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Searching for high-entropy alloys with functional properties that emerge from their multi-scale structure, we
have investigated the (GaNi),CoCrFe (x = 0.4-1.6) system. We have characterized structure, microstructure,
nanostructure and chemical composition of the individual phases in the multi-phase alloys and determined their

xagne:f)sm?:lon magnetic, magnetostrictive and electrical properties. We found that the alloys are ferromagnetic and exhibit
agnetic sortness . . . . . . o s g . .
Nafomagnetism functional combination of magnetic softness and vanishing magnetostriction, classifying them as energy-efficient

“supersilent” materials (inaudible to a human ear) for alternating-current (AC) electromagnetic applications in
the audio-frequency range. The alloys develop a two-phase structure, a face-centered cubic (fcc) and a body-
centered cubic (bcc), where the fcc phase fraction decreases, while the bcc fraction increases with the
increasing (GaNi), content. Ferromagnetism of the alloys originates from the highly nanostructured bcc phase,
with the ferromagnetic Curie temperatures in the range T¢ = 750-700 K, depending on x. The fcc phase is not
nanostructured and is paramagnetic at room temperature, but undergoes a spin glass transition at Ty ~ 6.4 K. The
magnetic softness and vanishing magnetostriction of the alloys are both nanomagnetic phenomena. The
magnetic-softness and magnetostriction parameters of the x = 1.3 and 1.6 alloys make them relevant for
supersilent AC applications at low frequencies.

1. Introduction

Multi-phase high-entropy alloys (HEAs), sometimes called second-
generation HEAs or compositionally complex alloys (CCAs) [1], are
metallic alloys composed of more than one solid solution or appear as a
mixture of a solid solution and an intermetallic compound (one or
more). Beside the academic interest in their formation and stability,
multi-phase HEAs are also interesting from the application point of view
in relation to their mechanical and physical properties, as they some-
times show enhanced properties or combinations of these that are not

present in single-phase materials, either conventional or HEAs. An
example of such “smart” mechanical property is a combination of
strength and ductility, which are mutually exclusive in single-phase
materials. In a two-phase HEA, one phase may possess strength and
the other is ductile, overcoming the strength-ductility trade-off [2].
Multi-phase structures also yield interesting magnetic properties, like
soft ferromagnetism in nanostructured HEAs containing magnetic ele-
ments. This phenomenon has been experimentally and theoretically
elaborated in detail for the equiatomic CoFeNiPdCu HEA [3], where the
CoFeNi ferromagnetic (FM) clusters of 2-5 nm cross dimensions are
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randomly intermixed with nonmagnetic PdCu “nano-spacers” of the
same size. Magnetic softness is here a nanomagnetic effect. The CoFeNi
FM clusters of that smallness are magnetically single-domain particles,
and since the particles with randomly oriented FM axes are exchange-
coupled across the boundaries, exchange averaging of magnetic
anisotropy to zero takes place [4], resulting in excellent magnetic soft-
ness, comparable to the best commercial soft magnets. The magnetic
softness phenomenon based on the same physical principle was also
observed in the three-phase HEAs AlCoFeNiCu, (x = 0.6-3.0) [5], where
one phase (highly enriched in Cu) is nonmagnetic, while the other two
phases are both CoFeNi-rich and hence FM, but exhibit differently strong
ferromagnetism due to different addition of the nonmagnetic elements
Al and Cu. By changing the Cu content x in the AlCoFeNiCu, alloys, the
fractions of the three phases and their domain sizes can be adjusted to
yield the best magnetically soft performance. The magnetostriction of
these HEAs can also be adjusted by changing the Cu content. Magne-
tostriction is a phenomenon that FM materials change their size and
shape in an external magnetic field. When exposed to a periodic
magnetization-demagnetization cycling in an alternating-current (AC)
magnetic field at audio frequencies (20 Hz-100 kHz), a magnetostrictive
material mechanically vibrates and emits humming noise that can be
annoying to a human ear (e.g., a humming grid transformer) [6-8]. For
the AlCoFeNiCu, (x = 0.6-3.0) HEAs it was shown that the two present
FM phases possess magnetostrictive strains of opposite sign that
compensate each other in the three-phase composite [5]. Adjusting their
volume fractions by changing the Cu content drives the average
magnetostrictive strain of the material from positive to negative,
yielding precisely zero magnetostriction at a particular Cu content x (in
that case at the composition AlCoFeNiCuy o). Such magnetically soft and
zero-magnetostriction HEAs classify as “supersilent” materials (inau-
dible to a human ear) for audio-frequency AC electromagnetic applica-
tions and are suitable for the fabrication of supersilent transformer
cores, magnetocaloric refrigerators and other humming electromagnetic
machinery. Another advantage of the zero-magnetostriction material is
that it is not mechanically stressed in an AC magnetic field, which
beneficially reduces the mechanic fatigue of the material in the AC
device.

