
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Magnetic properties of equiatomic CrMnFeCoNi
Timothy A. Elmslie, Jacob Startt, Sujeily Soto-Medina, Yang Yang, Keke Feng, Ryan E.
Baumbach, Emma Zappala, Gerald D. Morris, Benjamin A. Frandsen, Mark W. Meisel,

Michele V. Manuel, Rémi Dingreville, and James J. Hamlin
Phys. Rev. B 106, 014418 — Published 25 July 2022

DOI: 10.1103/PhysRevB.106.014418

https://dx.doi.org/10.1103/PhysRevB.106.014418


Magnetic properties of equiatomic CrMnFeCoNi

Timothy A. Elmslie,1 Jacob Startt,2 Sujeily Soto-Medina,3 Yang Yang,3 Keke Feng,4

Ryan E. Baumbach,4 Emma Zappala,5 Gerald D. Morris,6 Benjamin A. Frandsen,7

Mark W. Meisel,8 Michele V. Manuel,3 Rémi Dingreville,2 and James J. Hamlin1
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Magnetic, specific heat, and structural properties of the equiatomic Cantor alloy system are re-
ported for temperatures between 5K and 300K, and up to fields of 70 kOe. Magnetization measure-
ments performed on as-cast, annealed, and cold-worked samples reveal a strong processing history
dependence and that high-temperature annealing after cold-working does not restore the alloy to
a “pristine” state. Measurements on known precipitates show that the two transitions, detected
at 43K and 85K, are intrinsic to the Cantor alloy and not the result of an impurity phase. Ex-
perimental and ab initio density functional theory (DFT) computational results suggest that these
transitions are a weak ferrimagnetic transition and a spin-glass-like transition, respectively, and
magnetic and specific heat measurements provide evidence of significant Stoner enhancement and
electron-electron interactions within the material.

I. INTRODUCTION

Investigation of high-entropy alloys began in the early
2000s with the work of Cantor, Kim, and Warren [1],
who investigated multicomponent alloys of the formula
AxB90−xAl10, in which A and B each represented a com-
bination of two to four different elements in equiatomic
ratios. In this way, they were able to produce stable com-
binations of up to seven different elements. The phrase
“high-entropy alloy,” however, was not introduced until
2004, in the work of Yeh et al. [2], who used it to describe
compounds consisting of five or more elements. These
alloys are of interest partly due to the extremely large
number of new alloy systems which fall into the category
of high or medium entropy alloys [2]. Furthermore, prior
investigations have revealed a number of alloys with in-
triguing properties such as high hardness and resistance
to anneal softening [2], shape memory effects [3, 4], and
superconductivity [5]. Cantor alloys also have potential
applications due to soft magnetism [6] and other tunable
magnetic properties [7].

The specific combination of chromium (Cr), man-
ganese (Mn), iron (Fe), cobalt (Co), and nickel (Ni) that
would come to characterize the “Cantor alloy” was first
identified in the 2004 work of Cantor, Chang, Knight, and
Vincent [8], who produced alloys of sixteen and twenty
different elements in equal proportions through induction
melting. The resulting compound was unsurprisingly
multiphase, but the predominant phase was especially
rich in Cr, Mn, Fe, Ni, and Co. In the same work, this

CrMnFeCoNi compound was identified as face-centered
cubic (FCC), and the ability of this material to dissolve
large amounts of elements such as niobium (Nb), tita-
nium (Ti), and vanadium (V) was noted.

Much work has been done regarding the mechani-
cal properties of Cantor alloys [8–13], as well as the
magnetic properties of similar compounds [6, 7, 14–23],
but fewer studies have examined the magnetic prop-
erties of the original CrMnFeCoNi alloy [24–28]. Of
its component elements, Cr and Mn are antiferromag-
netic with TN = 311K [29] and TN = 100K [30] re-
spectively, while Fe, Co, and Ni are ferromagnetic with
TC = 1043K, TC = 1394K, and TC = 631K, respec-
tively [31]. However, the magnetic transitions in the
equiatomic Cantor alloy appear at much lower tempera-
ture. Jin et al. [24] identified a peak in the magnetiza-
tion of CrMnFeCoNi at 25K and suggested that it could
be either an antiferromagnetic transition or a spin-glass
transition. Schneeweiss et al. [26], however, found two
transitions in the magnetization: a spin-glass transition
at 93K, and a ferromagnetic transition at 38K. They
were able to identify the 38K transition as ferromag-
netic by magnetic hysteresis loops after cooling in field,
while the nature of the spin-glass transition was con-
firmed by magnetic moment relaxation measurements.
Despite identifying these magnetic characteristics, the
data of Schneeweiss et al. do not afford additional quan-
titative analysis since the magnetization results are only
reported in units of emu, rather than in a generic man-
ner like emu g−1. Consequently, the identification of the
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atoms and/or atomic morphology generating the mag-
netic response is not quantitatively addressed, and this
work provides insights about this important issue.
Kamarád et al. [27] investigated the magnetic prop-

erties of the equiatomic Cantor alloy between ambient
pressure and 1GPa, observing that increasing pressure
decreased magnetization slightly. Using Curie-Weiss fit-
ting, they found evidence of strong antiferromagnetic in-
teractions, which were conjectured to be responsible for
the observed small magnetization values as well as the
linear field dependence of the magnetization. In con-
trast, while Schneeweiss et al. found ferromagnetic-type
behavior in magnetic hysteresis loops after cooling in ap-
plied magnetic field, Kamarád et al. were unable to repli-
cate these results, seeing a change of only 0.4 emu g−1 in
magnetization after field-cooling. These observations led
Kamarád et al. to disagree with Schneeweiss et al. on the
nature of the magnetic transitions within the compound,
identifying ferrimagnetic order below 85K and magnetic
cluster-glass behavior below 43.5K.
This work reports a quantitative analysis of the

magnetic properties of the equiatomic Cantor alloy
CrMnFeCoNi based on a combination of compositional
and structural characterization, magnetization studies,
Hall effect measurements, muon spin relaxation (µSR)
results, specific heat studies, and ab initio density func-
tional theory (DFT) calculations. The magnetic re-
sponse of as-cast, annealed, and cold-worked samples re-
vealed a strong history dependence, which is described
and contrasted with the magnetic properties of precip-
itates known to form in Cantor alloys. All of our re-
sults lead to the identification of the magnetic signatures
as intrinsic characteristics of the equiatomic Cantor al-
loy CrMnFeCoNi, with weak ferrimagnetic order near
43K, a spin-glass-like fingerprint near 85K, and a siz-
able temperature-independent response. This latter con-
tribution was established by Curie-Weiss analysis of the
magnetic susceptibility data and further probed by Hall
measurements to determine the expected size of the Pauli
paramagnetic contribution to the susceptibility. Com-
bined with an interpretation of the specific heat data
and DFT results, our work provides evidence of a sizable
Stoner enhancement and electron-electron interactions.

