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The critical temperature and saturation magnetization for four- and five-component FCC transition

metal alloys are predicted using a formalism that combines density functional theory and a

magnetic mean-field model. Our theoretical results are in excellent agreement with experimental

data presented in both this work and in the literature. The generality and power of this approach

allow us to computationally design alloys with well-defined magnetic properties. Among other

alloys, the method is applied to CoCrFeNiPd alloys, which have attracted attention recently for

potential magnetic applications. The computational framework is able to predict the experimentally

measured TC and to explore the dominant mechanisms for alloying trends with Pd. A wide range of

ferromagnetic properties and Curie temperatures near room temperature in hitherto unexplored

alloys is predicted in which Pd is replaced in varying degrees by, e.g., Ag, Au, and Cu. VC 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4932571]

Since the revival of multi-principal element alloys more

than ten years ago, hundreds of different high entropy alloys

(HEAs) have been discovered.1 Among them are CoCrFeNi-

based alloys such as CoCrFeNiMn and CoCrFeNiPd

revealing superior mechanical2 and promising magnetic

properties,3,4 respectively. Among other materials,5 the latter

have been investigated as potential candidates for next-

generation magnetic refrigeration applications.4 For that pur-

pose, a Curie temperature, TC, close to room temperature is

required which, unfortunately, is not fulfilled for CoCrFeNi

alloys with TC near 100K.1 Experiments indicate that addi-

tional alloying can change TC by several hundreds Kelvin,

e.g., from 90K for CoCrFeNiAl0.25 up to more than 500K

for CoCrFeNiPd2 alloys (see Fig. 1).
3,6 Considering however

the immense configurational space of these alloys, the opti-

mization of TC into a narrow window close to room tempera-

ture—under the constraint of preserving other desirable

properties—is a highly non-trivial task.

In the present letter, we report predictions for both the

critical temperature and saturation magnetization of 4- and

5-component transition metal alloys. As envisioned by the

Materials Genome Initiative, this work represents an experi-

mentally validated computational guide for the discovery

and design of materials with specifically desired properties.

We combine density-functional theory (DFT) with a mean

field (MF) magnetic model allowing efficient TC predictions.

The predictive power of this theory is validated with experi-

mental data from a variety of CoFeNi-based HEAs. Our

approach allows us to screen a wide compositional range of

HEAs, which essentially provides “treasure maps” of the

enormous and unexplored parameter space occupied by four

and five component alloys.

Within the last decade, DFT based predictions of finite-

temperature magnetic properties, such as Curie temperatures,

have become an attractive tool in materials science.7–22 One

of the most common approaches is to map the DFT

energetics onto an effective Heisenberg-like Hamiltonian,

H ¼
P

ij Jij~mi � ~mj.
7–14 Here, Jij denotes the magnetic

exchange interaction between atomic sites i and j with local

magnetic moments ~mi and ~mj. The Hamiltonian is usually

solved via analytic methods7–10 or Monte Carlo simula-

tions.11–14 In addition to elemental ferromagnets Fe, Co, and

Ni,8–13 such an approach has been applied to a variety of

magnetic materials such as, e.g., FeCo alloys,11,22 Heusler

alloys,16 or diluted magnetic semiconductors.17–21

A good approximation to the solution of the Heisenberg

Hamiltonian is obtained from a MF approach analogous to the

Weiss molecular field theory. Within MF, TC is directly related

to the sum of the magnetic interactions. For elemental ferro-

magnets such as Fe, Co, or Ni, one obtains kBTC ¼ 2=3
P

ij
~J ij

(see, e.g., Ref. 8), where the local moments are usually

absorbed into effective interactions ~J ij ¼ Jijmimj. In practical

applications, it is convenient to identify TC as the energy dif-

ference DE of the ferromagnetic, EFM, and paramagnetic

energy, EPM, of the system as kBTC ¼ 2DE=3 employingP
ij
~J ij ¼ EFM � EPM. If alloyed with a small concentration, c,

