and 2d as well as 2a and 2c sites, against only 
~2.32 Å between 2d and 2c sites. The partial order has an impact on the 
magnetic properties. Indeed, the calculations highlight much larger 
magnetic moments carried by Fe and Mn at 2a positions compared to 
those calculated on 2c and 2d positions. In Fig. S10 of the Supplementary 
Material, the non-spin-polarized DOS calculated for models H1 and H3 
are shown. In the case of the most favorable model H3, and in view of the 
Stoner criterion, it is clearly observed that the magnetic interactions are 
enhanced on 2a sites, which is particularly obvious for Fe and Mn, where 
the Fermi level falls into large d-DOS peak, yielding large magnetic 
moments, as obtained from the spin-polarized KKR-CPA computations 
(see Table 4). Conversely, smaller d-DOS of Fe and Mn on 2c/2d sites 
resulted in much smaller values of magnetic moments. In the case of the 
less favorable model H1, the non-spin-polarized DOS shows a much 
smaller d-DOS peaks for Fe and Mn at the Fermi level, and in conse
quence of the Stoner mechanism, produces much lower magnetic mo
ments, as obtained from spin-polarized KKR-CPA computations.

This behavior comes from stronger overlapping of wave functions of 
surrounding atoms due to much shorter 2c-2d sites distance than the 2a- 
2c (and also 2a-2d) ones. The results obtained for these two partially 
ordered models (H1 and H3) can be compared with the random case 
(model H2), which is the least energetically favorable, although its 
calculated total magnetic moment is similar to model H3. From Fig. 8(b) 
one can notice that additional disorder between transition metal atoms 
and metalloids on the same crystallographic sites tend to broaden d-DOS 
peaks of Fe and Mn and decreasing their values at EF, being unfavorable 

Table 4 
Calculated total (per f.u.) and atomic magnetic moments (in μB) in three models of the hexagonal (FeMnNi)66.7(Ge0.45Si0.55)33.3 HEA as well as in the fully disordered 
model H2 for the orthorhombic phase.

Model H1 (Etot = − 14806.9457 Ry) Model H2 (Etot = − 14806.8717 Ry)

Total 3.28 Total 5.27

Site Fe Ni Mn Ge Si Site Fe Ni Mn Ge Si

2a - - - − 0.33 − 0.04 2a 2.17 0.32 2.46 − 0.04 − 0.06
2c 1.22 0.07 1.21 - - 2c 1.80 0.31 1.52 − 0.04 − 0.05
2d 1.22 0.07 1.20 - - 2d 1.80 0.31 1.52 − 0.04 − 0.05

Model H3 (Etot = − 14807.0577 Ry) Model H2 Orthorhombic

Total Total Total 7.87

Site Fe Ni Mn Ge Si Site Fe Ni Mn Ge Si

2a 2.05 0.15 2.47 - - A1 1.50 0.22 0.27 − 0.02 − 0.03
2c - - - -0.05 -0.0 A2 2.54 0.27 3.04 − 0.01 − 0.03
2d 1.23 0.03 1.94 - - A3 1.35 0.22 0.06 − 0.02 − 0.04
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for magnetic interactions.
Another interesting observation results from the calculations of the 

number of electrons inside the muffin-tin spheres (the calculations 
assumed identical radii for the three non-equivalent positions) for two 
hexagonal phase models (H2 and H3). This allows for a comparison of 
the self-consistent crystal potentials for different cases of chemical dis
order as well as chemical bonding between atoms. We can conclude that 
the introduction of additional disorder in the form of Ge and Si atoms at 
each non-equivalent position reduces the attractive force of the crystal 
potential for all transition metal atoms, which to some extent can be 
translated into a decrease in its crystalline stability. It can be seen from 
Table T1 that the model H2 (fully random) has a systematically lower 
number of electrons around Fe, Ni, and Mn by approximately 0.15 (Mn), 
0.20 (Fe), and 0.10 (Ni) electrons, with respect to the corresponding 
values computed for the H3 (partially disordered) model.

Finally, to get some insight into the quantitative impact of the partial 
order on the exchange interactions, the various contributions to the 
computed energies were analyzed. The potential energy E(pot), Made
lung E(Mad), kinetic E(kin), band E(band) and exchange-correlation E 
(excor) energies are listed in Table T2 (Supplementary Material) for 
each model. The results converge to the conclusion that exchange- 
correlation energy is responsible for the lowering of the total energy 
in model H3. The most energetically favorable case (model H3) in view 
of both E(tot) and E(excor) contributions is also the one with the highest 
positive band energy E(band), which likely comes from the highly 
structured DOS character in model H3 (see Fig. 8).