II. METHODS

A. Materials Synthesis and History

Samples were synthesized by combining stoichiometric
amounts of elemental Cr, Mn, Fe, Co, and Ni and melting
them together in an Edmund Bühler MAM-1 compact arc
melter to produce as-cast samples. The Cr, Mn, Fe, and
Ni elements were sourced from Alfa Aesar, while Co was
purchased from Cerac. The Cr used for synthesis was
99.995% pure, while the Co was 99.5% pure. All other
elements were 99.95% pure. Each sample was melted five
times, flipping it over between each melt to improve sam-

ple homogeneity. Samples measured immediately after
arc-melting are referred to as “as-cast.” Annealed sam-
ples were made by sealing as-cast samples in quartz tubes
under Ar atmosphere and homogenizing them at 1100 ◦C
for 6 days, after which the tube containing the samples
was quenched in water. Samples measured following this
step are called “anneal A.” The piece cut from the as-cast
boule and annealed in ambient atmosphere at 700 ◦C for
one hour is referred to as “oxidized.” Some samples from
the anneal A batch were cold-worked by flattening them
in a hydraulic press a total of three times using a pres-
sure of approximately 0.5GPa, folding them in half be-
tween each flattening step. These samples are known as
“cold-worked.” After cold-working, the samples were re-
annealed in quartz tubes under argon (Ar) atmosphere.
A portion were annealed at 700 ◦C for one hour, while
others were again subjected to 1100 ◦C for six days, re-
ferred to as “anneal B” and “anneal C,” respectively.

B. Compositional and Structural Analysis

The microstructure of the sample was characterized
using a Tescan MIRA3 scanning electron microscope
(SEM) with an energy-dispersive X-ray (EDX) detector
at 20 kV. Prior to SEM measurements, samples were
mounted in resin epoxy and first polished using 600 grit,
then 800 grit SiC paper. This surface was further pol-
ished using alcohol-based lubricant and diamond paste
of varying particulate sizes in steps of 6µm, 3 µm, 1 µm
followed by 0.05µmmaster polishing using water-free col-
loidal silica suspension. The crystal structure of the sam-
ple was investigated using a Panalytical Xpert Powder X-
ray diffractometer (XRD) with a copper-radiation source
at an accelerating voltage of 40 kV and an electron cur-
rent of 40mA, over a 2θ range from 40° to 120°. Pow-
der samples were prepared using a mortar and pestle.
Quantitative composition data were obtained by elec-
tron probe microanalysis (EPMA) using a CAMECA SX-
FiveFE instrument operating with an accelerating volt-
age of 15 kV and a probe current of 20 nA.

C. Magnetic and Magnetotransport Studies

A Quantum Design Magnetic Property Measurement
System (MPMS) was used to take magnetization data.
Small pieces ranging from a few milligrams to a few
hundred milligrams were cut from larger samples using
an Allied 3000 low speed saw to minimize unintentional
working of the samples. Each sample was secured in a
gel capsule inside a plastic straw for measurement. In
order to obtain magnetization versus temperature data,
samples were cooled under zero field to a temperature of
5K, after which field was applied and data was recorded
while warming. This process produced the datasets la-
beled zero-field cooled (ZFC). The applied field was held
constant while the temperature warms to 300K and sub-
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sequently cools to 5K again. Then data was recorded
while warming to produce field-cooled warming (FCW)
datasets.

Resistivity and Hall measurements were performed in
a Quantum Design Physical Property Measurement Sys-
tem (PPMS) at 300K. For these measurements, an Al-
lied 3000 low speed saw was used to cut an 8mm by
8.4mm flat square sample from the arc-melted boule.
Then four notches, one on each side, were cut into it with
the same device to produce a rough clover leaf shape for
the purposes of Van der Pauwmeasurements. To increase
the signal-to-noise ratio, the sample was first sanded on
a custom jig to a thickness of 0.2mm, then polished
with 800 grit silicon carbide paper to a final thickness
of 0.16mm. This sample was placed on a PPMS trans-
port puck with a piece of cigarette paper between sample
and puck for insulation, while N-grease provided thermal
contact. Each “leaf” of the clover-like shape of the sam-
ple was connected to one of the puck solder pads using
platinum wire affixed to the sample with silver paint.

D. Muon spin relaxation experiments

Muon spin spectroscopy measurements, or µSR, were
conducted to probe the spin dynamics and provide sen-
sitivity to the volume fraction of the various magnetic
phases in equiatomic Cantor alloy. These experiments
were conducted at TRIUMF Laboratory in Vancouver,
Canada using the LAMPF spectrometer on the M20D
beamline. Positive muons with 100% initial spin po-
larization were implanted one at a time in the sample.
After implantation, the muon spin underwent Larmor
precession in the local magnetic field at the muon site,
which consists of the vector sum of the internal mag-
netic field due to electronic and/or nuclear dipolar mo-
ments and any externally applied magnetic field. After
a mean lifetime of 2.2 µs, the muon decays into two neu-
trinos and a positron, with the latter being emitted pref-
erentially in the direction of the muon spin at the mo-
ment of decay. Two detectors placed on opposite sides of
the sample record positron events as a function of time
after muon implantation, yielding the µSR asymmetry
a(t) = [N1(t) −N2(t)]/[N1(t) +N2(t)], where N1(t) and
N2(t) are the number of positron events recorded at time
t. This quantity is proportional to the projection of the
muon ensemble spin polarization along the axis defined
by the positions of the detectors, from which information
about the local magnetic field distribution in the sample
can be inferred [32]. The sample was mounted on a low
background copper sample holder, and the temperature
controlled using a helium gas flow cryostat. The µSR
data were analyzed using the open source programs Mus-
rFit [33] and BEAMS [34], which yield consistent results.
The correction parameter α was determined according to
standard practice from a weak transverse field measure-
ment in the paramagnetic state [35].

E. Specific Heat Measurements

Alloy specific heat was measured in a PPMS with the
attached PPMS heat capacity option in order to obtain
the Debye temperature and the approximate magnetic
entropy of the sample. The sample used for specific heat
measurements was annealed at 1100 ◦C for six days before
being cut to a mass of a few milligrams using an Allied
3000 low speed saw to minimize sample deformation and
strain. After cutting, this piece was placed on the sample
platform of a Quantum Design heat capacity puck using a
small amount of Apeizon N grease to adhere the sample
and provide thermal contact before being inserted into
the PPMS for measurement.