of nonmagnetic elements, TC reads21

kBTC ¼
2

3 1� cð Þ
EFM � EPMð Þ ¼

2

3 1� cð Þ
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This concentration dependent MF formulation for TC has been

shown to provide accurate results for a number of systems,

e.g., for a variety of diluted magnetic semiconductors.17–21

Note, however, that Eq. (1) is not applicable if percolation

effects dominate the ferromagnetic ordering, e.g., in the pres-

ence of short-ranged magnetic interactions and low magnetic

alloying element concentrations (�20%) (see, e.g., Ref. 23).

To compute the ferromagnetic and paramagnetic total

energies, we employed the exact muffin-tin orbital-coherent

potential approximation (EMTO-CPA) method24 within the

generalized gradient approximation.25 The EMTO-CPA

approach allows to model solid-solutions within an effective

1-atom unit cell at the cost of neglecting local lattice distor-

tions or local chemical order. This allows us to address an

existing difficulty in first-principles modeling of HEAs, in

particular with treating their multi-element character with

supercell based techniques. Recent DFT studies on HEAs

have explored the performance of mean-field type simplifica-

tions of the electronic structure problem, such as the CPA,26

as implemented, e.g., in the EMTO method. A further

advantage is the possibility to straightforwardly model the

paramagnetic state and hence to directly access EPM via the

disordered local moment (DLM) approach.27 The DLM

resembles a random spin configuration with zero averaged

magnetization, while allowing the presence of finite local

magnetic moments on each lattice site. EMTO-CPA calcula-

tions for HEAs have been carried out to investigate, e.g.,

phase stabilities and bulk properties28–34 as well as stacking

fault energies.35,36 For CoCrFeNi based HEAs, Tian et al.

and Niu et al. have shown that bulk properties, e.g., bulk

moduli28 and enthalpies of formation,34 are in reasonable

agreement between CPA and explicit super cell calculations.

The Brillouin zone integration in the FCC alloys was

carried out on a 25 � 25 � 25 k-point mesh according to the

Monkhorst-Pack scheme.37 Other EMTO parameters were

chosen as in Ref. 29. The magnetic energies of the consid-

ered multi-component HEAs were mapped onto an effective

one-atomic magnetic species alloyed with a nonmagnetic

element of concentration c. The energy difference entering

Eq. (1) was obtained at the equilibrium volume of the ferro-

magnetic ground state of the respective alloy. For composi-

tions including Cr, we considered a ferri-magnetic state

instead of a ferromagnetic one in line with results from Niu

et al.34 Ag, Al, Au, Cu, and Pd were treated as nonmagnetic

alloying elements in Eq. (1) due to their small induced mag-

netic moments (<0:1lB).
To verify the performance of our approach, we

computed TC for a number of different alloys for which TC
values have been reported in literature (black and red bars in

Fig. 1). As is well-known, the MF approximation

consistently overestimates TC.
10 Nevertheless, the trend in

the measured TC’s is in very good agreement with our theo-

retical results indicating the predictive strength of the

approach. Further validation with respect to our own meas-

urements is given below.

In order to systematically understand and explore the

alloying trends of TC, we first consider the 3-component

CoFeNi alloy. The prediction of TC � 868K (left hand side

of Fig. 1) obtained with our approach is not surprising taking

into account that all three individual elements are ferromag-

netic with a considerable individual TC (1394K, 1041K, and

611K). The critical temperature does not change much if

alloyed with Cu whereas it drops significantly if alloyed with

Cr. For the equi-atomic CrCoFeNi HEA, a TC is found below

room temperature consistent with the experimental observa-

tions. TC decreases even further if in addition to Cr the

HEA is alloyed with Al or Mn. However, in agreement with

experiment, TC near and above room temperature for

CoCrFeNi alloys are found by decreasing the Cr concentra-

tion (closer to CoFeNi) or by additional alloying with Pd.

