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A B S T R A C T   

FeCoNi, V0.85FeCoNi, FeCoNiCu1.15 and V0.85FeCoNiCu1.15 alloys have been synthesized by arc melting and 
analyzed by powder X-ray diffraction, electron microscopy, magnetic measurements, and density functional 
theory (DFT). The influence of each alloying element on the magnetic exchange interaction, Curie temperature 
(TC) and magnetocaloric effect is evaluated. The experimental results show that Cu and V “dilute” the magnetic 
properties and couple antiferromagnetically to Fe, Co, and Ni. Analysis of the microstructure reveals a lack of 
solubility between V and Cu with FeCoNi, and between themselves, thus lowering the concentration of V and Cu 
in the main solid solution of the 5-element alloy V0.85FeCoNiCu1.15. Tc decreases significantly from 997 K in 
FeCoNi to 245 K in V0.85FeCoNi and 297 K in V0.85FeCoNiCu1.15, respectively. The derivative of magnetization as 
a function of temperature (dM/dT) in the vicinity of Tc is drastically reduced due to the presence of V which 
indicates a reduced magnetocaloric effect. DFT calculations confirm antiferromagnetic coupling of V to the 
ferromagnetic FeCoNi-base and predict a similar behavior for other transition metal elements (e.g., Ti, Cr, Mn). 
This leads to a lowering of Tc, which is needed to establish the magnetocaloric effect at room temperature. 
However, it comes at a cost of reduced magnetic moments. Nevertheless, the use of V and Cu has shown possible 
routes for tuning the magnetocaloric effect in FeCoNi-based high entropy alloys.   

1. Introduction 

Solid-state magnetocaloric devices aim to deliver more efficient 
refrigeration with less environmental impact [1,2]. When considering 
material challenges, high entropy alloys (HEAs) containing 3d metals 
could meet several of the demands that magnetic heat conversion de-
vices require. They offer corrosion resistance, long-term cyclability, and 
ease of production, while being produced from abundant, non-expensive 
materials [3,4]. The core of the magnetocaloric effect (MCE) in these 
HEAs originates from the use of Fe, Co and Ni, with strong magnetic 
moments, and magnetic ordering temperatures (TC) of 1043 K (Fe), 
1400 K (Co) and 627 K (Ni), respectively. 

Since the TC’s of the pure elements are far above room temperature 
(RT), it is necessary to decrease them by alloying Fe, Co, and Ni with 
other elements [5–8]. This can be achieved by two main approaches: (i) 
dilution of ferromagnetic exchange interactions via elements such as 
Cu/Al that induce a zero or close-to-zero exchange interaction with the 
ferromagnetic transition metals (FMTM), and (ii) use of elements such as 
Cr, V, Ti etc. that induce antiparallel coupling with the FMTMs. To 
conveniently bring TC to RT, both kinds of elements are typically used in 

FeCoNi-based HEAs [7]. This raises the number of possible magnetic 
interactions between all elements. Due to an equilibrium between 
enthalpy and entropy, sub-regular solid solutions are commonly formed. 
This creates some degree of inhomogeneity or ordering in bulk HEAs [9] 
that leads to a distribution of TC’s. As a result, the magnetic transition 
becomes broadened and ultimately results in a reduced MCE. How ele-
ments that induce dilution and/or couple antiferromagnetically impact 
TC is not well understood, except for Cr and Mn [7,10–13]. 

In a previous report, we considered V, Al and Cu as alloying elements 
in V1-xFeCoNi(Al/Cu)1+x HEAs [14]. In V0.85FeCoNiCu1.15, a multiphasic 
microstructure was found, that impacted the composition of the main 
solid solution compared to the nominal composition. The investigation 
also uncovered an isothermal entropy change (ΔSm) of 0.17 J/kg.K for a 
magnetic field change of μ0H = 0–1 T at room temperature in 
V0.85FeCoNiCu1.15, or 0.75 J/Kg.K for μ0H = 0–5 T, which are low values 
compared to regular magnetocaloric materials [15]. This result is un-
derstood as the combined effect of V and Cu in the ferromagnetic tran-
sition of FeCoNi. However, since two alloying elements are present, the 
individual influence of each alloying element on the magnetic transition 
is not possible to determine. 
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In this article, we investigate how the individual and combined 
addition of V and Cu affects the (micro)structure and magnetic prop-
erties of FeCoNi-based solid solutions. A disordered ferromagnetic 
FeCoNi base alloy is compared to: (i) a magnetically diluted Cu-doped 
compound (FeCoNiCu1.15), (ii) a V-containing compound 
(V0.85FeCoNi) with ferromagnetic and antiferromagnetic interactions, 
and (iii) the combined effect of V and Cu in V0.85FeCoNiCu1.15, with 
dilution and antiparallel interactions. This non-equiatomic ratio has 
been selected as the 5-element alloy displays a magnetic transition 
around RT [14]. The same ratio is also kept for the respective FeCoNi–Cu 
and V–FeCoNi 4-element alloys. We pay special attention to the solidi-
fication path and metallurgy of the alloys and how they enable an 
optimized microstructure which is essential for obtaining efficient 
magnetocaloric materials. The magnetic properties of the alloys are 
assessed through magnetization measurements, and experimental re-
sults are compared to DFT calculations in order to gain better insight 
into magnetic ordering temperatures, element-resolved magnetic mo-
ments, and exchange interactions. Finally, we briefly evaluate by DFT 
the use of other elements such as Ti, Cr, and Mn to induce antiferro-
magnetic coupling in FeCoNi-based solid solutions. 