F. DFT Calculations

Spin collinear DFT simulations were performed to
investigate exchange splitting between spin states and
its effect on ferromagnetism within the system. For
modeling, the Vienna ab-initio Simulation Package
(VASP) [36–38] was used, in which the electronic
wavefunctions were modeled through plane-waves and
projector-augmented wave (PAW) pseudopotentials [39,
40]. Exchange-correlation effects were treated within the
generalized gradient approximation (GGA) according to
the parametrization of Perdew, Burke, and Ernzerhof
(PBE) [41], while the individual pseudopotentials used
to model each species were chosen so that only the outer-
most s- and d-valence electrons were explicitly included.
The alloy atomic structure was modeled using super-

cells containing 108 atoms – representing a 3 × 3 × 3
transformation of the conventional four atom FCC unit
cell. Special quasi-random structures (SQS) [42, 43],
built using the openly available Alloy-Theoretic Auto-
mated Toolkit (ATAT) [44], were used to replicate ran-
dom atomic ordering among lattice sites. To ensure the
most accurate description of properties of the randomly
ordered solid solution structure, four separate 108 atom
SQS supercells were modeled at the equiatomic composi-
tion, each using a 5×5×5 gamma-entered k-point mesh.
For all simulations, electronic convergence was met when
the total energy of the system fell below 1.0× 10−6 eV,
while ionic convergence was met when forces on all atoms

fall below 20× 10−3 eV�A
−1

. Lastly, a plane-wave energy
cutoff of 400 eV was found to sufficiently minimize the
total energy, lattice constants, magnetic moments, and
fluctuations in the density of states (DOS) when used
with a Gaussian smearing method and a smearing width
of 0.01 eV.
Lastly, the experimental determination of the mag-

netic entropy requires one to know the magnetic con-
tribution to the specific heat capacity. This is commonly
achieved by using as a reference value the experimental
specific heat of a similar, but non-magnetic alloy that ex-
hibits the same crystal structure. In this work, we were
instead able to employ density functional perturbation
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theory (DFPT) to calculate the specific heat for a non-
magnetic version of the equiatomic Cantor alloy (i.e.,
modeled without the effects of spin-polarization). This
calculation was performed using the open-source package
PHONOPY [45], in which the specific heat at constant
volume CV,DFT is calculated through the harmonic ap-
proximation as a function of phonon dispersion frequen-
cies ω, according to

CV,DFT =
∑

q,ν

kB

(

~ωq,ν

kBT

)2
exp (~ωq,ν/kBT )

[exp (~ωq,ν/kBT )− 1]
2 .

(1)
Where T is the temperature, ωq,ν is the phonon fre-
quency at wave-vector q and band index ν, and kB and
~, respectively, are the Boltzmann and reduced Planck
constants.

III. EXPERIMENTAL RESULTS

A. Microtructural Analysis

A representative example of the microstructure of the
Cantor alloy samples is shown in Fig. 1 for the anneal
A sample. The micro-sized pores observed in the SEM
image are considered to be casting porosity. Addition-
ally, EDX analysis identified a small number of particles
as oxides rich in Cr and Mn. The sample consists of a
single FCC phase according to the XRD pattern, and no
peak was identified as corresponding to the oxide parti-
cles. The existence of such (Cr, Mn)-rich particles in as-
cast and homogenized Cantor alloys have been reported
in previous studies [46–48]. Furthermore, the XRD data
did not contain any peaks associated with inclusions [49],
which, due to their small volume fraction, are not con-
sidered to significantly influence the properties reported
later in this work. Sample composition was confirmed
via an EPMA measurement of the as-cast sample, and
the results are presented in Table I.

TABLE I. Composition of the as-cast equiatomic Cantor alloy,
as determined by EPMA measurement.

Element at. %
Cr 20± 1
Mn 19± 2
Fe 20± 1
Co 20± 1
Ni 20± 1

B. Magnetization of Homogenized CrMnFeCoNi

A magnetization versus temperature plot for a sam-
ple of equiatomic Cantor alloy at different temperatures
from 5K to 300K is displayed in Fig. 2. All of the dis-
played curves remain roughly linear across the measured

FIG. 1. SEM image of homogenized Cantor alloy (anneal A).
A small number of particles (black spots identified by arrows)
were determined by EDX to be oxide rich in Cr and Mn. The
XRD data indicated the sample is single-phase and all peaks
could be indexed as FCC.

range of −70 kOe to 70 kOe with magnitudes of only a
few hundredths of a bohr magneton, demonstrating that
the compound is far from magnetic saturation. The only
feature that clearly distinguishes one curve from another
is the temperature dependence as indicated by different
slopes for different temperatures. The 300K dataset has
the lowest slope, and slope increases as temperature de-
creases until 40K and 45K, which largely overlap one
another. As temperature falls below 40K, the slope be-
gins to decrease again.
Field-cooled warming (FCW) magnetization versus

temperature data from a sample of anneal A are dis-
played in Fig. 3 at fields from 0.1 kOe to 20 kOe, while the
inset compares both zero-field cooled (ZFC) and FCW
data at 0.1 kOe. Magnetization plots are presented in
units of emumol−1

atom Oe−1 to simplify estimation of ef-
fective moment, peff , which can be written as

peff = 2.82C1/2
m , (2)

where peff is in units of bohr magnetons and Cm is the
Curie constant in units of emuKmol−1

atomOe−1 [50]. In
this notation, molatom denotes moles of atoms, as op-
posed to, for example, moles of formula units or moles
of magnetic ions, and emu is defined as ergG−1, as re-
ported by the Quantum Design MPMS. At 0.1 kOe, two
transitions are clearly seen: a step-like anomaly at 43K,
and a peak at 85K. As field increases, the 43K transi-
tion is rapidly suppressed, becoming notably smaller at
1 kOe and vanishing completely at 5 kOe and above. The
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FIG. 2. Magnetization versus field data on equiatomic Can-
tor alloy at a variety of temperatures between 5K and 300K.
Inset shows the same data at low field, between −6 kOe and
6 kOe. The magnetization remains small to the highest mea-
sured fields.
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on equiatomic Cantor alloy under various applied magnetic
fields. The main plot shows only field-cooled warming (FCW)
data, while the inset shows compares zero-field cooled (ZFC)
and FCW data at 0.1 kOe.

higher temperature transition is less affected by the in-
crease in field. At an applied field of 20 kOe, the higher
temperature transition is slightly smaller, slightly broad-
ened and shifted down in temperature from 85K to 75K
compared to the 0.1 kOe curve. The small size of the 43K
transition is notable, which led us to examine the possi-
bility that it could derive from one the known impurity
phases [47, 51, 52].

0 50 100 150 200 250 300
0.8

1.2

1.6

2.0

2.4

2.8

3.2

3.6

4.0

4.4

4.8

5.2

0 10 20 30 40 50 60 70
-0.005

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0 1 2 3 4 5 6-0.002

0.000

0.002

0.004

0.006

 As-cast
 Anneal A
 Cold-worked
 Anneal B
 Anneal C

 (e
m

u/
m

ol
at

om
 O

e)
 ×

10
-3

Temperature (K)

H = 0.1 kOe

A

T = 5 K

M
ag

ne
tiz

at
io

n 
(

B/a
to

m
)

Magnetic Field (kOe)

B

FIG. 4. Effects of annealing and cold working on the magnetic
properties of equiatomic Cantor alloy. (A) ZFC susceptibility
as a function of temperature at 0.1 kOe. (B) Magnetization
as a function of temperature at 5K. Data are plotted in units
of bohr magnetons per atom to show that the compounds are
not close to saturation across the range of measured magnetic
field. Larger hysteresis in the cold-worked and anneal C sam-
ples may be indicative of ferromagnetic precipitates. Inset
shows the same datasets at low field, up to 6 kOe.

