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a b s t r a c t 

The search for high-entropy alloys (HEAs), a new class of materials, with high magnetocaloric perfor- 

mance can address the open question about their potential in functional applications. HEAs exist in a vast 

compositional space but magnetocaloric HEAs typically exhibit modest magnetocaloric response as they 

undergo second-order magnetic phase transitions. In this work, through a property-directed search ap- 

proach, FeMnNiGeSi HEAs with varying Ge/Si ratio are found in the large HEA space to exhibit magneto- 

structural first-order phase transition. Isothermal entropy change as large as 13 J kg -1 K 

-1 (for 2.5T) is 

achieved, which is the largest reported to date for magnetocaloric HEAs. When compared to conventional 

high-performance magnetocaloric materials, our work is observed to be comparable to many of the con- 

ventional systems, closing the gap between magnetocaloric HEAs versus conventional magnetocaloric ma- 

terials for the first time. This opens a new path for the search of functional materials with the optimal 

mechanical properties of HEAs. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. The number of HEA publications and their different focus, including me- 

chanical properties, microstructures etc. Bibliographic Scopus search was dated up 

to December 2020 using “high-entropy alloys” and the above-presented labels. . 
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High-entropy alloys (HEAs) are highly considered as a game- 

hanger for designing and developing advanced materials as they 

ave been found exhibiting remarkable mechanical properties, 

hase stability, wear and corrosion resistance, etc., when compared 

o conventional alloys [ 1 , 2 ]. HEAs utilize a multiple principal ele-

ent alloying concept to yield high configurational entropy of mix- 

ng ( �S mix ) unlike the traditional way of alloys design, which is to 

lloy elements to one or two main constituents. Hence, HEAs are 

efined with respect to composition (quinary alloy with the com- 

osition for each element as 5 – 35 at.%) and entropy ( �S mix > 

.5 R where R is the gas constant) [ 1 , 2 ]. While the rapid expan-

ion pace of HEA research enables the development of two genera- 

ions of HEAs (from first generation equiatomic single-phase HEAs 

o recent emphasis of second generation multi-phase and/or non- 

quiatomic HEAs [1] ) covering a wide range of compositions, their 

eports mainly focus on structural applications as shown in a radar 

hart in Fig. 1 . Let us focus on magnetocaloric effect (MCE) as an

xample of the functional property research as many of the re- 

ent functional HEA publications report for magnetocaloric HEAs 

3] . MCE is defined as the adiabatic temperature change or isother- 

al entropy change of a magnetic material induced by the appli- 

ation of a varying magnetic field; thus, it forms the basis of the 
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mergent and environmentally friendly magnetic refrigeration [4] . 

ence, there is a growing interest in developing magnetocaloric 

EAs and studying their MCE even though their reports are very 

ew compared to structural HEAs. The additional motivation for 

nding HEAs with relevant magnetocaloric response is twofold: 
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EAs have a great potential for optimal mechanical properties and 

ost high performing conventional magnetocaloric materials suf- 

er from serious limitations due to their limited mechanical in- 

egrity during cycling [4] . The combination of optimal mechanical 

nd functional properties would be a leap forward in the devel- 

pment of more reliable magnetic refrigerators. However, until re- 

ently, this approach faced the severe limitation that there was a 

ignificant gap between the functionality of magnetocaloric HEAs 

nd that of conventional materials, being this particularly alarming 

n the case of rare-earth (RE) free HEAs. 

Magnetocaloric HEA compositions, similar to the evolution from 

rst → second HEA generation, started from equiatomic composi- 

ions until some recent works report on compositions related to 

he second generation of HEAs [ 5 , 6 ]. Most of the published re-

ults mainly focus on the tunability of the transition temperature 

ather than the magnitude of the magnetocaloric response, which 

emains considerably lower than that of conventional materials [7–

0] . Among the recent results in this area, it is particularly inter- 

sting to analyze the influence of the distribution of exchange in- 

eractions in HEAs with second order phase transitions [ 11 , 12 ]. 