Aluminum has been a major alloying element in most HEAs con-
taining magnetic 3d transition metals (in addition to the FM Co, Fe and
Ni also the antiferromagnetic (AFM) Cr and Mn), because it imparts
strength and good oxidation resistance [9]. Possessing large negative
binary mixing enthalpies with the magnetic 3d elements [10], Al pro-
motes formation of multi-phase structures. In that context, it is inter-
esting to explore the possibility of replacing Al by gallium (Ga), another
element from the group 13 of the periodic system. Ga is from the
valence-electrons point of view isoelectronic to Al, making the 3+ state
the most common oxidation state for both elements. Like the Al metal,
Ga metal is also not reactive with air and water at room temperature
(RT), because it forms a thin protective passivation oxide layer at the
surface, so that the oxidation resistance of the alloys upon Al substitu-
tion by Ga is expected to be preserved. Ga possesses large negative bi-
nary mixing enthalpies with the magnetic 3d elements Ni and Co [10],
again promoting multi-phase structures. An advantage of Ga over Al is
its smaller atomic radius (r(Ga) = 1.24 10\, as compared to r(Al) = 1.43
A), which is about the same as the radii of the magnetic 3d elements (all
about 1.25 /o\) [10]. The lattice distortion will consequently be signifi-
cantly smaller by replacing Al by Ga in this group of HEAs.

The use of Ga as an alloying element in HEAs based on the magnetic
3d transition elements has been so far scarce. Ga has been employed in
the nanocrystalline HEAs CoCrFeNiGa,, both equiatomic (x = 1.0) and
non-equiatomic (x = 0.5), prepared by spark plasma sintering of pow-
ders produced by high energy ball milling [11], and in equiatomic
CoCrFeNiGa HEA prepared by arc melting [12]. In a search for multi-
phase HEAs within the Co-Cr-Fe-Ni-Ga system with functional mag-
netic properties, we are reporting here on a series of (GaNi),CoCrFe (x =
0.4, 0.7, 1.0, 1.3 and 1.6, where (GaNi), stands for Ga,Ni,) alloys
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prepared by induction melting, where the Ga content has been changed
systematically and simultaneously with the Ni content, since these two
elements experience the strongest bonding tendency between the ele-
ments involved (the binary mixing enthalpy AHSM — —15 kJ mol ! is
the most negative of all elemental pairs [10,13], as evident from
Table S1 of the Supplementary material). It is considered that the phase
formation in HEAs is predominantly governed by the binary constituent
pair that evolves first, and this binary pair then determines the parent
structure of the alloy, in which other elements dissolve. In the
(GaNi),CoCrFe HEAs, the first-to-bind binary pair is GaNi, which crys-
tallizes in a B2 structure (a chemically ordered bcc), so that changing
simultaneously the Ga and Ni contents adjusts the fraction of the ele-
ments that are expected to determine the parent structure of the alloys.
We present the evolution of the structure, microstructure, nanostructure
and physical (magnetic, magnetostrictive and electrical) properties of
the alloys upon increasing (GaNi), content and demonstrate that these
HEAs are multi-phase soft ferromagnets with near-zero magnetostric-
tion, adding to the class of supersilent materials for the audio-frequency
AC applications.