C. Effects of Plastic Deformation

Since the Cantor alloy is known to form precipitates as
a result of deformations and moderate temperature an-
neals [47, 51, 52], investigation of the processing history
dependence of the compound is necessary in order to un-
derstand the origin of the magnetic behavior. The 43K
transition in particular is notably small, with step size of
approximately 1× 10−5 µB atom−1 in fields of 0.1 kOe
and 1 kOe, suggesting that it may originate from a mag-
netic secondary phase which comprises a proportionally
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small amount of the sample. This hypothesis is tested
through magnetization measurements performed on sam-
ples which have undergone different cold-working and
annealing processes. The data are plotted in Fig. 4, in
which each curve represents a different processing history,
as described in the Methods section. In Fig. 4A, the as-
cast sample shows a large 43K transition relative to the
other samples, but notably lacks a peak at higher tem-
perature. Annealing the as-cast material at 1100 ◦C pro-
duces the anneal A sample, in which the 45K signature is
significantly smaller and sharper than the corresponding
feature in the as-cast sample. Additionally, a sharp peak
appears at 85K in the anneal A data. Further changes
of the magnetic response are observed after cold-working
the anneal A sample in a hydraulic press (cold-worked),
and subsequently, annealing at 700 ◦C for one hour (an-
neal B), and at 1100 ◦C for six days (anneal C). These
datasets demonstrate that cold-working reduces the size
of the 43K transition and pushes the higher temperature
transition to lower temperatures while increasing its size.
However, annealing after cold-working, even for a brief
duration, results in a 43K transition larger than what
appears in the cold-worked samples but smaller than that
of the arc-melted as-cast. In addition, in moving from the
as-cast to the annealed samples, the higher temperature
transition is revealed, even if it remains smaller than in
the cold-worked sample. This strong processing depen-
dence also explains differences between the results of our
measurements and those of others [24, 26, 27].
Magnetization versus magnetic field data for the same

samples are shown in Fig. 4B, using the same color-
coding as Fig. 4A. The data are plotted in units of bohr
magnetons per atom to clearly demonstrate that none
of the measured samples are close to magnetic satura-
tion up to fields of 70 kOe. Furthermore, these datasets
show the magnetization of processed samples are similar
in magnitude to those of the ‘pristine’ annealed sample.
The inset plot shows a detailed view of low-field data
below 6 kOe. Anneal A reveals the lowest level of hys-
teresis, while the cold-worked and anneal C samples show
the highest. Larger hysteresis may be indicative of the
emergence of ferromagnetic secondary phases.

D. Impurity Contribution to Magnetic Properties

Having investigated the effects of different process-
ing methods on the equiatomic Cantor alloy itself, the
next step was to synthesize and measure the magnetism
of the precipitates, shown in Fig. 5, with the annealed
equiatomic, NiMn, and NiMn+(Cr,Fe,Co)ǫ on the left y-
axis of Fig. 5A and FeCo and FeCo+(Cr,Mn,Ni)ǫ on the
right axis. Despite synthesizing and annealing in Ar at-
mosphere, oxidation of the alloy is also considered, and
data from the oxidized sample are also included on the
left axis of panel A. Measurements performed on the
Cr-rich precipitate reveal magnetization values signifi-
cantly higher than those of the NiMn compounds and
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FIG. 5. (A) Comparison of magnetic susceptibility versus
temperature data from FeCo and NiMn precipitate com-
pounds as well as an oxidized equiatomic compound and an-
neal A. FeCo-based compounds exhibit comparatively large
magnetization and are measured on the right y-axis for
clarity. (B) Comparison of magnetic susceptibility data
from the Cr-rich precipitate compound and anneal A. The
“+(Cr,Fe,Co)ǫ,” “+(Cr,Mn,Ni)ǫ” and “+(Mn,Fe,Co,Ni)ǫ”
suffixes indicate the presence of small amounts of other Cantor
alloy elements consistent with the precipitate compositions
observed in the works of Otto et al. [47], Schuh et al. [51],
and Li et al. [52]. Closed circles represent zero-field cooled
(ZFC) data, while open circles represent field-cooled warm-
ing (FCW) data. All data is measured in emu per moles of
atoms per Oe.

significantly lower than the FeCo compounds, such that
the Cr compound data do not fit easily alongside ei-
ther. For clarity, this curve has been separated into
panel B, where it is compared to anneal A indepen-
dently. The suffixes of “+(Cr,Fe,Co)ǫ,” “+(Cr,Mn,Ni)ǫ”
and “+(Mn,Fe,Co,Ni)ǫ” indicate the presence of small
amounts of other Cantor alloy elements added to match
the compositions of precipitates reported by Otto et

al. [47], Schuh et al. [51], and Li et al. [52]. The in-
vestigated precipitates lack any signs of a transition near
43K, suggesting that this transition is, in fact, an intrin-
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B

FIG. 6. (a) Representative µSR asymmetry spectra collected
at various temperatures in zero field. The colored symbols
show the data, and the black solid curves show the fits de-
scribed in the main text. (b) Temperature dependence of the
volume fraction of the sample exhibiting static magnetism.
(c) Temperature dependence of the relaxation rate λ (left
vertical axis) and relaxation exponent β (right vertical axis)
determined from fits to the asymmetry spectra.

sic aspect of the Cantor alloy system. While the 85K
transition is present in the oxidized curve, its size is not
significantly changed relative to the anneal A curve. Fur-
thermore, this transition is also not present in any of the
precipitate curves, suggesting that it is also intrinsic to
the Cantor alloy.

E. Muon Spin Relaxation

Key experimental results from the µSR measurements
of a sample from anneal A are shown in Fig. 6. Panel
A displays asymmetry spectra collected at representative
temperatures between 2 K and 153 K. At the highest tem-
perature studied, a gentle relaxation with a Gaussian-like
nature is observed. Applying a field of 1 kOe parallel to
the initial muon spin polarization recovers approximately
75% of the asymmetry (data not shown), indicating that
the relaxation at this temperature is due primarily to
weak, random dipolar fields from nuclear moments [53].
As the temperature is lowered, the relaxation increases
and becomes more exponential in nature, characteristic
of magnetic fluctuations from electronic spins. Between
87 K and 82 K, the initial asymmetry drops rapidly from
∼0.24 to ∼0.135 and then further to 0.08 (i.e, 1/3 the
total initial asymmetry) at 77 K. This “1/3 tail” is the
hallmark of a polycrystalline material with static mag-
netism throughout the full sample volume. No coher-
ent oscillations of the asymmetry are observed in the
“2/3 component”, indicating very large fields and/or a
broad distribution of field strengths at the muon stop-
ping sites [53]. As the temperature is lowered further,
the relaxation of the 1/3 component gradually slows un-
til almost no relaxation remains at 2 K, consistent with
magnetic fluctuations freezing out. Qualitative inspec-
tion of the spectra therefore confirms the presence of a
sharp and uniform transition throughout the full sample
volume with an onset temperature between 82 and 87 K.
No pronounced change in the spectra is observed around
43 K, which demonstrates the transition at this temper-
ature cannot be due simply to a minority phase in the
sample, otherwise a further drop of the asymmetry would
be observed below 43 K.

