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Magnetic properties of the CrMnFeCoNi high-entropy alloy
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We present experimental data showing that the equiatomic CrMnFeCoNi high-entropy alloy undergoes two
magnetic transformations at temperatures below 100 K while maintaining its fcc structure down to 3 K. The
first transition, paramagnetic to spin glass, was detected at 93 K and the second transition of the ferromagnetic
type occurred at 38 K. Field-assisted cooling below 38 K resulted in a systematic vertical shift of the hysteresis
curves. Strength and direction of the associated magnetization bias was proportional to the strength and direction
of the cooling field and shows a linear dependence with a slope of 0.006 £ 0.001 emu/T. The local magnetic
moments of individual atoms in the CrMnFeCoNi quinary fcc random solid solution were investigated by ab initio
(electronic density functional theory) calculations. Results of the numerical analysis suggest that, irrespective of
the initial configuration of local magnetic moments, the magnetic moments associated with Cr atoms align
antiferromagnetically with respect to a cumulative magnetic moment of their first coordination shell. The
ab initio calculations further showed that the magnetic moments of Fe and Mn atoms remain strong (between
1.5 and 2 pp), while the local moments of Ni atoms effectively vanish. These results indicate that interactions of
Mn- and/or Fe-located moments with the surrounding magnetic structure account for the observed macroscopic

magnetization bias.
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I. INTRODUCTION

Equiatomic compositions maximize the configurational
entropy of random solid solutions [1]. Yeh and co-authors [2]
built on this principle and suggested that, when five or more el-
ements combine in equiatomic proportions, the configurational
entropy contribution to Gibbs free energy may be sufficient
to overcome competing thermodynamic forces and provide
stability to a single-phase microstructure. Alloys consisting of
multiple principal elements in approximately equiatomic con-
centrations have been termed high (configurational) entropy
alloys (HEAs). HEAs are intriguing since certain combinations
of elements in a single phase may exhibit a number of unusual
physical properties with high potential for applications [3].
Consequently, complex alloy systems with nearly equiatomic
composition [compositionally complex alloys (CCAs)] have
been the subject of rapidly increasing research in the past
decade; see, e.g., Refs. [4-11]. Many experimental, e.g.,
Refs. [7,12], and computational, e.g., Refs. [13,14], studies
have provided evidence that the configurational entropy term
is usually insufficient to stabilize CCAs as a single phase.
Contrary to the hypothesis of Yeh et al. [2], phase separation
of the investigated CCAs is rather the rule than the exception.
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However, a few systems have been found that seemingly
obey the original HEA principle. The single-phase equiatomic
Cantor alloy CrMnFeCoNi [15], which crystallizes in a
face centered cubic (fcc) lattice, is one of the best-known
examples. While it can decompose into multiple phases when
annealed at temperatures below about 1073 K [16-18], it
can also be produced as a single-phase fcc material in the
cast, homogenized, and recrystallized states. After hot or cold
deformation processing and subsequent recrystallization of the
material, the single-phase CrMnFeCoNi alloy exhibits certain
unusual properties such as a good combination of strength and
ductility, both of which increase with decreasing temperature
[19,20], and a remarkably high fracture toughness [21].

A review of the magnetic and electrical properties of
HEAs was recently published by Tsai [22]. The studies
of magnetic properties of HEAs were mainly focused on
the alloys composed of Al, Co, Cr, Cu, Fe, Ni, and Ti
[23-31]. These alloys usually contain more than 50 at.% of
the magnetic elements—Fe, Co, and Ni—and they are either
paramagnetic [25,27,30] or ferromagnetic and their saturation
magnetization depends mainly on the composition and crystal
structure. In general, more magnetic elements lead to higher
magnetization [22,31]. However, other alloying elements can
also have an impact, e.g., addition of Cr significantly reduces
the magnetization [22,31]. Zhang et al. [31] have argued that
this is because the magnetic moments of Cr atoms have an
antiparallel orientation to moments of Fe/Co/Ni leading to
reduction of the total magnetization of the alloy [31]. This

©2017 American Physical Society


https://doi.org/10.1103/PhysRevB.96.014437

OLDRICH SCHNEEWEISS et al.

explanation was supported by ab initio investigations on the
CrMnFeCoNi alloy [32]. It should be mentioned that magnetic
hardening of FeCr and FeCrCo alloys, which is associated with
the formation of a two-phase microstructure on the nanometer
scale, has been investigated in detail in the past [33-35]. It
was found that a modulated structure consisting of Fe-rich and
Cr-rich regions is formed via spinodal decomposition in these
alloys.