2. Materials and methods 

Metallic powders of Fe, Ni, Co, V, Cu and Al of 99.9% purity were 
weighed, mixed and arc melted in a Ti-gettered home-built arc melter in 
argon atmosphere. The samples were remelted and turned 5 times to 
ensure homogeneity. Nominal compositions are described in Table 1. 
Powder X-ray diffraction (PXD) was carried out by a Bruker D2 Phaser 
Cu–K α diffractometer (λ = 1.5406 Å) in Bragg-Brentano configuration. 
Rietveld refinements were done using the Fullprof Suite [16]. The 
presence of stacking faults was modelled by the FAULTS software 
package, where lattice parameters, crystallite size, and stacking fault 
probabilities were refined [17]. Scanning electron microscopy (SEM) 
and energy dispersive X-ray spectroscopy (EDS) were carried out in a 
Hitachi SU8230 ultra-high-resolution cold-field emission scanning 
electron microscope used in backscattered electron (BSE) mode. On 
samples containing the sigma phase, its phase fraction was determined 
by area analysis using the ImageJ software [18] using three micrographs 
with 250 times magnification, scanning an area over 0.2 mm2 per image. 
As the samples show no signs of preferential orientation, it is possible to 
extrapolate the area percentage to volumetric percentage. Chemical 
compositions were obtained by area measurements. Magnetic mea-
surements were carried out by a Quantum Design Physical Property 
Measurement System (PPMS) and a LakeShore Vibrating Sample 
Magnetometer (VSM). Measurements as a function of temperature were 

performed in a persistent applied field of μ0 H = 1 T , and temperatures 
ranging from 10 to 375 K in the PPMS, and from 300 to 1100 K in the 
VSM. Field dependent magnetization was performed with applied fields 
of μ0H = 0–1 T. 

2.1. Theoretical methodology 

Phase presence and compositions were predicted by the CALPHAD 
method implemented in the Thermo-Calc 2021 software in combination 
with the TCHEA3 high entropy alloy database package. Property dia-
grams were obtained by considering all the possible phases, including 
intermetallic and intermediate compounds formed by the constituent 
elements. 

Electronic structure calculations were done by the exact muffin-tin 
orbital (EMTO) method [19,20] where the chemical and magnetic dis-
order is treated within the coherent potential approximation (CPA) [21, 
22] (EMTO-CPA [23]). The electrostatic correction to the single-site CPA 
was considered as implemented in the Lyngby version of the EMTO code 
[24]. For details the reader is referred to Refs. [24,25], and [26]. 

The one-electron Kohn-Sham equations were solved within the soft- 
core and scalar-relativistic approximations, with lrm max = 3 for partial 
waves and lrm t

rm max = 5 for their “tails”. The Green’s function was calcu-
lated for 16 complex energy points distributed exponentially on a semi- 
circular contour including states within 1 Ry below the Fermi level. The 
exchange-correlation effects were described within the Generalized 
Gradient Approximation (GGA) in Perdew, Burke, and Ernzerhof (PBE) 
form [16]. Magnetic exchange interactions were calculated within the 
magnetic force theorem, implemented in the Lyngby version of the 
EMTO-CPA [24] code for the ferromagnetic state. 

Total energies were calculated within the full-charge density tech-
nique [27] using PBE [16] to describe the exchange-correlation effects. 
For the one-center expansion of the full charge density a cut-off of lrm 

max = 8 was used. α0
i = 0.7 for the on-site screening constant, and βscr =

1.1 for the average screening parameter [25,26] was used to account for 
the contributions of the screened Coulomb interactions to the 
one-electron potential of the alloy components and the total energy of 
the system [25,26]. A 12 × 12 x 12 Monkhorst-Pack [28] k-mesh grid 
was used for the Brillouin zone integration. The equilibrium volume 
(lattice parameter) for the nominal compositions were determined from 
a Morse [29] equation of state fitted to the ab initio total energies of fcc 
structures for 5 different atomic volumes. Statistical thermodynamics 
simulations of the magnetic phase transition were done by MC method 
implemented within the Uppsala atomistic spin dynamics (UppASD) 
software [30,31]. MC simulations were performed on a 40 × 40 × 40 
supercell with periodic boundary conditions. The size and direction of 
the magnetic moments were chosen randomly at each MC trial and 
10000 MC steps were used for equilibration followed by 50000 steps for 
obtaining thermodynamic averages. 

3. Results and discussion 

3.1. Solidification of FeCoNi alloys with V and Cu 

FeCoNi-based HEAs are typically ferromagnetic with TC’s in the 
order of several hundred degrees Kelvin. To tune TC towards RT, the 
average exchange interaction needs to be altered by use of other ele-
ments. This modifies the liquid and solid solution properties, influencing 
the morphology of the phases during common (non-equilibrium) solid-
ification processes. To correctly assess the potential of magnetocaloric 
high entropy alloys, a detailed understanding of the factors that deter-
mine phase formation in those materials is essential for tailoring their 
magnetic properties and microstructure. 