To gain more quantitative insight, least-squares fits to
the asymmetry data were performed using the stretched

exponential function a(t) = a0e
(−λt)β , where a(T ) is

the time-dependent asymmetry, a0 is the initial asym-
metry at t = 0, λ is the relaxation rate, and β is the
exponential power. This type of stretched exponential
function is phenomenological, employed to model a con-
tinuous distribution of relaxation rates [54]. The best-
fit asymmetry curves agree well with the data, as seen
by the solid curves in Fig. 6A. The volume fraction of
the sample that exhibits static magnetism can be de-
termined from the initial asymmetry values as f(T ) =
(amax

0 − a0(T )) /
(

amax
0 − aLT0

)

, where a0(T ) is the best-
fit value of a0 at temperature T , and amax

0 is the maxi-
mum value of a0 across all measured temperatures, and
aLT0 is the average value of a0 for the low-temperature
data (T < 70 K). As seen in Fig. 6B, f(T ) transitions
rapidly from 0 to 1 in a small temperature window cen-
tered around 82 K, indicating that the sample under-
goes a highly uniform magnetic transition. Evidence of
this transition is also shown in Fig. 6C, which displays
the relaxation rate λ and the exponential power β as a
function of temperature. The prominent peak in λ cen-
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FIG. 7. Specific heat as a function of temperature for
equiatomic Cantor alloy sample anneal A. Inset shows a plot
of specific heat divided by temperature versus temperature
squared.

tered around 82 K is evidence of critical spin dynamics
as the temperature decreases toward the transition, as is
observed in canonical spin-glasses and continuous phase
transitions [35, 55]. The exponential power β is ∼1.5 at
high temperature where relaxation from nuclear dipolar
fields dominates, but it decreases steadily as the temper-
ature is lowered and electronic spin fluctuations become
more prominent. At the transition temperature and be-
low, β converges to values between 0.45 and 0.55 when
left fully unconstrained, and for consistency, β was set
to 0.5 for the spectra collected at 82 K and below. This
value of β is expected when the system exhibits multi-
ple relaxation channels and/or spin fluctuation rates [56],
which is unsurprising in this highly disordered alloy. Sim-
ilar values were also observed in the entropy-stabilized
antiferromagnetic oxide (Mg,Co,Ni,Cu,Zn)O [57].

F. Specific Heat

Results of specific heat versus temperature measure-
ments on the anneal A sample are shown in Fig. 7. Data
collection focused on the regions around 43K and 85K,
but no features are apparent in this plot despite the
transitions visible in the magnetization data at these
temperatures. The lack of a clear feature at 85K is
not unexpected given the established difficulty of resolv-
ing spin-glass or spin-glass-like transitions in the spe-
cific heat [58, 59]. The nature of the lower tempera-
ture feature is discussed in detail in Section IVF, with
the conclusion that it is associated with ferrimagnetic
order. That the 45K transition also does not present a
sharp, clear anomaly in the specific heat data may be
attributed to a small change in entropy going from a
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FIG. 8. Hall voltage of the equiatomic Cantor alloy sample
anneal A. Data has been anti-symmetrized to remove any rxx
contribution.

partially-ordered spin-glass-like phase to an ordered fer-
rimagnetic phase. The inset of Fig. 7 contains a plot of
C/T versus T 2, focusing on the low-temperature region.
The linear fit included in the inset follows from

C = γT + βphT
3 , (3)

the expression for the low-temperature specific heat of a
metal [60]. In this equation, the γT term represents the
electronic component of the specific heat, while βphT

3

is the lattice specific heat and is related to the Debye
temperature. Fitting to Eq. 3 gives,

γ = 15.3(2) mJ mol−1
atom K−2,

βph = 0.025(3) mJ mol−1
atom K−4.

The magnetic contribution to the specific heat for a fer-
romagnet at low temperature can be represented by a
term δT 3/2, while for an antiferromagnet the contribu-
tion goes like T 3 [61–66]. Including a T 3/2 term in the
fitting equation results in a negligibly small δ coefficient
and does not significantly affect the other fitting values,
suggesting that ferromagnetic contributions to the low
temperature specific heat are not significant. In the anti-
ferromagnetic case, an estimate of the magnetic contribu-
tion to the low temperature specific heat is complicated
by the fact that the expected temperature dependence
(T 3) is the same as that of the lattice, so that the two
contributions can not be straightforwardly disentangled.
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G. Hall Effect and Carrier Density

Measurements of Hall voltage as a function of magnetic
field permit the estimation of carrier density according to

VH =
IB

ned
, (4)

where I is the current, B is the magnetic field perpen-
dicular to the current, e is the electron charge, and d is
the sample thickness. The carrier density can, in turn,
provide insight into the magnetism of the alloy as car-
ried out in Section IVC. Results of Hall measurements
are shown in Fig. 8, including a linear fit with a slope of
1.4(4)× 10−4 nVOe−1. Using this slope in combination
with Eq. 4, a carrier density n = 2.9(8)× 1022 cm−3 can
be calculated. This result is consistent with the carrier
density of AlxCrFeCoNi reported by Kao et al. [16], as
well as with that of a typical metal (∼ 1× 1022 cm−3 to
1× 1023 cm−3) [67, 68].

IV. DISCUSSION

Experimental results reported in this work demon-
strate the effects of processing on the two observed transi-
tions in the equiatomic Cantor alloy as well as the intrin-
sic nature of these transitions. However, the magnetic
properties can be examined in more detail, and informa-
tion on the nature of magnetism in this sample can be
extracted from the presented experimental data. This
section begins with Curie-Weiss analysis of the magnetic
susceptibility which reveals a significant constant offset.
Analysis which combines specific heat data, computa-
tional results, and Hall measurements points to Stoner
enhancement as the origin of the offset. The Stoner
enhancement parameter Z is calculated through three
different methods which obtain a Z value between 0.92
and 0.97, suggesting that this compound is on the cusp
of magnetic order. This result is perhaps unsurprising
given the observed magnetic transitions and the strong
magnetic ordering seen in the Cantor alloy’s constituent
elements, but more notable is the small size of the mag-
netic transitions, which may be due to the presence of
antiferromagnetic interactions, as evidenced by DFT re-
sults. These findings are consistent with previous work
on a similar compound, Fe40Mn40Cr10Co10 [69].

A. Modified Curie-Weiss Fitting

When using a Curie-Weiss expression to estimate the
effective moment of the anneal A sample at temperatures
above the 85K transition, reasonable fits required a mod-
ified expression written as

χ(T ) = χo +
Cm

T − θ
, (5)
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FIG. 9. Susceptibility times temperature versus temperature
plot for equiatomic Cantor alloy, alongside a modified Curie-
Weiss plus constant fit. The two transitions can be observed
as sharp changes in slope. Above the 85K transition, the plot
is roughly linear with a positive slope.

where Cm is the Curie constant, θ is the Curie tempera-
ture, and χo is constant that represents the summation
of multiple temperature-independent terms such as Pauli
paramagnetism, Van Vleck paramagnetism, Landau dia-
magnetism, and core diamagnetism [70–74]. Fits which
excluded the χo term did not accurately fit the data, and
the origin of this term is analyzed in greater detail in sec-
tions IVC and IVD. The resulting fit is compared with
experimental data in Fig. 9, where it is plotted as suscep-
tibility times temperature for greater readability across
the entire temperature range, and the resultant value for
each parameter is listed in Table II.