In spite of the fact that, out of the five elements in the
Cantor alloy, three elements namely Ni, Co, and Fe are
ferromagnetic in their standard conditions, there are only
scarce data concerning the magnetic properties of this HEA.
Recently, Ji et al. [36] and Yu et al. [37] reported on a
paramagnetic type of the magnetization curve recorded at
room temperature for CrMnFeCoNi fine powders consolidated
by either spark plasma or high pressure sintering. Jin and
co-workers [38] investigated electrical resistivity, thermal
conductivity, and magnetization of eight Ni-based, face-
center-cubic (fcc) equiatomic alloys including the quinary high
entropy CrMnFeCoNi alloy. Their magnetization-temperature
data suggest that spin glass may form in the CrMnFeCoN:i alloy
below 25 K; however, no additional evidence was provided
in their paper to support this conclusion. In summary, a
systematic experimental study of the magnetic properties of
the CoCrFeMnN:i alloy is lacking.

On the basis of computational studies, Ma and co-workers
[39] investigated thermodynamic properties of the Cantor alloy
taking into account all the relevant free energy contributions
including magnetic excitations. They used an exact muffin-tin
orbitals (EMTO) method within a framework of the density
functional theory (DFT) and, based on their calculations,
predicted a paramagnetic to ferromagnetic transition at about
20 K. Experimental data, which would either confirm or
disprove this prediction, do not exist. To resolve these open
issues and to obtain a deeper insight into the role of magnetism
in this alloy we performed a combined experimental and
computational study.

II. EXPERIMENTS AND COMPUTATIONAL METHODS
A. Material

The equiatomic alloy CrMnFeCoNi was arc-melted and
drop cast under pure Ar atmosphere using raw materials with
purity of at least 99.9%, similar to the process described in
previous publications [12,20,40]. Prior to melting, the chamber
was evacuated to 7x10~* Pa and then backfilled with Ar gas
to a pressure of 8.4x10™* Pa. A small piece of Zr was first
melted to getter any residual oxygen that might be present in
the chamber. The arc-melted buttons were flipped and remelted
five times to thoroughly mix the elements before the molten
alloy was dropped into a rectangular Cu mold. The rectangular
drop-cast ingots (127x25.4x12.7 mm?) were cleaned in an
aqueous solution of hydrochloric acid and hydrogen peroxide,
encapsulated in evacuated quartz ampoules and homogenized
for 48 h at 1473 K. The ingots were subsequently cold rolled
along the longitudinal ingot direction to ~27 mm wide slabs.
The final thickness of the slabs was either 6 or 4 mm, that
is, a reduction in thickness of 53% or 69%, respectively. The
rolled slabs were subsequently annealed for 1 h at 1173 K
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to obtain a fully recrystallized equiaxed microstructure with
a grain size of 36 == 6 um. Specimens for structure analysis
and measurements of magnetic properties were cut from the
(recrystallized) slabs using the spark erosion technique.

B. Structure analysis and magnetic measurements

Structure and phase composition were examined by x-ray
and neutron powder diffraction. X-ray diffraction measure-
ments were performed in Bragg Brentano geometry with a
linear detector [41] in the temperature range of 3 to 300 K using
CuK, radiation. The data were analyzed using the Cohen-
Wagner plot to obtain the temperature dependence of the
lattice parameter. Neutron powder diffraction measurements
were carried out on MEREDIT diffractometer (Institute of
Nuclear Physics AS CR Rez in the Czech Republic) in the
temperature range 4-300 K. >’ Fe Mossbauer spectroscopy was
used for phase and magnetic analysis. This was carried out in
transmission geometry with detection of 14.4 keV gamma
radiation. The spectra were measured in the temperature
range 5-293 K and calibrated against «-Fe. Two different
experimental setups were employed, one for measurements in
low external magnetic fields (up to 300 Oe) and the other for
the data acquisition at the external field of 50 kOe. Computer
processing of the spectra was done using the CONFIT program
package [42].

Magnetic measurements were carried out using PPMS—
Physical Property Measurement System EverCool I1 (2—400 K;;
0-9 T) with vibrating sample magnetometer. Temperature
dependences of the magnetic moment were investigated in
the temperature range 5-380 K. The temperature dependences
of magnetic moment were measured after zero field cooling
(ZFC) or after cooling in a magnetic field (FC) of various
strengths. Subsequently, the magnetic moment of the sample
was recorded during the heating part of the temperature cycle
using a heating rate of 2 K/min. The samples were subjected
to external fields ranging from 0 to 500 Oe during heating.
Similarly, field dependencies of the magnetic moment were
measured in the same temperature range while varying the
external field between =1 T. Additionally, measurements of
electrical resistivity and magnetoresistance were performed
in order to further characterize electronic properties of the
investigated HEA. These measurements were carried out in
the temperature range 5-300 K (0-9 T) with the four-point
method. A strip-shaped sample with dimensions 10x2x0.02
mm was undulated to fit the sample holder and the external
magnetic field was oriented parallel to the width (2 mm) of the
strip during the measurements.