Solidification of the FeCoNi parent alloy proceeds without macro-
scopic segregation, see Fig. 1(a). This indicates a good solubility be-
tween the three ferromagnetic elements. The corresponding CALPHAD 

Table 1 
Atomic concentration of the elements for the nominal compositions of the alloys, 
together with the compositions for the main ccp solid solutions obtained from 
EDS measurements.  

Nominal composition (formula 
units) 

Fe (at. 
%) 

Co (at. 
%) 

Ni (at. 
%) 

V (at. 
%) 

Cu (at. 
%) 

FeCoNi 33 33 33 – – 
FeCoNiCu1.15 24.1 24.1 24.1 – 27.7 
V0.85FeCoNi 26 26 26 22 – 
V0.85FeCoNiCu1.15 20 20 20 17 23 

main phase composition 
(formula units) 

Fe (at. 
%) 

Co (at. 
%) 

Ni (at. 
%) 

V (at. 
%) 

Cu (at. 
%) 

Fe1Co1.14Ni1.14 30.5 
(30) 

34.8 
(3) 

34.7 
(3) 

– – 

FeCo1.16Ni1.09Cu0.84 24.4 
(2) 

28.4 
(1) 

26.6 
(1) 

– 20.6 
(2) 

V0.82FeCo1.07Ni1.03 25.4 
(2) 

27.4 
(3) 

26.3 
(1) 

20.9 
(4) 

– 

V0.75FeCo1.07Ni1.01Cu0.56 22.5 
(6) 

24.1 
(2) 

22.8 
(6) 

17.9 
(20) 

12.7 
(6)  
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Fig. 1. (Color online.) Scanning electron micrographs obtained in BSE mode with a magnification of 250x, showing the microstructure of four solid solutions: (a) 
FeCoNi, (b) V0.85FeCoNi, (c) FeCoNiCu1.15 and (d) V0.85FeCoNiCu1.15. Either one or two solid solutions (SS) or a mix of SS and a sigma intermetallic are observed. The 
atomic composition of the main ccp solid solution is shown in the insert for each of the four studied alloys. 

Fig. 2. (Color online.) CALPHAD plots indicating the phase presence as a function of temperature for the four studied FeCoNi-based alloys.  
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plot in Fig. 2(a) predicts the formation of a secondary phase at tem-
peratures below 950 K. Since solidification occurs with a high cooling 
rate, however, there is not enough thermal activation for the segregation 
to occur. The addition of V in V0.85FeCoNi modifies the solidification 
process, as is illustrated in the upper-right corner in Fig. 1(b). A sigma 
phase is present during early stages of sample preparation together with 
the cubic close-packed (ccp) solid solution (also known as face-centered 
cubic, space group Fm-3m); however, it is removed after polishing. The 
sigma phase is an intermetallic with a tetragonal structure (space group 
P42/mnm), and composition A2B, where A and B are transition metals. 
The removal can be ascribed to the very different crystal structures, 
creating incoherence between the ccp structure of the solid solution and 
the tetragonal structure of the sigma phase [32]. Sigma phases are 
typically precipitated from solid solutions during heat treatments, but 
they can also precipitate during solidification. This appears to be the 
case for the studied V-containing alloys and agrees well with calculated 
phase fraction plots as a function of temperature obtained by CALPHAD, 
see Fig. 2(b). By employing image area analysis due to the contrast be-
tween the removed phase and the alloy, it is possible to estimate the 
phase fraction of the sigma phase using ImageJ, with an average value of 
0.8% in volume for V0.85FeCoNi. Precipitates are seen with a spheroid or 
polyhedral shape morphology, another indication of the small coher-
ence between the precipitates and the main solid solution. In the 
V-containing 4-element alloy, displayed in Fig. 1(b), up to 21 at. % V is 
observed in the main ccp solid solution, together with Fe (25 at. %), Co 
(27 at. %), and Ni (26 at. %). The chemical compositions of the main 
solid solutions measured by EDS are shown in the lower section of 
Table 1. 

When Cu is introduced into FeCoNi, as shown in Fig. 1(c), the sol-
ubility of Cu in the solid solution decreases as the temperature drops 
after arc melting. This is confirmed by the CALPHAD prediction for 
phase presence as a function of temperature in Fig. 2(c), which shows 
the formation of a secondary ccp phase at temperatures below approx-
imately 1400 K. As a result, dendrites with a composition of FeCoNiCux 
are formed. Once the solubility limit is reached, the remaining Cu so-
lidifies in an inter-dendritic secondary ccp phase. BSE images confirm 
this, shown in Fig. 1(c), in the clearer inter-dendritic regions. The 
average chemical composition of the FeCoNiCu1.15 solid solution fea-
tures up to 21 at. % Cu together with Fe (24 at. %), Co (28 at. %) and Ni 
(27 at. %). The remaining copper precipitates in the Cu-rich phase, 
together with a small amount of Ni, Fe, and Co. 

When V and Cu are both combined with Fe, Co and Ni, the solidifi-
cation process changes once again, see Fig. 1(d). A solid solution is 
formed that contains V–Fe–Co–Ni–Cu. However, its chemical composi-
tion differs from the nominal composition due to the lack of solubility 
between V and Cu, which induces a decrease in Cu-content from 21 at. % 
in FeCoNiCu1.15 to 13 at. %. The ratio of the remaining ferromagnetic 
elements is Fe (22 at. %), Co (24 at. %) and Ni (23 at. %), while V re-
mains close to 17 at. %. The remaining Cu is seen as spheres and rounded 
elements in a Cu-rich phase in Fig. 1(d). This could be an indication of 
liquid phase immiscibility between a Cu-rich liquid and V–Fe–Co–Ni–Cu 
solid solution, as Fe, Co and especially V tend to phase-separate with Cu 
(see also Fig. 2). A similar morphology is observed in NbxFeCoNiCu 
[33]. This secondary liquid formation is also observed in the CALPHAD 
plot in Fig. 2(d), as it predicts the segregation of a secondary Cu-rich 
liquid from a main liquid at around 1500 K. 