TABLE II. Constant offset χo, Curie constant Cm, Curie tem-
perature θ, and effective moment peff from modified Curie-
Weiss fit, Eq. 5. The value of peff was calculated using Eq. 2
and the value of Cm.

Variable Value Units

χo 5.4× 10−4 emu mol−1

atomOe−1

Cm 0.13 emu K mol−1

atomOe−1

θ -16.1 K
peff 1.01 µB atom−1

This fitting equation and its results differ notably
from those of Kamarád et al., [27] who used a
non-modified Curie-Weiss equation to obtain a Curie
temperature of θ =−210K and an effective mo-
ment of peff = 2.71µB/f.u., using their formula of
Cr0.205Mn0.20Fe0.205Co0.199Ni0.191. Given the strong his-
tory dependence of the Cantor alloy, this discrepancy
may be a result of the differing processing methods, since
Kamarád et al. cold-rolled their samples after casting and
then annealed at 1173K for 1 h. Our investigation of
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Cantor alloy processing history dependence shows that
cold-working will increase magnetization, and subsequent
high-temperature annealing will not restore the sample
to a “pristine” state.

B. Specific Heat and Entropy

The fit in Fig. 7 provides the parameter β, which is
the coefficient of the phonon contribution to the specific
heat. The value of β can be used to calculate the Debye
temperature ΘD according to

β =
12π4

5

NAkB
Θ3

D

, (6)

in which NA is Avogadro’s number [75]. This calculation
gives ΘD = 427K, not far from the Debye temperatures
of some of the Cantor alloy’s component elements [76].
These values are compared in Table III.

TABLE III. Debye temperatures of the equiatomic Cantor
alloy and its component elements. Elemental Debye temper-
atures are obtained from Kittel [76].

Compound ΘD (K)
CrMnFeCoNi, Eq. 6 427
CrMnFeCoNi, DFT 376

Cr 630
Mn 410
Fe 470
Co 445
Ni 450

A computational estimate of the lattice component of
the specific heat was produced through DFT calculation
in the absence of spin-polarization effects. This esti-
mate, denoted as “DFT Clattice,” is shown in the inset
of Fig. 10, where it is compared with experimentally ob-
tained specific heat data. Plotting the DFT-calculated
lattice specific heat as C/T versus T (not shown) pro-
duces a peak at approximately 105.3K. For the Debye
function divided by temperature, the maximum occurs at
0.28ΘD. Applying this criteria to the DFT specific heat
indicates ΘD = 376K, which is consistent with the Debye
temperature estimates based on the measured data.
Additionally, by subtracting the lattice specific heat

from the total measured specific heat, an estimate of
the combined magnetic and electronic components is pro-
duced. We note that the measurements were performed
at constant pressure, while the DFT calculations provide
the specific heat at constant volume. However, the dif-
ference between Cp and Cv is expected be of order 1% or
less in the relevant temperature regime [60], so that the
difference can be ignored in the following analysis.
The results of this subtraction are displayed in the

main panel of Fig. 10, alongside a linear fit to the high-
temperature data with slope 10.6mJmol−1

atomK−2. This
slope is notably similar to the value of γ obtained via
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FIG. 10. An estimate of the combined electronic and magnetic
specific heat produced by subtracting the DFT-calculated lat-
tice contribution shown in Fig. 7. The dashed line represents
a linear fit to high-temperature data. The inset compares the
measured specific heat to the DFT-calculated result

a low-temperature fit to the measured specific heat dis-
played in Fig. 7. Isolating the magnetic component is
complicated by potential changes in γ across the mea-
sured temperature range, similar to the temperature de-
pendent effective mass observed in zinc [77], such that a
linear electronic component cannot simply be subtracted
from the data in Fig. 10. Even so, Fig. 10 can provide a
rough estimate of the magnetic entropy and therefor the
number of spins involved in a magnetic transition. Per-
forming this calculation for our specific heat data pro-
vides a value of 0.096R ln2 at approximately 50K and
0.23R ln2 at 97K. In both cases the value is significantly
suppressed below that expected for full local moments,
suggesting itinerant magnetism.

C. Effective Mass and Carrier Density

The fit shown in Fig. 7 also provides an estimation
of the electronic component of specific heat through the
coefficient γ. This value can be used to calculate the
effective carrier mass m∗ according to

m∗

me
=

γ

γ0
, (7)

in which me is the mass of a free electron [60]. The vari-
able γ0 is a theoretical value calculated from the elec-
tronic DOS and can be expressed as

γ0 = (πkB)
2 g(EF )

3
, (8)

in which kB is the Boltzmann constant and g(EF ) is the
DOS in the d -band at the Fermi level, EF [78]. In metals



11

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

-8 -6 -4 -2  0  2

∆ = 0.233 eV

d
-D

O
S

 (
st

at
es

/e
V

/a
to

m
)

E-EF (eV)

spin up
spin down
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is the exchange splitting parameter needed to evaluate the
Stoner Criterion and represents the splitting in energy be-
tween the up and down states. This result is calculated by
measuring the average separation (in eV) of the identifiable
peaks and features in the occupied region of the DOS (i.e.,
below the Fermi level). These DOS curves represent a combi-
nation of the individual DOS plots from each DFT simulation,
normalized for the total number of atoms.

such as the Cantor alloy studied here, the s- and p-bands
are broad near the Fermi level and thus contribute very
little to the overall electron occupation. In other words,
only the d -band needs to be taken into account [79]. The
spin separated projected DOS of the d -band, taken from
the combined DOS of the four DFT calculations in this
work, and normalized to a per atom occupation is pre-
sented in Fig. 11. The spin-up and spin-down occupa-
tions at the Fermi energy are 0.613 states eV−1atom−1

and 0.736 states eV−1atom−1, respectively, resulting in
a combined total Fermi level occupation of g(EF ) =
1.349 states eV−1atom−1. Using this total Fermi level in
Eq. 8, one finds γ0 = 3.18(9) mJ mol−1

atom K−2, leading
to an effective carrier mass of m∗ = 4.8(1)me.
This analysis can be extended by first examining the

results provided by the Hall studies which provide a car-
rier density n = 2.9(8)× 1022 cm−3. Combined with a
value of the effective mass m∗ extracted from the specific
heat, estimates of the Fermi energy

EF =
~
2

2m∗
(3π2n)2/3 , (9)

and the Pauli paramagnetic susceptibility

χP =
3nµ0µ

2
B

2EF
, (10)

yield EF = 0.72(8) eV and
2.3(2)× 10−5 emu mol−1

atomOe−1, respectively. By com-
parison, fitting experimental susceptibility data yielded
a constant offset of 5.4× 10−4 emu mol−1

atomOe−1, as

seen in Table II. A diamagnetic contribution to the
temperature independent part of the susceptibility is
also expected, consisting of Landau diamagnetic and
core diamagnetic components [70]. Landau diamagnetic
susceptibility can be determined by