Recently, it was shown that a large MCE can be attained in 

he vast HEA compositional space from a non-equiatomic quinary 

EA, Fe 22.2 Mn 22.3 Ni 22.2 Ge 16.65 Si 16.65 [5] , which exhibited 97% in- 

rease in isothermal entropy change (44% increase in refrigerant 

apacity performance) compared to the notable magnetocaloric 

EA Gd 20 Dy 20 Er 20 Ho 20 Tb 20 [13] . The possibility of MCE enhance- 

ent in HEAs without relying on RE element(s) is surprising, es- 

ecially taking into account that the previously large MCE values 

n HEAs were only found for those containing RE in equiatomic 

ontents as these elements intrinsically exhibit large magnetic mo- 

ents. In addition, it has always been challenging to make a ra- 

ional search through the vast HEA compositional space so the 

lloy design of Fe 22.2 Mn 22.3 Ni 22.2 Ge 16.65 Si 16.65 HEA was based on 

roperty-directed search strategy: identifying alloy compositions 

ith desired behavior as the starting composition and further tune 

t towards the HEA space. Despite being a promising result, a sin- 

le HEA composition could not be considered enough to validate 

he search strategy for MCE-HEAs. In addition, even if there was a 

ignificant increase in the isothermal entropy change of that HEA 

hen compared to every other RE-free HEA, the value could not 

et reach those of the most notable conventional MCE families. 

t was still necessary that the search strategy allowed for tunable 

erformance and that the MCE response could therefore be further 

ncreased in order to open a new path for the search of HEA mag- 

etocaloric materials. 

In this work, a systematic variation of Ge/Si ratio enables a 

unable MCE performance of FeMnNiGe x Si 1-x HEAs, which leads 

o further improvement. The largest MCE found for the alloy 

ith Ge/Si ratio of 0.45:0.55, also closes the gap between mag- 

etocaloric HEAs versus high-performance conventional magne- 

ocaloric materials. 

aterials and methods 

Ingots of (FeMnNi) 66.7 (Ge x Si 1-x ) 33.3 (where x = 0.500, 0.465 and 

.450) were prepared by arc melting pure elements (purity higher 

han 99.9 wt.%) in an argon-controlled atmosphere. They were 

ipped and melted four times for homogeneity. Their bulk chem- 

cal compositions were characterized from their cross-sections us- 

ng scanning electron microscope equipped with energy disper- 

ive X-ray spectroscopy (SEM-EDX; FEI TM Teneo). X-ray diffraction 

XRD) of the alloys was performed at room temperature using a 

ruker D8I diffractometer with Cu-K α radiation. The sample desig- 

ation used in this work is denoted by the nominal Ge/Si content 

f the alloys as Ge 0.5 Si 0.5 , Ge 0.465 Si 0.535 and Ge 0.45 Si 0.55 respectively 

also tabulated in Table 1 ). 
2 
MCE was indirectly determined, via Maxwell relation, from 

sothermal magnetic measurements up to 2.5 T performed in a Vi- 

rating Sample Magnetometer by recording isothermal magnetiza- 

ion ( M ) vs magnetic field ( H ) curves using a discontinuous proto-

ol [14] in order to erase the memory of the alloy between mea- 

urements. This prevents spurious results regardless of the order 

f the thermomagnetic phase transition [ 14 , 15 ], which has been 

eported to affect the usage of Maxwell relation to calculate for 

sothermal entropy change ( �S isothermal ). 