In addition to the two ccp phases, an amount of removed sample is 
seen, related to the formation of the sigma phase. The sigma phase ap-
pears around a ccp phase containing V–Fe–Co–Ni–Cu (main SS) and the 
Cu-rich phase. The sigma phase fraction estimated from image analysis 
is 1.1% in volume. This time, it exhibits a different morphology than the 
one seen for the 4-element V0.85FeCoNi alloy. It is precipitated in 
spheres or dendrites (snowflakes), see Fig. 1(d). This can be related to a 
different interfacial energy between the liquid and the solid formation of 
the V-containing intermetallic. A three-phase system is thus present, 
with a Cu-rich SS, a sigma intermetallic and a main V–Fe–Co–Ni–Cu 

solid solution. 
The different elements present in each of the solid solutions allows 

for studying 4 different magnetic systems: (i) purely ferromagnetic in-
teractions in the 3-element alloy (FeCoNi), (ii) ferromagnetic elements 
(FeCoNi) alloyed with a diamagnetic element (Cu) which dilutes the 
moments, (iii) ferromagnetic elements (FeCoNi) alloyed with an 
element that induces antiparallel interactions (V), and finally, (iv) the 
combination of dilution and antiparallel coupling in the 5-element 
ferromagnetic alloy (V–Fe–Co–Ni–Cu). 

With the main compositions identified, it is necessary to determine 
the lattice parameters of the phases present. The PXD patterns of the four 
solid solutions are shown in Fig. 3 and are primarily attributed to ccp 
structures with no other observed reflections. The lattice parameters are 
presented in Table 2 In the as-cast state, FeCoNi has an a-axis of 3.571(2) 
Å. By addition of V and Cu, a is slightly altered to3.595(2) Å for both. 
Upon simultaneous addition of V and Cu, the a-axis increases slightly to 
3.604(2) Å. The stacking faults probability in the ccp lattice is obtained 
from the FAULTS software refinement, and shown in Table 2. Stacking 
faults in HEAs are common due to the high number of elements, as they 
tend to lower the stacking fault energy [34,35]. The stacking fault 
probabilities ranged from 8 to 14% between the alloys and the change in 
values may be ascribed to the presence of different elements and the 
level of strain in the powder for the PXD sample preparation. 

3.2. Magnetic properties of the main solid solutions 

Fig. 4 depicts magnetization as a function of temperature for the four 
alloys in the vicinity of TC with applied fields of 1 T. Data was obtained 
with a VSM in the range from 300 to 1100 K and by PPMS from 10 to 
370 K. To facilitate comparison to the DFT results, magnetization values 
are expressed in Bohr magnetons in the left axis, and in Am2/kg on the 
right axis. High magnetic fields were selected to better correlate to the 
intended application, where fields of at least 1 T will be employed to 
generate the magnetocaloric effect. By normalizing the temperature by 
TC, one can compare materials with different TC and gain insight on the 
thermal dependence of the magnetic moments in the solid solution. The 
ΔSm of V0.85FeCoNiCu1.15 alloys was investigated in a previous report 
[14] and therefore ΔSm calculations are not performed in this study. 
Instead, the absolute derivative of magnetization as a function of tem-
perature is depicted in Fig. 4(b) with an applied magnetic field of μ0H =
1 T. While it does not replace the ΔSm curves, high |dM/dT| values are 
an indication of a high ΔSm. The high field |dM/dT| can provide insight 

Fig. 3. (Color online.) PXD patterns and Rietveld refinements of the four 
studied alloys measured with Cu-Kα radiation (λ = 1.5409 Å). Observed in-
tensities are shown as points, calculated intensities as lines and difference plots 
are shown below each pattern. 
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on the shape of ΔSm curves, and approximate values if the |dM/dT| 
values are multiplied by the applied field in T, without the arduous 
process of obtaining a series of isofield or isotherm curves for a ΔSm 
calculation. 

In the FeCoNi base alloy, a ferromagnetic-to-paramagnetic transition 
is observed. The ferromagnetic state is stabilized due to the large 
external magnetic field, leading to a broad curve that spans tens of K. 
The maximum change of magnetization is observed at 997 K, as shown 
in Table 2 together with all experimentally observed TC’s. The total 
saturation magnetization (MS) for this alloy is 1.47 μB/atom. With the 
introduction of Cu, MS is decreased to 1.16 μB/atom, and the derivative 
(dM/dT) is slightly smaller; however, the overall behaviour character-
istic of a ferromagnetic material is kept. This is also evident from Fig. 4 
(b) which shows the derivative of magnetization as a function of tem-
perature, (dM/dT) as FeCoNiCu1.15 (TC = 957 K) exhibits a similar 
behaviour as FeCoNi. This leads to the conclusion that other elements 
besides Cu such as Cr, V and Mn are necessary to lower TC, confirming 
the work by Kurniawan et al. [7]. 