χL = −
1

3

m2
e

m∗2
χP , (11)

which produces a value of χL =
−3.3(3)× 10−7 emu mol−1

atomOe−1 [70]. The core
diamagnetism depends on the ionization of the atoms
within the compound [80], which is currently not known.
However, based on the possible ionization states of Cr,
Mn, Fe, Co, and Ni, the core diamagnetic susceptibility
χcore must be between −6.0× 10−7 emu mol−1

atomOe−1

and −1.1× 10−6 emu mol−1
atomOe−1. These estimates

suggest that the effects of Landau diamagnetism are
negligible in the overall susceptibility of the equiatomic
Cantor alloy, and the core diamagnetism may account for
at most a 5% reduction in the temperature-independent
susceptibility.
A value for the Pauli paramagnetic susceptibility can

also be determined from first principles methods accord-
ing to [81]

χP = µ0µ
2
Bg(EF ) . (12)

This equation gives a Pauli paramagnetic susceptiblity of
4.4× 10−5 emu mol−1

atomOe−1, similar to the value calcu-
lated from Hall data.
A number of factors point toward the possibility of

Stoner enhanced paramagnetism as the source of the
discrepancy between the calculated Pauli susceptibility
and the experimentally determined offset. Firstly, more
than half of the component elements of the CrMnFeCoNi
alloy are known to be ferromagnetic, and the work of
Schneeweiss et al. [26] on this compound identifies the
43K transition as ferromagnetic, though this claim is
disputed by Kamarád et al. [27]. These factors suggest
a proximity to magnetic order. Computational results
also show a discrepancy in the spin up and spin down
DOS, which indicates a spontaneous splitting of energy
states. Alongside a molecular field of sufficient strength,
this splitting will result in a Stoner enhancement [81].

D. Stoner Enhancement of Pauli Paramagnetism

The static component of the susceptibility is given by

χstatic =
χP

1− Z
, (13)

in which Z is the Stoner enhancement parameter, a value
between zero and one [81, 82]. Assuming that χo from
the modified Curie-Weiss fit is an accurate measure of the
static component of the susceptibility, the Pauli param-
agnetism can be used to calculate Z. The χP obtained
from Hall data gives a value of Z = 0.96. Calculating
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TABLE IV. Comparison of experimentally determined Stoner
enhancement parameters for multiple compounds. The
Stoner parameter calculated from Eq. 10 remains at approx-
imately 0.96 regardless of whether the core diamagnetic cor-
rection is applied.

Material Z Ref.
CrMnFeCoNi, Eq. 10 0.96 This work
CrMnFeCoNi, Eq. 12 0.92 This work
CrMnFeCoNi, Eq. 15 0.97 This work

Pd 0.82 83–86
TiBe2 0.91 87
HfZn2 0.79 88

YFe2Zn20 0.94 82
YCo2Zn20 0.50 82

WB4 0.93 86

the Pauli susceptibility from the computational DOS us-
ing Eq. 12 produces a Stoner enhancement of Z = 0.92.
Alternatively, Z can be calculated using γ, the linear
component of the specific heat using Eq. 8, in combina-
tion with

χP = µ0µ
2
Bg(EF ) [81], (14)

to obtain an equation for the Stoner enhancement pa-
rameter Z as a function of γ, i.e.

Z = 1−
3µ2

B

π2k2B

γ

χstatic
[82]. (15)

Using the value of γ obtained from specific heat mea-
surements, this expression gives a value of Z = 0.97.
These Stoner enhancement parameters are listed along-
side those of other known compounds listed in Table IV.
Additionally, Leong et al. [23] report theoretical values
for effective Stoner enhancement parameters for a num-
ber of CoCrFeNi-based high entropy alloys, all of which
were found to be either ferromagnetic or close to ferro-
magnetic ordering.
One may observe a similarity between Eq. 15 and the

Wilson ratio

RW =
4π2k2B

3µ0(geµB)2
χ0

γ
, (16)

which provides information on the electron-electron cor-
relations in the compound, where a free electron gas has
a Wilson ratio of 1 while a higher ratio indicates stronger
interactions [89, 90]. The experimental results reported
here give a Wilson ratio of 2.6 for the Cantor alloy anneal
A sample. While this RW is higher than the RW of 1.2
to 2.2 observed in the strongly correlated electron com-
pound Sr2RuO4, much higher Wilson ratios have been
recorded [91]. For example, Balents [92] calculates a
value of RW as high as 230 in FeSc2S4 based on pre-
viously published data [93, 94], perhaps due to competi-
tion between spin-orbit coupling and magnetic exchange,
and proximity of a quantum critical point [92, 95]. Sim-
ilarly, Julian et al. [91] calculate a Wilson ratio of ap-
proximately 40 for the nearly ferromagnetic compound
Ni3Ga, also using published data [96–98].

E. Magnetic State According to the Stoner

Criterion

The Stoner model of itinerant magnetism states the
ferromagnetic phase should be favored if the Stoner cri-
terion, g0(EF ) · I ≥ 1, is satisfied, where g0(EF ) is the
DOS per atom at the Fermi level in the non-magnetic
case (i.e., from a non-spin-polarized calculation). The
Stoner exchange parameter I describes the splitting be-
tween the spin-up and spin-down states in the magnetic
phase. In ferromagnetic materials, the wavefunctions of
the magnetic and non-magnetic state are identical. How-
ever, in the magnetic state, the eigenvalues ǫ are shifted
by a constant amount ∓ 1

2IM , where M is the magneti-
zation [81, 99]. Thus the eigenvalues of the up and down
spin states can be written as

ǫ↑kv = ǫ0kv −
1

2
IM, (17)

ǫ↓kv = ǫ0kv +
1

2
IM, (18)

where k and v denote the wavevectors and band in-
dices. By subtracting Eq. 18 from Eq. 17, one finds

∆ = (ǫ↓kv − ǫ↑kv) = IM , which can be estimated ac-

cording the splitting of the spin up and down DOS of
the magnetic system, measured in eV. Although several
methods exist for determining the shift between spin-
states, there is no exact or designated method, so any
Stoner parameter obtained via the DOS should be con-
sidered only an approximation. In this work, the overall
splitting was measured according to the average shifts in
the approximate peak locations within the d-band DOS,
yielding ∆ ≈ 0.233 eV. Combined with a net magneti-
zation of 0.294 µB, this ∆ value provides a Stoner ex-
change parameter I = 0.793. To complete the Stoner
criterion, the Fermi level occupation of the alloy in a non-
magnetic state is needed. To obtain this value, an addi-
tional DFT simulation was performed for the equiatomic
alloy in which spin-polarization effects were excluded,
yielding a g0(EF ) = 1.663 states/(eV · atom) for the non-
magnetic alloy. Evaluation of the Stoner criterion then
yields g0(EF ) · I = 1.318, suggesting that a weakly ferro-
magnetic phase should be preferred in this system.