C. Computational methods

Our quantum-mechanical (so-called ab initio) calculations
were performed within the framework of density functional
theory [43,44] using the Vienna Ab initio Simulation Package
(VASP) [45,46] and projector augmented wave pseudopoten-
tials [47,48]. The exchange and correlation energy was treated
in the generalized gradient approximation as parametrized by
Perdew, Burke, and Ernzerhof [49]. We used a plane-wave
energy cutoff of 350 eV with a 6x4x4 Monkhorst-Pack
k-point mesh. Our 90-atom fcc-based computational supercell
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FIG. 1. Schematic visualization of the 90-atom computational
supercells used for our quantum-mechanical calculations with (a)
all local magnetic moments of Cr, Mn, Fe, Co, and Ni atoms
initially (before the full relaxation) oriented in a parallel manner
in a ferromagnetic state and (b) half of the local magnetic moments
within each element’s sublattice initially oriented in an antiparallel
manner (simulating a paramagnetic state) while the total magnetic
moment is zero and is kept zero during the relaxation.

was built upon (111) basal planes with cell vectors along the
[110], [112] and [111] crystallographic directions; see Fig. 1.

The supercell contained 18 atoms of each of the five
chemical elements, Cr, Mn, Fe, Co, and Ni. The atoms were
distributed according to the special quasirandom structure
(SQS) concept [50] to model their random distribution over
the fcc lattice sites. We also included “up” or “down” (parallel
or antiparallel) orientation of their magnetic moments. The
calculations considered two distinct configurations.

In the first case, the initial parallel (e.g., up) orientation
of all local magnetic moments carried by Cr, Mn, Fe, Co,
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FIG. 2. Temperature dependence of the lattice parameter deter-
mined by x-ray diffraction. The inset shows the measured x-ray
diffraction pattern at 3 and 300 K. Curves in the inset are vertically
shifted for clarity.

and Ni atoms simulated a ferromagnetic state. A subsequent
minimization of the total energy with respect to the supercell
volume, its shape, atomic positions, and all electronic degrees
of freedom (a full relaxation) reduced forces acting on
individual atoms below 1 meV/A and changed the values as
well as orientations of local magnetic moments (the final state
was not ferromagnetic; see below). In the second situation,
the initial orientation of local magnetic moments emulated the
paramagnetic state. Thus the initial magnetic moments within
each of the five sublattices were set antiparallel to each other
(nine moments up and nine moments down in each element
sublattice). In this case, the overall (total) magnetic moment
of the computational supercell was constrained to zero during
the energy minimization process.

III. RESULTS

XRD results shown in Fig. 2 indicate that the structure of
the investigated HEA remains fcc down to a temperature of
3 K. The decrease in the lattice parameter with decreasing
temperature saturates below 50 K. Neutron diffraction ex-
periments yielded temperature dependences of the {111} and
{222} interplanar spacings. They are summarized in Fig. 3 and
confirm the results of XRD measurements both with respect
to the lattice parameter decrease and its saturation. Neutron
diffraction did not detect any long range ordering of magnetic
moments.

The temperature dependencies of the magnetic moment
recorded during cooling-heating cycles in the temperature
range between 5 and 300 K are shown in Figs. 4 and 5.
A zero field cooling (ZFC) yielded the blue curve in Fig. 4
which documents first an increase (temperatures between 300
and 100 K) and subsequent saturation of the magnetic moment
(temperatures below 100 K) with a small jump at 40 K.
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FIG. 3. Temperature dependence of {111} and {222} cell param-
eters derived from the neutron diffraction data.

Similar small jumps in magnetization were also recorded at
40 K during the heating part of the cycles carried out in
an external field of 100 Oe; see red and green curves in
Fig. 4. These dependencies were obtained after zero-field
cooling (ZFC, red curve) and 5 T field cooling (FC, green
curve). The present results suggest that the investigated HEA
undergoes two magnetic transitions, first at the start of the
saturation plateau at about 90 K and second at the position
of the magnetization jumps at 40 K. Further experimental
evidence confirming the two transitions was obtained after
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FIG. 4. Temperature dependence of magnetic moment measured
with decreasing temperature in zero field (blue data points), with
increasing temperature after zero field cooling in 100 Oe, and with
increasing temperature after 5 T (green data points) field cooling
in 100 Oe.
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FIG. 5. Temperature dependencies of magnetic moment mea-
sured after zero field cooling with increasing temperature in 50, 100,
200, and 500 Oe magnetic field.

ZFC when the samples were heated in different external fields
of 50, 100, 200, and 500 QOe; see Fig. 5. The charts shown in
Fig. 5 allowed us to pin down the transition temperatures more
accurately as 93 K and 38 K for the first and second transition,
respectively.

The transitions were further confirmed by the field de-
pendences of the magnetic moment shown in Fig. 6. While
after ZFC to temperatures between room temperature and
120 K the mostly linear magnetization curves correspond to
the paramagnetic state of the alloy [Fig. 6(a)], subtle hysteresis
loops (HLs) were recorded after ZFC below 40 K [Fig. 6(b)].
We suggest that the critical point on ZFC curves at 93 K shown
in Fig. 5 and the maximum of dc susceptibility (d M /dH) at
the same temperature documented in Fig. 7 can be attributed
to the transition between the paramagnetic state and a spin
glass which freezes at 7, = 93 K. The nature of this spin-glass
transition is clearly demonstrated in Fig. 8 which shows a
relaxation of the magnetic moment with increasing time after
field cooling (FC) to temperatures below 90 K. Schematic
charts in Fig. 8(a) explain the thermal and external magnetic
field history prior to the measurement of the relaxation curves.