In samples containing V, where antiparallel interactions are inserted 
into the magnetic system, the temperature dependence of magnetization 
changes drastically and the magnetic transition becomes much broader 
than for FeCoNi and FeCoNiCu1.15. Furthermore, MS is largely decreased 
to 0.58 and 0.54 μB/atom in V0.85FeCoNi and V0.85FeCoNiCu1.15, 
respectively. 

The magnetic transitions for V0.85FeCoNi and V0.85FeCoNiCu1.15 are 
presented in Fig. 5, in the temperature range from 10 to 375 K. A 
measurement artifact is observed as a slight increase in magnetization at 

T = 50 K for both samples. In the case of V0.85FeCoNi, the measured TC is 
245 K, while V0.85FeCoNiCu1.15 presents a TC of approx. 280 K. The 
absolute magnetization values are higher for the sample without Cu, as it 
acts as a dilutant for the ferromagnetic moments. On both V-containing 
alloys there is still some remaining magnetization after the end of the 
measurement range due to the large number of exchange interactions 
and inhomogeneity in the alloy. Surprisingly, the (dM/dT) derivative of 
the 5-element alloy is higher. This can be explained by the smaller V- 
content in the 5-element solid solution (18 at. %) compared to the 4- 
element alloy (21 at. %). The decrease in (dM/dT) seen in Fig. 4(b) 
due to the introduction of V is a hindrance to the magnetocaloric 
properties. This can be correlated to local inhomogeneities between V 
and the other elements, creating a distribution of TC’s. The slightly 
larger derivative seen in Fig. 5 for V0.85FeCoNiCu1.15 compared to 
V0.85FeCoNi could hint at a pathway for improving the magnetocaloric 

Table 2 
Experimental lattice parameters (a), Curie temperatures (TC), and saturation 
magnetizations (MS) of the studied FeCoNi-based alloys.  

main phase composition 
(formula units) 

Exp. 
a. (Å) 

Stacking fault 
probability 
(%) 

χ2 exp. 
TC 

(K) 

Exp. 
MS (μB/ 
atom) 

Fe1Co1.14Ni1.14 3.571 
(2) 

8.4% 1.39 997 1.47 

FeCo1.16Ni1.09Cu0.84 3.595 
(2) 

14.2% 1.38 957 1.16 

V0.82FeCo1.07Ni1.03 3.595 
(2) 

13.6% 1.26 245 0.58 

V0.75FeCo1.07Ni1.01Cu0.56 3.604 
(2) 

8.4% 1.7 278 0.54.  

Fig. 4. (Color online.) (a) Magnetization as a function of temperature for the four studied alloys with applied fields of μ0H = 1 T, in Bohr magneton/atom on the left, 
and in Am2/kg on the right. (b) Absolute derivative of magnetization as a function of temperature for the studied alloys, allowing one to compare the transitions with 
each modification. With the introduction of Cu, a decrease in absolute magnetization is observed, but the overall behaviour is unchanged. In V-containing alloys, 
absolute magnetization, and derivatives of magnetization (dM/dT) are strongly modified, which is harmful to the magnetocaloric effect. 

Fig. 5. (Color online.) Magnetization as a function of temperature for two V- 
containing alloys, with applied field of μ0H = 1 T. The inset shows the deriv-
ative of magnetization (dM/dT) as a function of temperature. A measurement 
artifact occurring due to impurities in the sample chamber is seen at T = 50 K. 
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properties by modifying the ratio between dilution and antiferromag-
netic elements and the ferromagnetic elements. This is exactly the case 
observed by Belyea et al. in CrFeCoNiPdx. With larger contents of Pd, the 
nominal content of Cr decreases from 25 at. % (x = 0) to 22.2 at. % (x =
0.5). This modifies TC’s from around 100 K to300 K [5]. 

3.3. Theoretical results 

Electronic structure calculations and Monte Carlo simulations are 
presented in detail for the nominal composition of the 3-, 4- and 5- 
element alloys, where the Fe, Co and Ni content is equal. The nominal 
atomic concentrations of the elements are listed in the upper section of 
Table 1. For these alloys, the 0 K equilibrium lattice parameters, a, were 
estimated from a Morse type of equation of state as described in Section 
2.1. Due to the quick solidification of the as-cast samples, we expect a 
solid solution with the greatest extent of randomness of the constituting 
elements, and we can furthermore assume that the composition of the 
FeCoNi sample in the as-cast state is very close to the nominal compo-
sition. Within this set of assumptions, we find that the lattice parameter 
of FeCoNi (3.56 Å) is in good agreement with the measured data (3.57 Å) 
while its total magnetic moment (mtot) per 1 atom calculated at 0 K is 
1.64 μB. This compares well to the measured value of 1.47 μB at RT. 
These results give us confidence in the theoretical framework and allow 
us to investigate how the addition of Cu and V affect the magnetic 
properties of FeCoNi-based alloys. 