2. Materials and methods

Properties of the elements constituting the (GaNi),CoCrFe HEAs are
collected in Table 1. The atomic radii of all five elements are about the
same, r = 1.24-1.26 A [10]. The high-temperature (HT) structure of
pure Cr and Fe metals is body centered cubic (bcc), while the Co and Ni
metals are face centered cubic (fcc). Ga metal has no HT structure
because of its low melting point. Upon cooling, Cr (bcc) and Ni (fec)
retain their structures down to RT, while Co transforms at 700 K to a
hexagonal close-packed (hcp), which is then its RT structure. The Fe
metal first transforms from bcc to fcc at 1665 K, followed by another
allotropic transition at 1184 K from fcc back to bce, which is then
retained down to RT. Ga metal is orthorhombic at RT.

The (GaNi),CoCrFe (x = 0.4, 0.7, 1.0, 1.3 and 1.6) alloys were pre-
pared by induction melting. Before the melting process, the elements
with a purity of at least 99.95 % were put in an alumina crucible and
placed inside a silica tube. The tube was then mounted on an apparatus
that was connected to a device enabling repeated vacuuming and filling
with argon. Subsequently, the apparatus was sealed at a pressure of 1 bar
to maintain a protective argon atmosphere inside the tube and then
disconnected from the device. To melt and mix the pure elements
inductively, the tube was inserted into the induction coil. After the
melting process, the melt was spontaneously cooled to RT. The resulting
samples took the form of cylinders with a diameter of 8 mm and a height
of about 20 mm. In the following we shall designate the alloys according
to their nominal (GaNi), content (e.g., x = 0.4, x =0.7,...).

X-ray diffraction (XRD) experiments were performed on powder
samples in reflection mode with Fe-filtered cobalt Co Ka; » radiation. A
PANalytical Empyrean X-ray diffractometer equipped with a PIXcel3D
X-ray detector was used for the experiments. The 26 range was from 20
to 140° with a step of 0.026°. The measurement time per step was about
500 s. For each investigated alloy, the measurement was repeated five
times, and the data were averaged, yielding a high signal-to-noise ratio.

Scanning electron microscopy backscattered-electron (SEM-BSE)
imaging and energy dispersive X-ray spectroscopy (EDS) chemical
composition determination and elemental mapping were performed by
the scanning electron microscopes JEOL JSM-7600F Schottky FE SEM
equipped with INCA Oxford 350 EDS SDD and ThermoFisher Quanta
650 ESEM equipped with EDS Oxford Instruments AZtec Live, Ultim
Max SDD 40 mm?.

High-angle annular dark field (HAADF) and bright-field (BF) scan-
ning transmission electron microscopy (STEM) images, STEM-EDS
elemental maps and elemental concentration line profiles were ob-
tained by a Cs-corrected Jeol ARM 200 CF STEM microscope equipped
with an SDD Jeol Centurio energy-dispersive X-ray spectrometer. The
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Table 1
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Properties of the elements (by increasing atomic number) constituting the (GaNi);CoCrFe alloys (atomic radius r [ 10], melting temperature T,,, room-temperature (RT)

structure with lattice parameters and high-temperature (HT) structure [13]).

Element 24Cr 26Fe 27Co 2gNi 31Ga

r(/DX) 1.25 1.26 1.25 1.25 1.24

Tn(K) 2180 1809 1768 1726 302.9

RT structure bee bee hep fee orthorhombic
a(A) 2.884 2.866 2.506 3.524 4.519

b(A) 7.658

c(A) 4.073 4.526

HT structure same as RT bee (1665 K < T < 1809 K) fce (700K < T < 1768 K) same as RT

fcc (1184 K < T < 1665 K)

operating voltage was set to 200 kV. The lamellae for the STEM in-
vestigations were prepared by the focused ion beam (FIB) Helios
NanoLab 650 FEI dual-beam system using gallium ions. Based on the
previous experience of FIB sample preparation of Ga-free alloys and
metals, a noticeable increase of Ga concentration due to the Ga ion
implantation during the FIB thinning process is only in the top Pt pro-
tective layer.