The samples were cooled to 70 K (below the spin-glass
transition temperature 7;) under an external field of 100 Oe.
Once the final temperature of 70 K was reached, the field
was kept at the original level for an additional waiting period
ty after which the field was switched off and the relaxation
process started. Waiting periods #,, of 600, 1800, and 7200 s
have only a weak effect on the relaxation process as can
be inferred from the relaxation curves shown in Fig. 8(b).
The shortest investigated waiting period of 600 s resulted
in magnetic moments that were slightly but systematically
smaller than the moments measured after the other two waiting
periods. In all three experiments the magnetic moment of the
sample vanished after relaxation times t,, of the order of 10* s.
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FIG. 6. Field dependence of magnetic moment at 120, 180, 210,
and 240 K after zero field cooling (a). Field dependence of magnetic
moment at 5, 30, and 50 K after zero field cooling (b).

In order to assess the character of the second magnetic
transition at 38 K, the following additional experiments were
carried out. First, HLs were recorded after FC in +5 or
—5 T down to 5 K and a striking result was obtained. As
shown in Fig. 9, the corresponding HLs exhibit a uniform
shift in magnetization (vertical shift) in a direction governed
by the orientation of the cooling field. The magnitude of the
shift changes with the strengths of the external field applied
during cooling and can be estimated as 0.006 £ 0.001 emu/T.
In Fig. 9, the shifted HLs are compared with a HL which
was recorded after ZFC and which follows a normal path
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FIG. 7. Temperature dependence of dc susceptibility dM /dH .

centered on a point of zero field and magnetization. In the
next experiment, the alloy was first subjected to ZFC cooling
down to 70 K (temperature below the first magnetic transition),
followed by FC with 5 T to 5 K.

After this cooling path, the HLs measured at 5 K ex-
hibited the same behavior as that shown in Fig. 9. In the
last experiment, the FC with +5 T stopped at 70 K and
magnetization curves were recorded at this temperature. Here,
neither was any hysteresis present nor any shift observed
with respect to the ZFC state; see Fig. 10. These additional
results provide clear evidence that the second transition
is of a ferromagnetic type and may be associated with
local ordering of magnetic moments on Fe, Co, and/or Mn
atoms. Further work is required to clarify this point. In this
respect, Mossbauer spectroscopy can provide an important
insight into the magnetic arrangements in the surroundings
of the Fe atoms. The Mdssbauer spectra measured at 5 K
in external fields ranging from 0 to 50 kOe are presented
in Fig. 11.

The Mossbauer spectrum taken at room temperature is
represented by a single line with isomer shift (relative to
pure «-Fe) § = —0.091 £0.010 m/s corresponding to a
paramagnetic material. The value of § is in agreement with that
for fine gamma iron, e.g., in the form of precipitates in Cu rich
CuFe alloys [51,52]. An important broadening of the single
line can be observed at 5 K [Fig. 11(a)]. The spectrum acquired
at 5 K and a zero external field was fitted by the sextet with
hyperfine induction By = 4.43 T with a Gaussian hyperfine
distribution Aw = 5.23 T using a linewidth I' = 0.35 mm/s.
An intensity ratio of the second to the first line in the sextets was
R»; = 1.1. This result suggests that the orientation of the Fe
moments was preferentially perpendicular to the gamma beam
propagation. The spectrum measured at 5 K in the external
magnetic field 300 Oe (parallel to the gamma beam) exhibited
a slight increase in By to 5.43 T with Aw =8.39 T and
Ry = 1.1 The fitting parameters of the spectrum measured in
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the external field 50 kOe were By = 6.04 T, Aw =5.77 T,
and Ry; = 1.33 [Fig. 11(b)]. These fitting results would be
consistent with a persisting arrangement of the Fe moments
which are still nearly perpendicular to the external field (the
gamma beam direction). Moreover, a contribution due to
an antiferromagnetic ordering of the moments surrounding
the Fe atoms combined with a perpendicular ferromagnetic
component may contribute to the shape of the spectra acquired
at high external fields [53]. A similar arrangement of moments
can also account for the magnetic data presented in Fig. 5. No
difference in the spectra measured in the external field 50 kOe
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at 5 K was found when the external field was either switched
off during cooling from room temperature (green points in
Fig. 11) or was assisting the whole cooling path down to 5 K
[orange points in Fig. 11(b)].