The magnetic field dependence of �S isothermal adopts a power 

aw expression [16] : 

S isothermal ∝ H 

n , (1) 

ith an exponent n , both field and temperature dependent, that 

an be locally calculated as: 

 = 

dln | �S isothermal | / dln | H | (2) 

The temperature averaged entropy change, TEC(10) [17] , corre- 

ponds to the maximum average of the �S isothermal over a 10 K 

emperature span and was defined as alternate figure of merit of 

agnetocaloric materials to avoid the artificially large refrigerant 

apacity of shallow peaks. For its calculation from literature data 

ithout digitizing the whole curves, we had approximated it as: 

EC ( 10 ) = 

1 

10 

max 

( 

T +5 ∫ 
T −5 

�S iso 

(
T ’ 

)
dT ’ 

) 

≈
�S isot herm al 

(
T pk − 5 

)
+ �S isot herm al 

(
T pk 

)
+ �S isot herm al 

(
T pk + 5 

)
3 

(3) 

here T pk is the temperature corresponding to the peak values of 

S isothermal . 

esults and discussion 

The XRD patterns and their Rietveld analyses of the studied se- 

ies are presented in the left panel of Fig. 2 whereby all samples 

how a single-phase hcp structure ( P 6 3 / mmm ) at room tempera-

ure. This is in agreement to the HEA reported in [5] : it shows

exagonal P 6 3 / mmc structure at room temperature and under- 

oes a reversible magneto-structural transformation from hexag- 

nal P 6 3 / mmc ↔ orthorhombic Pnma upon cooling. The scanning 

lectron micrographs and their corresponding backscattered elec- 

ron images are shown in the right panels of Fig. 2 . On a closer

ook, two phases can be vaguely observed in the micrographs 

hile the phase coexistence is more evident in the correspond- 

ng backscattered electron images. The phase composition charac- 

erized by SEM-EDX shows two phases without predominant ele- 

ents: (i) a main phase with composition that corresponds to the 

ominal and (ii) a minority phase that is Si-depleted. Their details 

re summarized under Table 1 , whereby the measured phase com- 

ositions fulfill the operational definitions used for HEAs (systems 

ith more than 4 elements where each elemental composition is 

f 5–35 atomic% and the configurational entropy of mixing, �S mix 

 1.5 R where R is the gas constant), especially for the ones con- 

aining low density elements [18] (where atomic radius difference, 

< 4.5%). The single-phase detection from the XRD results could 

rise from the hexagonal structures with similar lattice parame- 

ers of the two regions (observed from SEM-EDX). Such phase dis- 

repancy observations have been reported for HEAs where a sin- 

le phase was found for both XRD and neutron diffraction results 

hile TEM observations show the presence of secondary phases 

19] . 

Fig. 3 shows the thermomagnetic curves of the HEA series be- 

ore and after virgin effects. For the virgin curves for low mag- 

etic fields ( μ H = 0.05 T) in Fig. 3 (a), the samples show that
0 



J.Y. Law, Á. Díaz-García, L.M. Moreno-Ramírez et al. Acta Materialia 212 (2021) 116931 

Table 1 

Measured compositions of the studied HEA series with their empirical parameters. 

Sample ID Nominal Composition Measured Composition δ (%) a �S mix 

(Jmol -1 K -1 ) b 

Ge 0.5 Si 0.5 (Fe,Mn,Ni) 66.7 (Ge 0.5 Si 0.5 ) 33.3 Main phase Mn 23.88 Fe 23.88 

Ni 22.74 Ge 14.32 Si 15.18 

3.2 1.59 R 

Minority 

phase 

Mn 28.01 Fe 18.65 

Ni 23.2 Ge 20.7 Si 9.44 

3.6 1.56 R 

Ge 0.465 Si 0.535 (Fe,Mn,Ni) 66.7 (Ge 0.465 Si 0.535 ) 33.3 Main phase Mn 21.98 Fe 22.62 

Ni 21.16 Ge 15.81 Si 18.43 

3.3 1.60 R 

Minority 

phase 

Mn 23.95 Fe 19.56 

Ni 20.9 Ge 22.52 Si 13.07 

3.6 1.59 R 

Ge 0.45 Si 0.55 (Fe,Mn,Ni) 66.7 (Ge 0.45 Si 0.55 ) 33.3 Main phase Mn 21.4 Fe 22.75 