Magnetic measurements were conducted on a Quantum Design
MPMS3 SQUID magnetometer equipped with a 7-T magnet, operating at
temperatures between 1.8 and 1000 K. The samples for measurements
were needle-shaped, with the long dimension of 5 mm and the
perpendicular dimension of 0.4 mm. The long dimension was set into the
direction of the external magnetic field to minimize the demagnetization
effects.

Electrical resistivity measurements were performed on a Quantum
Design Physical Property Measurement System PPMS 9 T. Rectangular-
bar samples of dimensions 1 x 1 x 8 mm® were used.

Magnetostriction measurements were performed on thin plates of
dimensions 20 x 5 x 1 mm? that were cut from cylindrical ingots. The
strain gage technique was employed, using the strain gage sensors
KYOWA (Japan), model KFNB-2-350-D20-11, gage factors (23 °C, 50 %)
(1) 1.81 and (2) 1.95 + 2.0 %, gage length 2 mm, gage resistance (23 °C,
50 %) 350.0 Q + 0.6 %. The gages were glued to the samples with the
KYOWA CC-33A adhesive. The samples were oriented along the mag-
netic field to minimize the demagnetization effects. Superconducting
magnet of the PPMS 9T apparatus was used to provide the magnetic
field. To increase the sensitivity while measuring the magnetostriction, a

Wheatstone bridge was constructed on the PPMS puck out of the strain
gage and three high-precision 350.0 Q resistors. The data from the
Wheatstone bridge was measured with the PPMS Resistivity option.

3. Results
3.1. X-ray diffraction phase identification and quantification

The alloys’ structures were determined by XRD on powdered sam-
ples, using cobalt Co Ka; radiation (A = 1.78896 A). The XRD patterns of
all five alloys are shown in Fig. 1. An evolution of the structure is
observed upon increasing the (GaNi), content. For the alloy with the
lowest x = 0.4 (the topmost trace in Fig. 1), the structure is single-phase
fcc. Though the measurements were performed on a powdered sample,
the intensities of the reflections did not match well the theoretical
powder intensities, indicating some preferential orientation of the
microcrystallites (the powdering procedure was not fine enough). In
addition, the shapes of some reflections indicate the presence of stacking
faults, whereas the reflections from differently oriented crystal planes
show different widths (anisotropic broadening), indicating different
degrees of crystallinity/periodicity in different crystallographic di-
rections. These features were present for all investigated alloys. The Le
Bail fitting procedure (refining the unit cell based on the positions of the
reflections and adjusting the intensities individually to fit best) has
yielded the fcc unit cell parameter a = 3.6105 A, while an attempt with
the Rietveld analysis (refining the unit cell based on the positions of the
reflections, while their intensities are bound by the structure factors and
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Fig. 1. XRD powder patterns of the (GaNi),CoCrFe (x = 0.4, 0.7, 1.0, 1.3 and 1.6) alloys at RT.
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a refined scale factor) has yielded almost the same result a = 3.6106 A.
The phase type and the value of the unit cell parameter (obtained by the
Le Bail method) are also given in Table 2. The Le Bail and Rietveld an-
alyses were performed for all five alloys (not shown), but the discrep-
ancy of the unit cell parameters obtained by the two methods were very
small in all cases (about the same as that for the x = 0.4 alloy), so that in
the following we give the results obtained by the Le Bail method.

For the alloys x = 0.7, 1.0 and 1.3, the XRD patterns reveal a two-
phase structure, an fcc (the same as in the x = 0.4 alloy) of a fraction
that decreases systematically with increasing x and a bcc of a fraction
that increases with x. The fcc unit cell parameter remained about the
same in all alloys (no monotonous systematic increase or decrease with
x can be claimed, see Table 2), and the same holds for the bcc cell
parameter that amounts to a = 2.8885 Aforthex =0.7 alloy (Table 2).
Quantitative evolution of the fcc and bee phase fractions (in wt.%) with
x is presented in Table 2 and is also shown graphically in Fig. 2a.