Measurements of electrical resistivity and magnetoresis-
tance are important since they may support or disprove our
inference of two magnetic transitions. A detected temperature
dependence of the relative resistivity R(7)/R(300) is shown in
Fig. 12. The linear part at high temperatures (above 150 K) is
followed by a minimum of relative resistivity at about 30 K and
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FIG. 11. Mossbauer spectra taken at 5 K with and without
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magnetic fields 0 and 300 Oe. (b) Measurements were assisted by
external magnetic fields 50 kOe. The green data were acquired after
ZFC; the orange data correspond to magnetic state established after
FC with 50 kOe. The smooth curves were fitted to the individual
experimental data sets using the CONFIT program [42].

then the relative resistivity increases with further cooling. A
similar temperature dependence of the resistivity was obtained
in an external magnetic field of 5 T. This dependence is plotted
as the red curve in Fig. 13. Blue circles in Fig. 13 represent
differences |R(5 T) — R(0 T)| in the resistivity measured in
an external field of 5 T and the zero external field. These
differences reflect variations in strength of the interaction
between itinerant electrons and the local magnetic order
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FIG. 12. Temperature dependence of relative electrical resistivity
R(T)/R(300) without external magnetic field.

induced by the strong external field. As expected, the differ-
ences |R(5 T) — R(0 T)| increase with decreasing temperature
in the paramagnetic regime down to about 90 K, while in
the spin glass range they drop to zero at about 40 K and,
finally, they again increase sharply with the ferromagnetic
ordering in the temperature range below 40 K. Similarly,
magnetoresistance defined by relation AR = [R(H) — R(0)]/
R(0) was investigated in external magnetic fields H be-
tween —5 T and +5 T in a temperature range 2-100 K
(see the results in Fig. 14).

Analogous to the resistivity differences plotted in Fig. 13,
the results shown in Fig. 14 suggest that there is a clear change
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FIG. 13. Temperature dependence of electrical resistivity in
external magnetic field 5 T (red line) and the absolute value of the
difference between the measurements in 0 T and 5 T (blue circles).
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in the shape of the curves at around 40 K. The two branches of
the magnetoresistance curves were separately fitted in intervals
—5Tto 0 and O to +5 T by linear functions and their slopes
|AR/AH| plotted as a function of temperature in Fig. 15.
Similar to the |R(5T)— R(0T)| results presented in
Fig. 13, the data in Fig. 15 exhibit two extremes, a sharp
minimum at 240 K and a maximum at 90 K. The temperatures
of the maximum and the minimum of the dependencies
presented in Figs. 13 and 15 correspond to the transition
temperatures observed on the temperature dependencies of
the magnetic moment; see Figs. 4 and 5. An increase in
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FIG. 16. Schematic visualization (a) of the quantum-
mechanically computed local atomic magnetic moments in
the 90-atom computational supercell after a full optimization.
The magnitude of the local moments is depicted by the size of
the corresponding atomic spheres. Some local magnetic moments
reversed their orientation to an antiparallel one (with respect to the
initial parallel orientation) and these are shown by brighter colors
[compared with those used in Fig. 1(a)]. In particular, Mn atoms
with the original orientation are depicted by darker violet color while
those with the antiparallel orientation are shown by lighter violet
color. Cr atoms with antiparallel orientation of the local magnetic
moments are depicted by light blue color (only one Cr atom kept
the initial orientation of the local magnetic moment and it is shown
by a darker-blue sphere). One Fe atom also reoriented its magnetic
moment and it is shown as a small lighter-brown sphere close to
the center of the cell. Element-resolved distributions (b) of the
values of local magnetic moments in the final quantum-mechanically
computed state depicted in part (a) [negative values indicate
antiparallel orientation of the final moments with respect to the
initial one seen in Fig. 1(a)].

|[R(5 T) — R(0 T)| differences in Fig. 13 and the increase in
the slopes in Fig. 15 below the critical temperature 40 K can
be explained as the effect of impurities atoms which do not
participate in the basic ferromagnetic ordering as discussed
in Ref. [54].

Results of our ab initio calculations are summarized in
Figs. 16 and 17. The full relaxation of the initial ferromagnetic
arrangement (IFMA) yielded the data shown in Fig. 16. In
Fig. 16(a), the magnitude of the local magnetic moments
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FIG. 17. (a) Same as in Fig. 16 but for the initially antiparallel
orientation of local magnetic moments [see Fig. 1(b)].

after relaxation is represented by the size of the spheres at
the positions of the individual atoms. During the total energy
minimization, some of the local magnetic moments flipped in
an opposite direction with respect to their starting orientation.
These re-orientation events are indicated by lighter colors
in Fig. 16(a). The flipping took place for most of the Cr
atoms (15 out of 18), some of the Mn atoms (5 out of 18),
and only once for a Fe atom. In the total energy minimum
configuration, almost all Ni atoms exhibit surprisingly low
magnetic moments. These moments are less than 0.25 ugp.
Significant reductions are observed also for the majority of the
Co atoms, for two Cr atoms, and one of the Mn atoms (the latter
is practically nonmagnetic). Element-resolved distributions of
the local magnetic moments, which correspond to the state
presented in Fig. 16(a), are shown in Fig. 16(b). The net
total magnetic moment of the whole cell is 45.2 ug, i.e., on
average, only 0.5 ug per atom. Similar results obtained after
the full relaxation of the initial antiferromagnetic arrangement
(IAMA) are shown in Fig. 17. Here the overall magnetic
moment of the supercell was constrained to zero during
the total energy minimization. The initial local magnetic
moments were oriented in an antiparallel manner within
each element sublattice. Magnetic moments carried by the
individual atoms are again represented in Fig. 17(a) by
the size of atomic spheres with the same color coding as
in Fig. 16(a).
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FIG. 18. Number of FM and AFM interactions between a central
atom and its first coordination shell sorted according to the chemistry
of the central atoms and the sign of the central magnetic moment
(plus for “up” and minus for “down” orientation). Red and blue
columns represent, respectively, the number of ferromagnetic and
antiferromagnetic interactions in the initial ferromagnetic arrange-
ment (IFMA) state while light red and light blue columns correspond
to similar frequencies in the initial antiferromagnetic arrangement
(IAMA) state; see text for details.