Ni 21 Ge 16.22 Si 18.63 

3.3 1.60 R 

Minority 

phase 

Mn 22.99 Fe 19.33 

Ni 20.93 Ge 24.21 Si 12.54 

3.7 1.59 R 

a δ is the atomic size difference; constraints of δ for HEAs containing light elements are ≤ 4.5%. 
b �S mix is the entropy of mixing; The requirement for HEAs: 1.5 R < �S mix ≤ 1.61 R (for quinary alloy) where R is the 

gas constant.Calculations were based on refs. [ 18 , 20 , 21 ]. 

Fig. 2. Left panel to right: XRD data measured at room temperature and their corresponding Rietveld refinement results, scanning electron micrographs, and backscattered 

electron images of studied series: (a) Ge 0.5 Si 0.5 , (b) Ge 0.465 Si 0.535 and (c) Ge 0.45 Si 0.55 . (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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he low temperature (LT) magnetization phase abruptly increases 

ith temperature (with an increment of ~31.6 A m 

2 kg -1 at 116 

nd 125 K) to a higher magnetization phase prior to a gradual 

ecrease at higher temperatures. On the other hand, at higher 

elds ( μ0 H = 1.00 T), the samples show that the LT magnetization 

hase abruptly decreases with temperature to a lower magnetiza- 

ion prior to a gradual decrease with higher temperatures. These 

bservations suggest that the studied HEAs undergo magneto- 

tructural transformation. Upon the virgin measurements, the same 

agneto-structural transformations are still observed for Ge 0.5 Si 0.5 

nd Ge 0.465 Si 0.535 HEAs while Ge 0.45 Si 0.55 sample no longer shows 

he transformation of low magnetization to high magnetization 

hase for 0.05 T. This is further investigated by their isothermal 

ysteresis loops, which are presented in Fig. 4 . 

Fig. 4 shows the first quadrant of isothermal hysteresis loops 

f the HEA samples, including the initial magnetization curve and 

he demagnetization (applied magnetic field 0 → 1.5 T → 0). It 
3 
s observed that both Ge 0.5 Si 0.5 and Ge 0.465 Si 0.535 HEAs show large 

ffective anisotropy fields at low temperatures. A decrease from 

0.6 T at low temperatures (orthorhombic phase) to ~0.08 T at 

igher temperatures (hexagonal phase) is observed for Ge 0.5 Si 0.5 

~0.5 to ~0.06 T for Ge 0.465 Si 0.535 ). This is due to the reduced sym-

etry in the lattice which increases the anisotropy. Very small dif- 

erence between the initial magnetization curve and the loop is 

oticed up to 1.5 T for 140–147 K and 170–180 K for Ge 0.5 Si 0.5 

nd Ge 0.465 Si 0.535 respectively. The observed behavior regarding 

he change of anisotropy, which also explains the observations in 

he thermomagnetic data of Ge 0.5 Si 0.5 and Ge 0.465 Si 0.535 HEAs for 

.05 and 1.00 T in Fig. 3 , is similar to that of Ni 2 MnGa-based

onventional functional materials [22–24] . Coercivity is negligi- 

le for all cases. Hence, for these two HEAs, their thermomag- 

etic phase transitions are: ferromagnetic (FM) martensite → FM 

ustenite → paramagnetic (PM) austenite for both low and high 

agnetic fields. Conversely for Ge 0.45 Si 0.55 HEA, the change in the 
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Fig. 3. Thermomagnetic curves of the studied HEAs measured at 2 K min -1 : (a) 

virgin curves and (b) repeated measurements. 