For the x = 1.6 alloy, the reflections of the fcc phase are no more
visible and the XRD pattern could be indexed to the bcc phase with a =
2.8922 A. Careful inspection of the reflections at high diffraction angles
reveals their doublet structure, which is due to the presence of the Co
Kay component in the radiation that has not been completely eliminated
by filtering (a quite usual experimental situation). The Ka;—Kay splitting
is not visible for other alloys due to broader reflections, indicating that
the x = 1.6 alloy is the best crystallized of all. Moreover, additional
reflections of low intensity have appeared at 20 = 31.1 and 61.8°, which
are not present in other alloys and could not be indexed to the bcc phase.
The analysis has revealed that the second phase is D03, a cubic phase
with a twice-larger unit cell parameter. DO3 is a chemically ordered
phase with the A3B stoichiometry (FesSi-type), where the unit cell is a 2
x 2 x 2 block of the bcc cells (Fig. 2b). The element A occupies all sites
that were forming before the vertices of the individual bec cells (sites ),
as well as one half of the sites that were forming before the centers of the
bec cells (sites g, distributed tetrahedrally on the inner (dashed) cube in
Fig. 2b). The element B then occupies the other half of the sites from the
centers of the bcc cells (sites y). The DO3 phase is more long-range or-
dered than the B2 phase (a chemically ordered bcc, FeGa-type). It is
worth mentioning that in the case where the sites @,  and y would be
occupied by three different types of elements A, B and C, respectively,
this gives the stoichiometry A;BC and the resulting phase type is L21.

The bee and D03 phases with the unit cell parameter a in the ratio 1:2
share several common XRD reflections, i.e., the bcc reflections 110, 200,
211 and 220 overlap with the D03 reflections 220, 400, 422 and 440,
respectively (full lists of the reflections for the two phases are given in
the Supplementary material). The reflections at 260 = 31.1 and 61.8° in
the XRD pattern of the x = 1.6 alloy (the bottommost trace in Fig. 1)
belong to the D03 phase only (these are the 111 and 311 reflections) and
prove the coexistence of the bcc and D03 phases in this alloy. The Le Bail
analysis has yielded the unit cell parameters DO3 a = 5.7755 A and bee a
= 2.8922 A, with their ratio 1.997 (the Rietveld analysis has yielded
almost identical values, DO3 a = 5.7731 10\, bee a = 2.8891 A and the

Table 2
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ratio 1.998). A Rietveld-method estimate of the mass fractions of the two
phases based on the theoretical powder intensities indicates that the
ratio of the bce-to-DO3 phases is roughly 2.5:1. In view of the fact that
the alloy x = 1.6 contains the largest (GaNi), fraction of all alloys, and
the binary mixing enthalpy of Ga and Ni is the most negative of all
elemental pairs in the investigated Co-Cr-Fe-Ni-Ga system, it is reason-
able to assume that Ga and Ni at larger concentrations start to build
regions of the more long-range chemically ordered DO3 phase (an
intermetallic compound of the GasNi type, but may contain also other
elements), whereas the matrix is a chemically disordered bcc solid so-
lution (still to be verified by EDS, presented in the following). The D03
phase may be present in smaller amount already in the x = 1.3 alloy, but
the DO3-specific reflections (1 1 1 and 3 1 1) are too weak in intensity
and below the detection limit of the powder XRD method.

3.2. Microstructure determination by SEM-BSE imaging

The microstructure of the alloys on the 100-um scale, determined by
SEM-BSE imaging, is presented in Fig. 3. The BSE images show atomic-
number (Z) contrast, where the phases enriched in heavier elements
(larger Z) appear brighter. The elements constituting the (GaNi)CoCrFe
HEASs possess the following atomic numbers: Cr (Z = 24), Fe (Z = 26), Co
(Z =27),Ni (Z=28) and Ga (Z = 31). The BSE image of the x = 0.4 alloy
is presented in Fig. 3a, revealing dendritic structure on a 100-um scale
with dark centers and light boundaries of the dendrites. Some even
darker minor interdendritic regions, of up to 20-um dimensions, can also
be noticed, while the black holes are pores. The light boundaries are
enriched in the heaviest element Ga (or in the two heaviest elements Ga
and Ni, to be verified by EDS), while the darker interdendritic regions
are enriched in the lightest element (Cr). Upon increasing the (GaNi),
content, the BSE images of the alloysx =0.7,x=1.0and x = 1.3 showa
two-phase structure of a light matrix and dark islands (Fig. 3b-d), where
the fraction of the matrix increases, while the fraction of the islands
decreases with increasing x. A comparison with the XRD spectra from
Fig. 1 indicates that the dark phase is fcc, while the light phase is bcc.
The BSE image of the x = 1.6 alloy (Fig. 3f) reveals a mixture of two
light phases.