Fig. 6 presents the element resolved partial densities of states (DOS) 
for Fe, Co, and Ni in the equiatomic FeCoNi base alloy. The difference in 
DOS modifies the individual magnetic moments for each of the ele-
ments, depicted in Table 3. The largest exchange splitting between the 
spin-up and spin-down DOS is manifested for Fe. The spin-up channel is 
almost filled, and the remaining number of electrons occupy the spin- 
down channel resulting in a magnetic moment of 2.51 μB for Fe. Co 
and Ni possess more electrons than Fe, that will result in a complete 
filling of the spin-up states showing larger values of DOS in the energy 
range of − 0.25 to − 0.05 Ry for Co and Ni than for Fe. Also, the peak at 
− 0.05 Ry is slightly shifted towards lower energies for Co and Ni 
compared to Fe. The extra electrons for Co and Ni are accommodated by 
the spin-down channel resulting in decreased local magnetic moments of 
1.69 μB (Co) and 0.72 μB (Ni), respectively, compared to Fe. 

To compare the effect of adding Cu and V to FeCoNi, we turn our 
attention to FeCoNiCu1.15 and V1.15FeCoNi, where the nominal atomic 
concentration and the ratio of Fe, Co and Ni are identical. The modelled 
lattice parameters of FeCoNiCu1.15 and V1.15FeCoNi are both slightly 
larger than for FeCoNi. The V-containing 4 element alloy has a lattice 
parameter of 3.59 Å due to the larger volume of the element V. In the 
case of FeCoNiCu1.15, the calculated lattice parameter of 3.59 Å can be 

ascribed to filled d-orbitals of Cu, imposing larger bond lengths. In the 5- 
element alloy, the combined effect of V and Cu increases the calculated 
lattice parameter slightly to 3.60 Å. 

The element-resolved and total magnetic moments for different 
FeCoNi-based multicomponent alloys are listed in Table 3. The addition 
of electrons to FeCoNi, e.g., via Cu in FeCoNiCu1.15, affects the local 
magnetic moments of Fe, Co, and Ni differently. The extra electrons from 
Cu fill completely the spin-up states for Fe, see the upper panel of Fig. 7, 
inducing a subtle increase of mFe. The filled spin-up channel of Co and Ni 
cannot accommodate more electrons; here the spin-down states receive 
the extra electrons (see middle and lower panels of Fig. 7 for Co and Ni, 
respectively) resulting in a decrease of mCo and mNi. The addition of V in 
V1.15FeCoNi has the opposite effect: electrons are removed from both 
spin-up and spin-down channels of the pDOS of Fe, Co, and Ni, resulting 
in a drastic decrease of mFe, mCo and mNi. The induced moment on Cu is 
very small for all compounds (< 0.05 μB). On the other hand, the local 
moment induced on V is quite substantial and comparable to mNi (see 
Table 3), and it couples antiparallel to the moments of the magnetic 
elements (Fe, Co, Ni), thereby reducing the ferromagnetic character of 
the alloy. 

These changes in the electronic structure and magnetic moments 
translate to the exchange integrals calculated for the 3- and 4-compo-
nent alloys plotted in Figs. 8 and 9. All magnetic pair interactions are 
positive in case of FeCoNi establishing a ferromagnetic ground state. JFe- 

Co and JCo-Co have the largest values while JFe-Ni and JCo-Ni are half of 
them. Adding Cu to FeCoNi results in a very small increase of the 1st 
nearest neighbor (NN) JFe-Fe, JFe-Co and JCo-Co while their 2nd NN pair 
interactions are decreased. JFe-Ni and JCo-Ni are not affected by the 
addition of Cu. Since the nominal concentration of Fe, Co and Ni de-
creases considerably in FeCoNiCu1.15 (24.1 at. %) compared to the 
equiatomic alloy (33 at. %), and Cu does not contribute to the magnetic 
properties (due to its very small induced magnetic moment), we expect a 
lower TC for FeCoNiCu1.15 than for FeCoNi. 

In contrast, adding V largely affects the magnetic exchange in-
teractions in two ways. Firstly, we observe a significant decrease in all 
pair interactions between Fe, Co, and Ni for V1.15FeCoNi. Secondly, V 
couples antiferromagnetically to Fe and Co. Due to this drastic change 
we can anticipate a large decrease of TC for V1.15FeCoNi compared to 
both FeCoNi and FeCoNiCu1.15. Decreasing the amount of V in 
V0.85FeCoNi leads to an increase of Jij’s, anticipating a larger TC than for 
V1.15FeCoNi. 

The combination of V and Cu in the 5-element alloy V0.85FeCo-
NiCu1.15 will result in intermediate values for JFe-Fe, JFe-Co and JCo-Co 
compared to the 3- and 4-element alloys FeCoNi, FeCoNiCu1.15 and 
V0.85FeCoNi, respectively. Compared to V0.85FeCoNi, the dilution with 
Cu in the 5-element alloy has no large effect on JFe-Ni and JCo-Ni. How-
ever, they are still low (0.25 mRy) when compared to JFe-Ni and JCo-Ni in 
FeCoNi and FeCoNiCu1.15 (See the top-left part of Fig. 9). In the 5- 
element alloy, JFe-V and JCo-V have the largest negative values (antipar-
allel couplings). 