Fig. 4. First quadrant of the isothermal hysteresis loops with initial magnetization 

curve and demagnetization (measured using a discontinuous cooling protocol). As 

an example, the arrow indicates the effective anisotropy field for Ge 0.465 Si 0.535 at 

100 K. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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G 0.5 0.5 
nisotropic behavior is not observed, which attributes to its ther- 

omagnetic observations in Fig. 3 (b), which could indicate that it 

ndergoes magneto-structural transformation of FM martensitic to 

M austenitic phase transition or an overlap of phase transitions. 

The distinct thermomagnetic and anisotropy behavior of 

e 0.5 Si 0.5 and Ge 0.465 Si 0.535 HEAs then give rise to an inverse and 

irect MCE for low and high fields respectively (see Fig. 5 (a)). This 

s easily noticed for Ge 0.5 Si 0.5 where a pronounced inverse MCE 

black) switches to direct MCE for magnetic fields above 0.6 T (de- 

icted as dark cyan lines). The two types of MCE observed are in 

greement with the observations in Fig. 4 whereby magnetization 

ncreases with temperature for low fields ( μ0 H < 0.27 T) and de- 

reases with temperature for higher fields. Ge 0.465 Si 0.535 HEA ex- 

ibits similar thermomagnetic behavior as Ge 0.5 Si 0.5 but its inverse 

CE for low fields is less evident: subtle inverse MCE can be ob- 

erved for 0.1 T, which changes to direct MCE with magnetic fields 

arger than 0.2 T. This agrees with the results in Fig. 3 because 

ts magnetization decreases with increasing temperatures for mag- 

etic fields higher than 0.27 T, thus leading to the direct MCE ob- 

erved for high fields for Ge 0.465 Si 0.535 in Fig. 5 (a). For Ge 0.45 Si 0.55 

EA, only direct MCE is observed for both low and high magnetic 

elds, which agrees with its thermomagnetic and hysteresis loop 

bservations. In addition, MCE is observed to shift to higher tem- 

eratures as the Ge/Si ratio decreases along the series (~35 K per 
4 
t.% Ge). Furthermore, a large peak of isothermal entropy change is 

ttained for Ge 0.45 Si 0.55 HEA: | �S 
peak 

isothermal 
| = 13.1 J kg -1 K 

-1 at 203 K

or 2.5 T. This is the largest MCE reported for magnetocaloric HEAs 

o date, according to our knowledge (surpasses the highly regarded 

dDyErHoTb HEA by a 3.5-fold improvement without using rare- 

arth elements for this enhancement [13] ). The MCE performance 

f the studied series is further compared with that of reported 

agnetocaloric HEAs based on | �S 
peak 

isothermal 
| , their corresponding 

eak temperatures ( T peak ) and TEC(10) as shown in Fig. 5 (b). The

ood MCE performance of HEAs mainly corresponds to those com- 

ositions containing rare-earth (RE) elements (red spheres) while 

hose without RE are usually with very modest | �S 
peak 

isothermal 
| and 

EC(10) values (represented by the yellowish spheres). A very large 

mprovement can be observed for our studied FeMnNiGeSi HEAs 

eries (bluish spheres) in comparison to all other magnetocaloric 

EAs, especially the RE-free compositions. This can be attributed 

o the introduction of magneto-structural transformation in the 

amples, offering another way to improve the functional proper- 

ies of HEAs other than the typical reliance on RE compositions 

where for magnetic properties related cases, they exhibit large 

agnetic moments, thus are usually used for boosting magnetic 

erformance). 

Furthermore, when comparing the performance of magne- 

ocaloric HEAs with conventional magnetocaloric materials that 

how promising MCE, it can be observed that there is a gap be- 

ween them (dark red and yellowish regions for HEAs versus dark 

ray for the well-known La(Fe,Si) 13 magnetocaloric materials) in 

ig. 6 . The studied FeMnNiGeSi HEAs (bluish) are located between 

hese materials, merging the gap between HEAs and La(Fe,Si) 13 , 

hich further illustrates the improvement in magnetocaloric prop- 

rties found and the potential in HEAs for such applications. Fur- 

hermore, they are also found to be comparable with several 

onventional magnetocaloric materials, such as La-manganites, RE 

aves phases, RE 5 Si 4 and some of the Ni 2 Mn-based magnetocaloric 

aterials. 