The XRD pattern of the x = 0.4 alloy shows single phase (fcc) only,
whereas its BSE image shows more constituents, the dendrites with dark
centers and light boundaries and the even darker minor interdendritic
regions. It is realistic to consider that all constituents have fcc structure.
The dendrites are formed via the effect known as coring, which results
from the solute redistribution during dendritic solidification. The center
of each dendrite, which is the first part to freeze, is rich in the high-
melting elements (in this case Co, Cr and Fe), whereas the concentra-
tion of the low-melting elements (Ni and Ga) increases with position
from the center to the dendrite boundary. In this process, the structure of
the entire dendrite (the core and the boundary) remains fcc. The
mechanism producing the minor interdendritic regions is less clear, but
based on the XRD, their structure is also fcc.

List of the investigated (GaNi),CoCrFe alloys, their chemical compositions, structure, crystallographic parameters and weight fractions of the constituent phases. The
column “Appearance” describes morphologic appearance of the phase in the multi-phase microstructure (in relation to Fig. 3).

Alloy Nominal average composition (at.%) Appearance SEM-EDS composition XRD structure Fraction (wt.%)
(GaNi)g 4CoCrFe Gay.5Niq0.5C026.3Cr26 3Fe06.3 dendrite interior (darker) Gag gNig §C026.9Cras sFes7 .6 fee, a = 3.6105 A >98
dendrite boundary (lighter) Gaj7.5Niy.7C022.6Cran oFeng 3 fee ?
dark interdendritic Gay7.1Nij0.4C020.4Cr31 7Fes0 4 fee ?
(GaNi)o ;CoCrFe Gays5.9Ni5.9C025 7Cras 7Fens 7 dark islands Gay2.3Ni37C024.3Cra4 3Feos 4 fee, a = 3.6226 A 77
light matrix Gags 7Ning,0C010.2Cr19.4F€17.7 bee, a = 2.8885 A 23
(GaNi); ¢CoCrFe Gagg.gNig.0C020.0Cra0.0F€20.0 dark islands Gay5,0Niq6.8C022 2Cras sFeas 5 fee, a = 3.6225 A 44
light matrix Gagg oNin 9C015.1Crig4Fer7.4 bec, a = 2.8877 A 56
(GaNi); 3CoCrFe Gays oNis3 2C017.9Cry7.9Fe 7.9 dark islands Gaj6,6Niq9,1C020.7Cr21 4Fens 2 fee, a = 3.6137 A 24
light matrix Gays oNiz4.2C017.0Cr17.1Fer67 bee, a = 2.8814 A 76
(GaNi); ¢CoCrFe Gags gNigs gC016.1Cri6.1Fe16.1 lighter Gagy.oNisy 5C015.0Cry5 0Fers1 D03, a = 5.7755 A 29
darker Gagy 5Ninz gC016.8Cr17.6Fe17.3 bec, a = 2.8922 A 71
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Fig. 2. (a) Weight fractions of the fcc, bcc and D03 phases in the (GaNi),CoCrFe alloys as a function of the (GaNi), content. (b) Unit cell of the DO3 phase.

Fig. 3. SEM-BSE images of the (GaNi),CoCrFe (x = 0.4, 0.7, 1.0, 1.3 and 1.6) alloys. The panel (e) shows an expanded region of the panel (d) (the BSE image of the x
= 1.3 alloy), with one slightly brighter region (a D03 precipitate) within the bcc matrix encircled. The position of the encircled region in the panel (d) is indicated by

an arrow.