The low energy configurations obtained by our ab initio
calculations are analyzed further with a special focus on the
local magnetic arrangements in the first coordination shell
around a given central atom. We first sum up all magnetic
moments in the first coordination shell of one selected atom.
Unless the sum has a zero value, this cumulative moment
can be oriented either up or down. The orientation of the
cumulative moment is then compared to the orientation
of the magnetic moment carried by the central atom. The
character of the exchange between the central atom and its
first coordination shell is considered ferromagnetic when the
central and cumulative moments are parallel.

Conversely, when these two moments are antiparallel, the
interaction is antiferromagnetic. Recalling that the computa-
tional supercell contains 18 atoms that belong to one of the
five chemical components, the exchange interactions can thus
be expressed according to the chemical nature of the central
atoms. Final results, based on the analysis of the [IFMA and
IAMA low energy states, are plotted in Fig. 18 as a bar chart.
Here red and blue columns represent, respectively, the number
of ferromagnetic and antiferromagnetic interactions in the
IFMA state, while light red and light blue columns correspond
to similar frequencies in the IJAMA state. These results suggest
that the central Ni and Co atoms exhibit almost exclusively
ferromagnetic interactions with their surroundings. Fe and
Mn atoms may also show antiferromagnetic exchanges in
a statistically relevant number of cases, particularly in the
IAMA case. On the other hand, Cr central atoms prefer almost
exclusively antiferromagnetic arrangements, irrespective of
the initial configuration.

IV. DISCUSSION

Our XRD and neutron-diffraction structure analysis of the
CoCrFeMnNi high-entropy alloy confirms a single phase fcc
structure down to a temperature of 3 K. These diffraction
techniques did not provide any evidence for even local
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volumes occupied by other crystallographic structures, e.g.,
by tetragonal, B2, or bcc phases as recently reported by Otto
and co-workers [ 18] after long-term, intermediate-temperature
anneals. We also do not observe any transition to the hcp
structure predicted by previous EMTO calculations [39].
However, our XRD and ND results must be interpreted
with care since the coherent scattering length of the potential
secondary phases in their embryonic stages may fall below the
resolution limit of the applied diffraction techniques [55]. In
this context, it is worth noting that the lattice parameter of the
investigated HEA saturates at about 3.59 A which is very close
to the lattice parameter reported for fcc iron precipitates in Cu
[56] or fcc iron investigated at high pressures [57].
Temperature dependencies of the total magnetic moment
of the sample reveal two magnetic transitions at 93 and 38 K;
see Fig. 5. Experimental data presented in this study strongly
suggest that the spin/superspin glass freezes at T, = 93 K. The
formation of a (super)spin glass state below 93 K is in line with
the temperature dependence of the magnetic susceptibility
(Fig. 7) and leads to a magnetic moment relaxation at
temperatures below the freezing point [see Fig. 8(b)]. The
relaxation processes exhibit characteristics fully consistent
with the behavior of spin glasses described in earlier studies;
see, e.g., Ref. [58]. The regime below the second transition
temperature at 38 K is associated with a sharp increase of the
sample magnetic moment with decreasing temperature and
the development of HLs [Figs. 5 and 6(b)]. This behavior can
be attributed to a ferromagnetic ordering of at least a part
of the local magnetic moments. At present, it is not clear
which atoms or atomic clusters contribute to this phenomenon
and additional studies are required to clarify this point. In
addition, the two mentioned transitions were confirmed by
measurements of electrical resistivity and magnetoresistance
in the respective temperature regimes; see Figs. 12—15. Inter-
estingly, the sequence of paramagnetic — (super)spin glass —
ferromagnetic regimes observed with decreasing temperature
in this study for equiatomic quinary CoCrFeMnN:i alloy differs
from the paramagnetic — ferromagnetic — (super)spin glass
order found recently for the ternary Crp3;FesNiz; alloy [59].
Apparently, the two low-temperature regimes swap when the
compositional complexity of the alloy increases.
Furthermore, the field assisted cooling of CoCrFeMnNi
below 40 K results in a systematic vertical shift of HLs in the
direction consistent with the polarity of external field applied
during FC; see Fig. 9. In the case of a random fcc solid
solution, this is a rather unexpected and new phenomenon.
A similar vertical shift of HLs was recently observed in an
AF martensitic Heusler alloy NisoMnysIns and interpreted
as a shell-ferromagnetism associated with the NisoMnysInys
precipitation in the NisoMnso matrix [60]. The shift of HLs re-
ported in the present study is purely vertical (in the direction of
the magnetization axis) without any component parallel to the
field axis. This is different from the exchange bias effects ob-
served either in nanoparticles with radial ferromagnetic core—
antiferromagnetic shell structures or in nanosandwiches com-
posed of ferromagnetic-antiferromagnetic nanolayers [61-63].
Since none of the mentioned nanostructures is present in the
investigated CoCrFeMnNi alloy, it may be expected that the
effect stems from ordering of magnetic moments carried by
specific atoms in concert with the arrangements of atomic
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moments in their nearest neighborhood. It is suggested that an
ensemble of these specific clusters represent a magnetically
“hard” phase the magnetization of which is set in strong
external fields during FC and is extremely difficult to revert
in relatively weak magnetic fields during HLs scans. Which
atoms/clusters contribute to this effect is a subject of further
investigation. This effort may be guided by earlier results
on exchange anisotropy reported for binary Mn-X alloys
(X = Ni, Co, Fe, Cu, and Ag); see, e.g., Ref. [64]. We thus
can conclude that the CoCrFeMnNi alloy has an ability to
“remember” the direction of the magnetic field applied on
cooling. Finally, we underline again that this “memory” effect
is only observed in the temperature range below 40 K and is
thus associated with the second transition of the ferromagnetic
type.