4. Conclusions

In summary, the detailed structural characterization of the HEAs 
formed in the FeMnNiGeSi system in their annealed state demonstrate 
the formation of single-phase samples, that are chemically homogeneous 
down to the nanoscale. At the atomic scale, we have discussed different 
hypotheses regarding the site occupation – either fully random or 
partially random. Taking into account results from both experiments 
and ab initio total energy calculations, we conclude that some chemical 
order between the TM atoms and the metalloids is preserved while 
transforming the ternary MM’X system into a quinary alloy by chemical 
substitution. The magnetic moment - carried out mainly by Fe and Mn 
atoms - strongly depends on the crystallographic sites occupied by these 
atoms. This partial chemical order could be expected considering the 
different chemical bonding nature between TM atoms and metalloids. 
The above conclusions should be taken into consideration in the design 
of new HEA, as it implies that the TM/metalloid concentration ratio 
should be kept close to 2, similar to the ternary parent phase, in order to 
respect the chemical order. Additionally, the chemical order strongly 
influences the magnetic properties of the compound as we have seen 
from the ab initio calculations.

The chemical homogeneity in annealed samples is correlated with a 
significant increase of the critical temperature when compared to as-cast 
samples. The change in the TC may be influenced by the sample ho
mogeneity itself and/or by a possible stress-released mechanism asso
ciated with a slower cooling-rate in the annealed samples compared to 
the as-cast ones [39]. It is also found that Mn-doping is efficient in 
tuning TC towards room temperature. The Mn-doped samples further
more exhibit a structural transition that is concomitant with the mag
netic one, resulting in a strong enhancement of the isothermal entropy 
change. The maximum value obtained ΔSm ~35 Jkg− 1K− 1 in 5 T is very 
high and competitive with respect to other related high entropy mag
netocaloric materials reported so far (see Table T1 in the Supplementary 
Material), but still lower than the maximum entropy variation (~45 
Jkg− 1K− 1) which can be estimated from the Clausius-Clapeyron equa
tion for a complete first-order transition ΔSTmax = − μ0

dH
dTt

ΔM, with ΔM 
the magnetization difference between the two phases and (dTt/dH) the 
sensitivity of the transition temperature to the magnetic field (~2 to 4 K 

in 2T). The maximum adiabatic temperature change ΔTad for a complete 
phase transformation can be estimated from ΔTadmax = μ0

T
Cp

dH
dTt

ΔM, 
reaching 26 K in 5 T in our case. These values are very attractive for 
magnetocaloric applications and should be confirmed in the future by 
direct adiabatic temperature change measurements. Such measurements 
were not possible so far for first-order FeMnNiGeSi samples due to the 
mechanical instability induced by the large volume change across the 
structural transition. Cycling the material across the transition leads to 
the progressive transformation of the material into powders, preventing 
to keep a good thermal contact necessary for such measurements, while 
the characteristics of the magnetic transition are not altered. The sta
bility of the thermomagnetic transition upon cycling was verified by 
monitoring the transition temperature by means of thermomagnetic 
analysis. This is illustrated in Fig. S9 showing the ac susceptibility 
measured in low applied field upon heating for sample S0-1% in the 
annealed state. The experiment was conducted up to 30 times, showing a 
stable transition with Ttr = 263.6 K. The mechanical instability is an 
issue that could be overcome in future works, either by controlling the 
microstructure of the samples using a directional solidification method 
for example as reported in [51] or by embedding the magnetocaloric 
material into a suitable composite material.

Finally, our results evidenced non-linear magnetic behaviors in these 
high entropy materials, driven by the competing magnetic interactions 
between multiple principal elements. On the one hand, minute addition 
of Mn resulted in a beneficial 350% in the isothermal entropy change. 
On the other hand, we discovered that the first-order magnetostructural 
transition can evolve into a second-order magnetic transition by fine- 
tuning the Si/Ge or metalloid/TM ratios. The latter opens the possibil
ity to find HEAs being at the boundary between first- and second-order 
transition with vanishing hysteresis, which could also solve the me
chanical instability issue in future work. The magnetostructural transi
tion is usually rooted in the interplay between electronic, magnetic, and 
lattice degrees of freedom [52]. In the case of first-order transition from 
a ferromagnetic FM to a paramagnetic PM phase, the system possess two 
distinct energy minima separated by a finite energy barrier, leading to a 
discontinuous first-order transition. The energy landscape is shaped by 
both electronic, magnetic and lattice degrees of freedom. Chemical 
modifications can tune the depth and position of these minima, affecting 
the transition temperature and also hysteresis. In some cases, chemical 
modifications can flatten the free energy landscape, reducing the depth 
of the minima and the barrier height, leading to a continuous 
second-order transition. This has been observed in different magneto
caloric materials [53–58]. A similar chemically induced crossover from 
first-to second-order could be at play also in our high entropy material.

Finally, the finding that a chemical order is maintained while driving 
MM’X-type of alloys in the HEA domain is of general applicability and 
should be taken into consideration when extending the proposed design 
strategy to other families of magnetocaloric materials such as all-d- 
Heusler-type or Fe2P-type compounds. In addition, the strongly non- 
linear magnetic behavior identified in this work is also expected to be 
broadly applicable to other high entropy materials, opening new pos
sibilities for designing next generation magnetocaloric compounds and 
advanced materials.
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