The analysis indicates two possible alloying strategies to

achieve room temperature TC (i) by varying the Cr-content

or (ii) by adding additional Pd. We therefore examine in the

following more closely under which alloying compositions

the transition occurs. Fig. 2(a) shows the impact on TC by

alloying with Pd. Our theoretical data are compared with two

previous experimental data points by Lucas et al. (black

symbols).3,4 For CoCrFeNiPdx, we predict a nonlinear

dependence of TC on Pd content in which a strong response

regime for small x leads to a weaker dependence above

x¼ 1. Analyzing the theoretical data in more detail, we find

that these limiting regimes are correlated with the stabiliza-

tion of Cr magnetic moments in the paramagnetic state (see

dashed lines in Fig. 2(a)). This stabilization is driven by

the increase in volume due to larger Pd concentrations. The

same trend, i.e., a steeper slope of TCðcÞ for small Pd con-

centrations, is observed for other fixed Cr-concentrations,

e.g., for CoCr0.5FeNiPdx alloys (orange lines in Fig. 2).

Our theoretical predictions were tested by fabricating

and measuring the magnetic properties of six compositions

of CoCrFeNiPdx ranging from x¼ 0 to 0.5. Samples were

prepared by arc melting in an argon atmosphere using metals

with purity 99.99% or greater. The samples were cold rolled

into sheets and diced to form ribbons 2mm� 3mm with

thickness of 100 to 250 lm. The samples were then wrapped

in Ta foil, sealed in a quartz tube with Ar gas, and annealed

for 1 h at 900 �C. Magnetization measurements were made

using a Quantum Design Physical Property Measurement

System with a vibrating sample magnetometer. Figure 2(a)

shows the TC (red stars), as determined from the modified

FIG. 1. Theoretical (red bars) and ex-

perimental (black bars) Curie tempera-

tures for various CoFeNi-based HEAs.

The TC’s marked with the star have

been derived from an empirical linear

interpolation.4

142404-2 K€ormann et al. Appl. Phys. Lett. 107, 142404 (2015)
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Arrott plot technique.38 These data are in excellent agree-

ment with the theoretical predictions, including the theoreti-

cally predicted slopes of TC with Pd content. Further, room

temperature X-ray diffraction measurements reveal that the

impact of Pd is indeed to increase the lattice parameter, in

agreement with the theoretical analysis.3

Previously, Lucas et al. have studied the peak position

of magnetic entropy change on varying Cr concentration in

CoFeNiCrx alloys.
4 Their data are also shown in Fig. 2 and

compared with our theoretical predictions. The overall agree-

ment is similarly good as for varying the Pd-concentrations,

although the theoretical dependence of TC on Cr-

concentration is slightly weaker as observed in experiment.

Having verified that our theoretical approach shows good

agreement not only for different alloying elements (Fig. 1)

but even for subtle concentration dependent alloying trends

(Fig. 2), we explore in the following several TC alloying phase

diagrams which have not been experimentally addressed so

far. We first consider the TC map for CoCrFeNiPd alloys

(third column in Fig. 3). The open symbols indicate the previ-

ously experimentally accessed cross-sections for varying Cr

and Pd concentrations. The stars indicate our experimental

results. The comparison between experiment and theory

clearly shows that so far only a very narrow regime of the

whole TC phase space has been explored. The full computed

theoretical map goes significantly beyond the previous find-

ings, in that it gives an estimate of the necessary Pd concen-

tration for a given Cr concentration that will result in an alloy

whose Curie point is at or near room temperature.