F. Magnetic Order

The “step” in the susceptibility data visible around
43K is roughly 1× 10−5 µB atom−1 at 0.1 kOe and 1 kOe.
This transition is notable in its small size, even rela-
tive to transitions in “small-moment” ferromagnets [100–
102]. A similar transition was observed in the com-
pound Fe40Mn40Co10Cr10 by Egilmez and Abuzaid [69],
who identified it as ferrimagnetic and suggested that its
small size was due to strong antiferromagnetic coupling
between atoms.
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Insight about the complex and diverse nature of the
local magnetic environments is provided by DFT simula-
tions, performed both in this work and in earlier investi-
gations by others studying very similar alloys [103, 104].
Specifically, a sense of the variations of local magnetism
can be garnered from Fig. 12, where the local atomic
magnetic moments, m, of each atom in our DFT models
are plotted against the average local magnetic moment of
their first nearest neighbor shells, mNN. The atoms are
grouped according species type, giving a picture of the
type of coupling (i.e., ferro- or antiferromagnetic) each
species prefers to form with its local environment. The
total magnetic moment, pDFT

eff , from all four simulations,
taken as the average moment of all local atomic moments,
was found to be 0.294 µB, which is much lower than the
average magnitude (i.e., disregarding spin direction) of
the local moments found to be 1.103 µB. This finding,
which shows good agreement with previous DFT predic-
tions of moments in the Cantor alloy [105], indicates an
uneven level of ferro- and anti-ferromagnetic couplings
within the compound, thereby providing a basis for over-
all (macrocsopic) ferrimagnetic-like ordering.

Examining the couplings exhibited by each species in
Fig. 12, one can see that the elements on the left side (i.e.,
Cr and Mn) of the periodic table d -block tend to anti-
ferromagnetically align with their local nearest neighbor
shell. In other words, if the spins of an atom’s closest
neighbor atoms align on average in one direction, the Cr
and Mn atom spins are likely to be found aligned in the
opposite direction. Conversely, Co and Ni, residing on
the right side of the d -block, are more likely to align their
spins ferromagnetically, or in the same direction, as the
spins of their neighbors. Fe, however, which sits at the
center of the d -block, is more difficult to classify. The
majority of Fe atoms tend to exhibit strongly spin-up
configurations, regardless of their immediate local envi-
ronment. In some rare cases, an Fe atom will take on
a strongly spin-down configuration. In all cases, how-
ever, the average Weiss field acting on the atoms is in
the spin-up direction and as the overwhelming majority
of Fe atoms tend to align in this direction, it suggests
that Fe may be more sensitive to longer-range magnetic
interactions (i.e., beyond the 1st nearest neighbor shell)
and that Fe atoms in the Cantor exhibit a more ferro-
magnetic character. As the magnitude of the Fe atom
moments is so consistently strong, it may be that the
non-coupled Fe atoms are what ultimately drive the tilt
in spin balance towards one direction, away from an over-
all anti-ferromagnetic order and into the ferrimagnetic
regime.

Experimentally, the Stoner enhancement and the small
magnetic moment suggest that the equiatomic Cantor
alloy may be a weak itinerant ferromagnet [106–109].
Furthermore, the estimated magnetic component of en-
tropy calculated from the results in Fig. 10 is approxi-
mately 0.096R ln2 at 50K and 0.23R ln2 at 97K, which
is an outcome reminiscent of the magnetic entropies
of well-known itinerant ferromagnets ZrZn2 and Sc3In

(0.02R ln2 and 0.005R ln2, respectively [110–112]). This
small entropy points toward the involvement of a rel-
atively small number of spins indicative of itinerant
magnetism. Taken together with evidence of antiferro-
magnetic coupling from DFT calculations and modified
Curie-Weiss fitting to experimental data, these pieces of
evidence suggest that the equiatomic Cantor alloy is an
itinerant ferrimagnet below 43K.

V. CONCLUSION

By combining a suite of experimental techniques with
numerical simulations, this work extends our understand-
ing of the magnetic properties of the equiatomic Cantor
alloy CrMnFeCoNi. Both experimental and DFT results
suggest the presence of weak ferrimagnetism below about
43K, while µSR measurements indicate a spin-glass-like
transition near 85K. In addition, a large offset in the
magnetic susceptibility reveals strong Stoner enhance-
ment of the paramagnetism. Taken with the enhance-
ment of the effective mass and the relatively large Wil-
son ratio, these results reveal the presence of significant
electron-electron interactions within the material.
The transitions observed at 43K and 85K are highly

sensitive to cold-working and heat treatment. Although
high-temperature anneals reduce the effects of cold-
working, even six-day anneals do not completely restore
the sample’s original magnetic properties. Despite this
sensitivity, measurements on known precipitates demon-
strate that these transitions are intrinsic to the com-
pound.
This work emphasizes the need for subsequent investi-

gations along multiple avenues. Most immediately, future
work might extend Hall experiments to lower tempera-
tures and higher fields and examine specific heat under
applied magnetic field. Studies could also be undertaken
to investigate the magnetic effects resulting from vary-
ing the composition of the Cantor alloy with the goal of
controllably tuning the magnetic properties. Lastly, the
evidence presented in this work suggests that the dis-
tinctive processing dependence of the alloy is not due to
the effects of known precipitates. Lattice strain is a pos-
sible explanation, but a high-temperature anneal would
be expected to eliminate strain effects. That annealing
does not restore the original state of the alloy suggests
the presence of a mechanism that will require further re-
search to elucidate.
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[9] F. Otto, A. Dlouhý, C. Somsen, H. Bei, G. Eggeler, and

E. P. George, Acta Mater. 61, 5743 (2013).
[10] M. Laurent-Brocq, A. Akhatova, L. Perrière, S. Chebini,

X. Sauvage, E. Leroy, and Y. Champion, Acta Mater.
88, 355 (2015).

[11] M. J. Jang, S. Praveen, H. J. Sung, J. W. Bae, J. Moon,
and H. S. Kim, J. Alloy. Compd. 730, 242 (2018).

[12] J. H. Kim, K. R. Lim, J. W. Won, Y. S. Na, and H.-S.
Kim, Mater. Sci. Eng. A 712, 108 (2018).

[13] S.-W. Kim and J. H. Kim, Mater. Sci. Eng. A 718, 321
(2018).

[14] X. F. Wang, Y. Zhang, F. Qiao, and G. L. Chen, In-
termetallics 15, 357 (2007).

[15] K. B. Zhang, Z. Y. Fu, J. Y. Zhang, J. Shi, W. M.
Wang, H. Wang, Y. C. Wang, and Q. J. Zhang, J.
Alloy. Compd. 502, 295 (2010).

[16] Y.-F. Kao, S.-K. Chen, T.-J. Chen, P.-C. Chu, J.-W.
Yeh, and S.-J. Lin, J. Alloy. Compd. 509, 1607 (2011).

[17] M. S. Lucas, L. Mauger, J. A. Muñoz, Y. Xiao, A. O.
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