Our experiments show that the magnetic ordering in the
CrMnFeCoNi high-entropy alloy at low temperatures is a
complex process. The complexity of the magnetic state has
also been confirmed by our quantum-mechanical calculations
based on the total energy minimization of the computational
supercell using VASP. The calculations leading to this state are
computationally very demanding. The computational effort is
directly related to the high number of local minima on the
Born-Oppenheimer energy surface where many states exist
with similar total energies. This situation is best demonstrated
when the two sets (IFMA and IAMA) of our ab initio
data are compared. The difference in energies between the
magnetically constrained state at its energy minimum Ejama
(IAMA, corresponding to results in Fig. 17) and the state with
fully relaxed energy Ejpma (including fully relaxed magnetic
contributions, IFIMA—see Figs. 16) was only 10 meV /atom.
This rather small energy difference (total energy being higher
for the system with the enforced zero total magnetic moment;
Eiama > Epva) indicates that the thermodynamic preference
for the fully relaxed state shown in Fig. 16 is very weak and
transitions into other magnetic states must be expected. In this
respect we can adopt approximations suggested by Ma et al.
[39] and estimate the transition temperature 7 between the
state with a zero total magnetization IAMA—characterized by
the energy E1ama) and the fully relaxed system (IFMA—total
energy EIFMA) as TF = 2/3(EIAMA - EIFMA)/kB, where kB is
Boltzmann constant; see also [65]. This estimate yields the
transition temperature 7r = 77 K which falls in the range of
transition temperatures measured in our experiments.

Our results based on VASP supercell calculations are in
good agreement with the predictions of recent DFT studies
focused on either the quaternary CoCrFeNi [55] or quinary
CoCrFeMnNi [39] HEAs. While numerical methods employed
by Ma and co-workers (EMTO) and Niu ef al. (combined
EMTO and VASP) differed from our calculations based fully
on SQS and VASP supercell techniques, all three studies predict
antiferromagnetic ordering of magnetic moments on Cr atoms
with respect to ferromagnetically ordered moments on Fe and
Co atoms. In line with our results, the study by Niu and
co-authors predicted a considerable reduction of magnetic
moments carried by Ni atoms, particularly in combination
with L1,-type ordering of Cr atoms. The EMTO calculations
by Ma et al. [39] also showed that Mn magnetic moments
are antiferromagnetically oriented with respect to Fe and
Co moments for unit cell volumes slightly higher than the
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equilibrium volume. Results of our calculations presented
in Fig. 16(b) do not fully confirm this type of ordering.
After full relaxation of structural and magnetic parameters,
only five Mn atoms flipped their magnetic moments into
the antiferromagnetic orientation while the remaining 13 Mn
atoms kept their original ferromagnetic orientation.

Inspired by the Fe-Cr binary system where a strong
repulsion between nearest neighbor Cr atoms exists due to
a magnetic frustration of the central Cr atom [66], Niu
and co-authors [55] suggested a crystallographic L1,-type
ordering of the quaternary CoCrFeNi HEA. In this alloyed
L1, structure, the Cr atoms occupy cube corner positions of
the lattice whereas the remaining three ferromagnetic elements
are distributed randomly on the face centers and thus form a
complete shell of first neighbor ferromagnetic elements around
the central antiferromagnetic Cr atom. Calculations by Niu
and co-authors provided evidence that this type of Cr ordering
results in a considerable reduction of the system free energy.
Furthermore, some HRTEM experimental data were presented
in support of the scenario suggesting an existence of 2-3 nm
ordered domains [55]. A similar scenario can be envisaged also
for the quinary CoCrFeMnNi HEA in which magnetic frustra-
tion of the antiferromagnetic Cr atoms can be removed by a
crystallographic ordering into a A4B tetragonal-system /4/m-
type structure (see, e.g., NiyMo data by Casselton and Hume-
Rothery [67]). For the equiatomic quinary stoichiometry of
the investigated HEA, a distribution of Cr atoms at the corners
and the central position of the A4B tetragonal lattice would
provide complete screening of the central antiferromagnetic
Cr atom by a first neighbor shell of ferromagnetic atoms Fe,
Co, and Ni with the participation of Mn atoms.