Our theoretical method is not restricted to Pd-containing

systems. Indeed, we are able to extend the theory to several

additional elements in order to help identify alloys that may

have desirable ferromagnetic properties, but which have not

yet been experimentally fabricated and tested. As in the Cr-

Pd scenario, the TC maps for FCC Ag, Au, and Cu in combi-

nation with Cr have been computed for AgCoCrNiFe,

AuCoCrNiFe, and CoCrCuNiFe. As shown in Fig. 3, Curie

temperatures close to room temperature are predicted to be

possible for all considered HEA combinations under the

given compositional dependence. Linear fits to the composi-

tion maps’ 300K contours lead to simple equations that indi-

cate the family of alloy compositions for which room

FIG. 2. Theoretical (lines) and experimental (symbols) Curie temperature TC (a) as a function of Pd concentration for fixed Cr-concentrations including our ex-

perimental data (red stars) and (b) as a function of Cr concentration for fixed Pd-concentrations. (a) also shows the stabilization of local magnetic Cr moments

in the paramagnetic state (dashed lines) being responsible for the two slopes in TC. All alloys correspond to a stoichiometric ratio. Open circles mark previous

experimental data from Refs. 3 and 4.

FIG. 3. Upper row (a)–(d): Curie temperature maps for CoCrFeNi-based alloys. The x- and y-axis define the Cr- and (Ag,Au,Cu,Pd)-content. Thick lines indi-

cate compositions where TC’s close to room temperature are predicted. Markers indicate previous experimentally explored compositions (black circles) as well

as our measurements (red stars), see also Fig. 2 for comparison. Lower row (e)–(h): The corresponding saturation magnetization at T¼ 0K per site.

142404-3 K€ormann et al. Appl. Phys. Lett. 107, 142404 (2015)
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temperature should be the Curie point; these are summarized

in Table I.

Magnetic refrigeration applications require not only TC
near room temperature but also as high as possible saturation

magnetization. In parallel to the TC computations, we have

explored saturation magnetization maps for all considered

alloys. As shown in Fig. 3 (lower row), the magnetization is

not significantly different using the different FCC additions.

One might expect that increasing the equilibrium volume via

alloying should in principle increase the magnetization. The

reason why this is not prominently observed is that the

increase in local moments of the ferromagnetic constitutions

Co, Fe, and Ni with increasing volume is partially compen-

sated by the steeper increase of the anti-ferromagnetic

aligned Cr moments. Of course, alloying with Ag, Au, Pd,

and Cu also decreases the net magnetization because of dilu-

tion of the ferromagnetic components Fe, Co, and Ni. For all

considered systems, the largest saturation magnetization val-

ues are found for the smallest Cr-concentrations which is

again directly related to the anti-ferromagnetic alignment of

Cr-atoms at T¼ 0K. The theoretical predictions for Pd addi-

tion are also in qualitative agreement with our own measure-

ments. The provided TC and magnetization maps can be used

as a guide to adjust and fine-tune the alloy compositions to a

target TC and magnetization.

While the agreement with experiment will make this

work impactful, our theoretical predictions are limited by the

lack of sophisticated stability analysis tools. Empirical rules

that were previously applied to determine HEA stabilities39

are presently being replaced by first-principles approaches40

that reveal new and unexpected tendencies. So far, however,

these first principles approaches consider only T¼ 0K ener-

getics, and a fully theory-guided finite T approach has yet to

be developed within the community.

In summary, we presented a combined mean field and

density-functional theory study to compute Curie tempera-

tures of high entropy alloys. Our results are in excellent

agreement with available experimental data for a number of

different HEAs, including subtle concentration dependent

trends. In addition to the previously experimentally identified

alloying strategies to achieve room temperature ferromagnet-

ism in CoCrFeNi alloys, we suggest three more alternative

alloying candidates, namely, Ag, Au, and Cu, each of which

has a variety of compositions that should exhibit room tem-

perature ferromagnetism. Room temperature TC’s are pre-

dicted by approximate linear relations for the stoichiometric

compositions between Cr and alloying elements Ag, Au, Cu,

and Pd (Table I). We thus reveal a large set of candidate

materials, such as CoFeNiCrAg0.37, CoFeNiCrAu0.29, or

CoFeNiCr0.8Cu0.64. The theoretical TC maps can be directly

applied to create ferromagnetic HEAs with well-defined

target TC’s and magnetizations.
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