It has been reported for that the power law exponent, n , for 

he magnetic field dependence of �S isothermal ( Eq. (3) ) can reveal 

he order of the phase transitions undergone by the sample [36] as 

ell as the coexistence of overlapping thermomagnetic phase tran- 

itions that might not be evidently shown in the MCE curves 

 40 , 4 8 , 4 9 ]. Thus, the exponents n of the studied HEAs are also

tudied and presented in Fig. 7 . The overshoot of n larger than 2 

s observed for all three samples, in which occur at temperatures 

ear their T peak . This indicates that the HEAs undergo a first-order 

hermomagnetic phase transition, which is a criterion verified by 

any well-known classes of FOPT materials in the literature [ 5 , 36–

8 , 40 , 50–56 ]. For temperatures above the overshoot above 2, a 

inimum of n can be observed at ~197.5 K for all the samples be- 

ore it increases to a plateau of n = 2, which indicates the Curie 

ransition and PM states undergone by the alloys with increasing 

emperatures. This agrees with the observed gradual changes in 

agnetization with temperatures (above 198 K) in Fig. 2 , which 

ndicates the Curie temperature, T C , of austenitic phase (i.e., the 

econd-order thermomagnetic phase transition). It can also be fur- 

her observed that Ge 0.5 Si 0.5 HEA shows the farthest distance be- 

ween the T C and the transition temperature arising from the FOPT 

which is the martensitic transition temperature, T M 

) among the 

eries. As the Ge/Si ratio decreases, the distance between these 

ransition temperatures is tuned nearer to each other, leading to a closer 

verlap of the T C and T M 

in Ge 0.45 Si 0.55 , in which its thermomag- 

etic curves show the behavior similar to FM martensite → PM 

ustenite. The tuning for an overlap of phase transitions could lead 

o the improved MCE properties of Ge 0.45 Si 0.55 among the stud- 

ed HEA series, whereby it shows an 80% increase compared to 

e Si . 
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Fig. 5. (a) Isothermal entropy curves of the studied series. (b) MCE performance comparison of studied series with reported magnetocaloric HEAs for 2.5 T. Literature data 

collected from refs. [ 6–8 , 10 , 13 , 25–34 ]. Each data point represents a single material with a diameter proportional to its TEC(10) . 

Fig. 6. Peak isothermal entropy change values and transition temperatures of stud- 

ied series in comparison to high-performance conventional magnetocaloric materi- 

als and other magnetocaloric HEAs in the literature for 2 T. Literature data collected 

from refs. [ 4–6 , 8 , 10 , 13 , 25 , 29–47 ]. . 

Fig. 7. Temperature dependence of exponent n for the studied HEA series. Dashed 

line is a guide to the eye for n = 2. 
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onclusions 

Using a property-targeted search approach, a series of 

eMnNiGe x Si 1-x HEAs has been designed from the vast HEA com- 

ositional space. We demonstrate a significant enhancement of 
5 
he isothermal entropy change as compared to the magnetocaloric 

EAs reported in the literature to date, bridging the gap with 

he non-HEA high performance magnetocaloric materials. This is 

chieved by introducing a magneto-structural transformation in 

EAs instead of the usual reliance of using rare-earth elements in 

he compositional designs. Furthermore, by tuning the proximity 

istance between the magneto-structural transformation tempera- 

ure and Curie temperature via the variation of Ge/Si ratio leads to 

 further tuning of the isothermal entropy change. The tunability 

f this proposed directed search strategy, demonstrating the exis- 

ence of HEAs with remarkable magnetocaloric properties, opens 

he path to the search of MCE materials with optimal mechanical 

roperties. 
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