However, this Cr screening scenario must be carefully
discussed in light of the recent results reported by Otto et al. on
the decomposition of the quinary CoCrFeMnNi HEA during
long-term aging [18]. Their results show that the investigated
quinary HEA does not show any sign of decomposition
during aging treatments at 1173 K. At an intermediate aging
temperature of 973 K, the Cr-rich sigma phase precipitates
form and aging at lower temperatures (773 K) results in
decomposition into three phases, namely almost pure bec Cr,
tetragonal NiMn, and B2 FeCo. With respect to Cr atoms,
the experimentally observed trend is thus just the opposite
of the one predicted by the screening scenario; the Cr atoms
cluster into Cr-rich sigma phase (approximate composition
in at.%: 46Cr, 18Co, 17Fe, 13Mn, and 6Ni) and at lower
temperature they form almost pure bce Cr (86Cr, 4Co, SFe,
4Mn, and INi) [18]. In terms of the magnetic contribution
to the free energy, these results can be interpreted as a path
towards a final antiferromagnetic state of the pure bcc Cr
phase. Similar phase separations but into specific Cr-rich
nanodomains were reported for Fe-Cr as well as Fe-Cr-Co
alloys [33-35]. Interestingly, the same trend can be ascribed
to the Mn and Ni atoms, which, at low aging temperature,
form the antiferromagnetic L1y NiMn compound [18,68,69].
We note that relatively high bulk Néel temperatures were
reported for Cr (311 K [70]) and MnNi (1073 K [68,69]).
High stability of antiferromagnetic Ni-Mn bonds through a
broad range of temperatures was also theoretically predicted
[71]. Consequently, from the perspective of magnetic contri-
butions to the free energy of quinary CoCrFeMnNi HEA, the
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experimental data of Otto et al. [18] suggest that the alloy
prefers to reduce energy by forming antiferromagnetic phases
rather than by evolving according to the Cr screening scenario.
In view of the final heat treatment applied in the present
work, which resulted in the recrystallization of the quinary
CoCrFeMnNi alloy at 1173 K followed by air cooling,
we expect very weak tendency towards clustering of the
individual atomic species (following the pattern of the alloy
decomposition observed experimentally [18]). The tendency
to form local bcc, L1y, or B2 clusters would be limited
mainly due to the sluggish diffusion in the system [11] and
the relatively short times available for diffusion during the air
cooling step. Nevertheless, based on the experimental results
presented in this study, we cannot completely exclude the
existence of spatially localized ordered clusters. Further work
is needed to clarify this point and its potential relevance for the
magnetic characteristics of the quinary CoCrFeMnNi HEA.

V. SUMMARY AND CONCLUSION

We have combined five different experimental methods
and DFT-based quantum mechanical calculations in order to
characterize magnetic ordering in the quinary CoCrFeMnNi
high entropy alloy. Results of our experimental measurements
suggest that the system of magnetic moments is in a para-
magnetic state down to temperature 93 K. At this freezing
point we observe a transition into the (super)spin glass state.
The second magnetic transformation of a ferromagnetic type
is recorded at 38 K. This transition is likely associated with
a ferromagnetic ordering of moments carried by Fe, Co,
and/or Mn atoms. The formation of the magnetic order is
further confirmed by the measurements of Mossbauer spectra.
Field assisted cooling into the ferromagnetic regime below
40 K gives rise to a systematic shift of hysteresis loops in
the direction of the magnetization axis (pure vertical shift).
The direction of the shift is governed by the polarization of
the external field applied during the specimen cooling. XRD
and ND data collected between 3 and 300 K provided clear
evidence that the alloy remains fcc even though sensitivity
of our diffraction techniques may not be sufficient for a
detection of nanometer-sized clusters of other crystallographic
phases. Ab initio calculations showed that the magnetic
moments of Fe and Mn atoms remain strong in a range
of 1-2 Bohr magneton, while local moments of Ni atoms
effectively vanish. Irrespective of the initial configuration of
local magnetic moments, the magnetic moments associated
with Cr atoms align antiferromagnetically with respect to a
cumulative magnetic moment of their first coordination shell.
These results indicate that interactions of Mn-located and/or
Fe-located moments with the surrounding magnetic structure
may account for the observed macroscopic magnetization
bias. Further experimental and theoretical effort is required to
improve understanding of the magnetic phenomena reported
in this study.
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