The Curie temperatures calculated by the Monte Carlo method from 
ferromagnetic exchange interactions for the 3-, 4- and 5-element alloys 
assuming nominal compositions are listed in Table 3. The magnetic 
transition temperature for FeCoNi is calculated to 1009 K based on the 
theoretical lattice parameter. Cu-addition increases the 1st NN Ji− j ’s 
slightly compared to that of FeCoNi. However, TC of FeCoNiCu1.15 (820 
K) is lower than for the FeCoNi alloy. This is the result of a dilution effect 
caused by Cu since the concentration of the magnetic elements are lower 
in FeCoNiCu1.15 than in FeCoNi (see Table 1). In addition, Cu does not 
contribute to the magnetism, due to its filled d-orbitals that manifest in a 
negligible induced magnetic moment. As expected from the analysis of 
the exchange interactions, the lowest Curie temperature (233 K) is ob-
tained for V1.15FeCoNi while increasing Fe, Co, and Ni concentrations in 
V0.85FeCoNi, compared to V1.15FeCoNi (see Table 1) increases TC to 350 
K (see Table 3). The addition of Cu to the V-alloy decreases not only the 
atomic concentration of V, but also the concentration of the magnetic 

Fig. 6. Partial density of states (pDOS) for Fe (full line), Co (dashed line), and 
Ni (dots) in the FeCoNi equiatomic base alloy. 
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elements (see Table 1). Therefore, the TC of V0.85FeCoNiCu1.15 (362 K) is 
higher compared to the V-alloys. 

From the above analysis based on the nominal compositions, we can 
conclude that Cu moderately dilutes the ferromagnetic interactions be-
tween Fe, Co and Ni and shields the negative coupling of V, resulting in 
moderate changes in TC of FeCoNiCu1.15 compared to FeCoNi, and of 

V0.85FeCoNiCu1.15 compared to V1.15/0.85FeCoNi. On the other hand, V 
acts in three different ways: it dilutes the concentration of the magnetic 
elements, decreases their pair magnetic interactions and couples anti-
parallel to them. This leads to a drastic decrease of TC for the V-con-
taining alloys. 

The effect of other 3d metals such as Ti, Cr and Mn on the magnetism 
of the FeCoNi-base alloy is now briefly discussed. In X1.15FeCoNi, where 
X = Ti, Cr and Mn, the randomly distributed X-elements have a similar 
effect on the local magnetic moments of Fe, Co, and Ni as V; namely, 
mFe, mCo and mNi decrease. In addition, a quite substantial induced local 
moment develops on Ti (− 0.34 μB), comparable with the Ni moment 

Table 3 
Element resolved magnetic moments, mi (μB/atom), total magnetic moment, mtot (μB/atom), and calculated TC (K) for the nominal and measured compositions of the 
solid solutions. Nominal compositions are written in italic.   

System 
Composition mFe (μB/atom) mCo (μB/atom) mNi (μB/atom) mV (μB/atom) mtot (μB/atom) Calc. TC (K) Experimental TC (K) 

Fe–Co–Ni FeCoNi 2.51 1.69 0.72  1.64 1009  
FeCo1.14Ni1.14 2.65 1.67 0.64 – 1.61 997 1018 

Fe–Co–Ni–Cu FeCoNiCu1.15 2.56 1.65 0.61 - 1.19 820  
FeCo1.16Ni1.09Cu0.84 2.70 1.66 0.58 – 1.29 871 957 

V–Fe–Co–Ni V1.15FeCoNi 1.93 1.00 0.23 − 0.44 0.64 233  
V0.85FeCoNi 2.05 1.16 0.31 − 0.56 0.79 350  
V0.82FeCo1.07Ni1.03 2.22 1.22 0.31 − 0.74 0.83 384 245 

V–Fe–Co–Ni–Cu V0.85FeCoNiCu1.15 2.21 1.23 0.29 − 0.54 0.66 362  
V0.75FeCo1.07Ni1.01Cu0.56 2.32 1.27 0.31 − 0.75 0.76 403 278  

Fig. 7. (Color online.) pDOS for Fe, Co, and Ni in various multicomponent 
alloys. Black line stands for FeCoNi, the red line for FeCoNiCu1.15 and the blue 
line for V1.15FeCoNi. Full line stands for Fe, the dashed line for Co and the 
dotted line for Ni. 

Fig. 8. (Color online.) Calculated magnetic pair exchange interactions for 
(Fe–Fe), (Fe–Co), and (Co–Co) in the FeCoNi base alloy and selected V- and Cu- 
doped based solid solutions. 
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(0.24 μB), that couples antiparallel to the local moment of the ferro-
magnetic elements. mCr and mMn are also quite high, with − 0.62 μB (Cr) 
and − 1.72 μB (Mn), respectively, and couple antiparallel to the moments 
of Fe, Co, and Ni, as expected. Therefore, we expect that the effect of Ti, 
Cr, and Mn on the high temperature magnetism of X1.15FeCoNi is like 
that of V. Consequently, we foresee a large decrease of TC for these 
compounds. Indeed, the decrease of TC for X1.15FeCoNi (X = Ti, Cr and 
Mn, respectively), estimated via mean field approximation is large as in 
the case of V. However, a detailed investigation on the effect of Ti, Cr 
and Mn is beyond the scope of the present study. 

Magnetic properties have also been calculated for the experimentally 
measured compositions and lattice parameters and are also listed in 
Table 3. The total magnetic moment calculated for FeCo1.14Ni1.14 at 0 K 
is about 10% larger than at RT. This discrepancy is even larger for the 
alloys that contain V and Cu. The experimental trends are however 
captured by the theory. The calculated TCs for FeCo1.14Ni1.14 and 
FeCo1.16Ni1.09Cu0.84 based on the experimental lattice parameters, are 
996 K and 871 K, respectively. They are in good agreement with the 
measured data, 997 K and 957 K, respectively. In contrast, we find a 
large discrepancy for the V-containing alloys. This is not surprising 
considering the applied unavoidable assumptions and approximations. 
Firstly, Ji− j’s are calculated for the ideal atomic positions, e.g., unrelaxed 
lattice positions neglecting the local lattice relaxations due to the size 
differences between the elements. The second assumption is the random 
distribution of the elements that does not consider the effect of short- 
range order or segregation that are possibly present in real alloys. 
Finally, the temperature effect on the magnitude of the local magnetic 
moments and as a consequence on the exchange parameters (non-Hei-
senberg behaviour), that is widely discussed recently [36–41], is also not 
investigated in this study. 

Although the actual values of the total magnetic moment and TC for 
the as-cast alloys with V addition do not agree with the measured data, 
these properties are a direct consequence of the average interactions 
across the material. In the calculations, the modelled system is still an 
idealized solid solution. On the other hand, a closer look on the en-
thalpies of mixing of the studied alloys can shed some light on the trends 
observed in the experiments. As is known from literature, an enthalpy of 
mixing, ΔHmix, very close to 0 in connection with atomic size differences 
≤ 6.6% favours the formation of solid solutions [42]. This is the case for 

the nominal composition of V0.85FeCoNiCu1.15, with a ΔHmix of 0.32 
J/K. However, this value is only accidently close to 0 because it results 
from a combination of pairs with large negative ΔHmix (Co–V and Ni–V), 
and others with a large positive ΔHmix (Fe–Cu, Co–Cu and Cu–V) that 
can individually promote segregation. Nevertheless, we are confident 
that the conclusions drawn for the nominal compositions are also valid 
for the as-cast samples. 

4. Conclusion 

Four ferromagnetic transition-metal based alloys were studied to 
understand how structure and microstructure affect the steepness of the 
magnetic transition, which is an indication of the magnetocaloric effects 
in the materials. All alloys were studied in metastable states after cast-
ing. Pure ferromagnetic, diluted ferromagnetic, ferromagnetic- 
antiferromagnetic and diluted ferromagnetic-antiferromagnetic sys-
tems were investigated. 

The FeCoNi base alloy exhibits a monophasic microstructure. With 
the addition of V, a sigma intermetallic is introduced, while with Cu, a 
secondary Cu-rich phase is precipitated in an inter-dendritic region due 
to the lack of solubility at lower temperatures. In the 5-element alloy 
V0.85FeCoNiCu1.15, a sigma intermetallic and secondary ccp phase are 
both present. However, instead of precipitating from a main solid so-
lution, the Cu-rich phase is solidified from a secondary liquid phase, as 
indicated from the morphology of the Cu-rich phase. 

The precipitation of secondary phases impacts the chemical 
composition of the main solid solutions, which is directly responsible for 
the macroscopic magnetization behaviour. All studied solid solutions 
feature ferromagnetism at lower temperatures and undergo ferro-to- 
paramagnetic transitions. The temperature dependent magnetization 
curves show that FeCoNi has a typical second order transition, with a 
continuous decrease in magnetization. The dilution induced by the 
addition of Cu in FeCoNiCu1.15 mostly impacts the magnetization values, 
and slightly effects TC values and the steepness of the magnetic transi-
tion. The introduction of V, however, in V–FeCoNi strongly modifies TC, 
decreasing it below room temperature in V0.85FeCoNi. The absolute 
magnetization values are reduced, and the transition is broadened, 
which are both detrimental for magnetocaloric properties. The 5- 
element alloy V0.85FeCoNiCu1.15 boasts a similar magnetic behaviour, 

Fig. 9. (Color online.) Calculated magnetic pair exchange interactions for (Fe–Ni), (Co–Ni), (Fe–V) and (Co–V) in the FeCoNi base alloy and selected V- and Cu-doped 
based solid solutions. 
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though with a slightly increased derivative of magnetization that is 
credited to the reduced V content. 

Analysis of the magnetic properties by DFT shows that the addition 
of Cu to FeCoNi dilutes the magnetic exchange and results in a slight 
decrease of TC. In contrast, the addition of V acts in three different ways: 
(i) V dilutes the amount of the ferromagnetic elements; (ii) its induced 
moment couples antiparallel to the moments of Fe, Co, and Ni; (iii) the 
addition of V leads to a decrease of the magnetic exchange interactions 
between the ferromagnetic elements. These combined effects result in a 
large decrease of the magnetic transition temperature in the studied 
V0.85FeCoNi and V0.85Fe1Co1Ni1Cu1.15 alloys. A similar behaviour is 
predicted for other early 3 d-transition metals based on a brief investi-
gation of their effect on the local magnetic moments of X1.15FeCoNi (X =
Ti, Cr and Mn), though in different strengths. 

To make high entropy alloys viable for magnetocaloric applications, 
the strength of ferromagnetic interactions is of key importance, together 
with the abruptness of the transition (high dM/dT). The drastic reduc-
tion of TC that is caused by the addition of V, Mn, Cr and Ti to the FeCoNi 
base alloy is remarkable. However, such elements are also responsible 
for a large decrease in the moments of Fe, Co, and Ni. Pathways to 
improvement of the magnetocaloric effect lie in optimizing the content 
of antiferromagnetic coupling and diluting elements. 
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