The BSE image of the x = 1.6 alloy presented in Fig. 3f reveals the
coexistence of two phases, with the majority phase appearing slightly
darker than the brighter minority phase. Since the XRD pattern of the x
= 1.6 alloy no more shows the reflections of the fcc phase, but the two
sets of reflections belong to the bcc and D03 phases, we assume that the
darker majority phase is bce, while the lighter minority phase is DO that
is further enriched in the two heaviest elements Ga and Ni with respect
to the bee phase. The domains of the D03 phase are likely present already
in the x = 1.3 alloy, where careful inspection of its BSE image on a
zoomed scale (Fig. 3e) reveals that the matrix is not of a uniform grey
color, but contains some slightly brighter regions (one is enclosed by a
dashed circle), which can be associated with the DO3 precipitates within
the bee phase, but the D03 fraction is not yet observed in the XRD pattern
because its specific reflections are still below the sensitivity limit. The
position of the encircled D03 precipitate on a larger-scale BSE image of
the x = 1.3 alloy (Fig. 3d) is indicated by a white arrow.

3.3. Chemical composition determination by SEM-EDS

Chemical compositions of the individual phases in the alloys on the
SEM-EDS spatial scale (where the characteristic X-ray signals are coming
from the interaction volume of a few um cross-dimension) were deter-
mined by EDS point analysis and elemental mapping. The so determined
compositions are denoted in the following as the SEM-EDS

compositions. The signals for the point analysis were averaged from ten
points, separated by a minimum distance of 20 ym. For each chemical
element, the scatter of the concentration values over the ten points was
very small, so that the average SEM-EDS compositions of each phase,
reported in the Table 2 are accurate to within +1 at.%. For the x = 0.4
alloy, the dendrites’ core composition (in at.%, rounded to first integers)
is GagNijCogyCrasFegy, the dendrites’ boundary composition is
Gaj7Ni;7Coy3CrosFey, while the composition of the minor interden-
dritic region is GajyNij;Co32CraoFesg. As expected from the SEM-BSE
image of Fig. 3a, the dendrites’ boundaries are enriched quite signifi-
cantly in the Ga and Ni elements and consequently depleted in the Co, Cr
and Fe, as compared to the dendrites’ cores, while the interdendritic
regions are enriched in Cr. Upon increasing the (GaNi), content, the bec
phase appears and its composition changes monotonously from
Gagy4NiggCo19CrigFe;g (for x = 0.7) to GagsNiysCo17Cri7Feqy7 (for x
1.6), while the fcc phase composition changes from GagNijg.
Co27Cry7Fesy (for x = 0.4) to Ga;7Nij9Co21Cra1Fesy (for x = 1.3). The
composition of the D03 phase in the x 1.6 alloy is GayyNiag.
Co;sCrisFejs, being additionally enriched in the Ga and Ni (and
consequently depleted in the Co, Cr and Fe) with respect to the bee phase
(GagsNig4Co17Cry7Fe17) in that alloy. The SEM-EDS elemental maps of
the x = 0.7 alloy that is representative of all five alloys are shown in
Fig. 4 (the elemental maps of other alloys are shown in Figs. S1-S4 of the
Supplementary material). An enrichment of the bcc phase in the Ga and
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Fig. 4. SEM-BSE image (upper left panel) and SEM-EDS elemental maps of the x = 0.7 alloy.

Ni and its depletion in the Co, Cr and Fe is evident, while the opposite 3.4. Nanostructure of the alloys by STEM

holds for the fcc phase. Some unreacted small pure-Cr grains are also

present, as observed in the Cr map. Otherwise, the distribution of all five The methods of BF-STEM and HAADF-STEM imaging and STEM-EDS
elements on the 100-um scale appears homogeneous. point- and line composition analysis and elemental mapping were used

Fig. 5. HAADF-STEM and BF-STEM images of the bcc phase in the x = 1.0 alloy on two magnification scales.
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to determine the nanostructure and local chemical composition of the
bece and fec phases in the (GaNi)CoCrFe alloys. For the STEM in-
vestigations, two lamellae of about 50 nm thickness were cut by the FIB
technique using gallium atoms, one in the fcc phase of the x = 0.4 alloy
and the other in the bece phase of the x = 1.0 alloy.

We present first the results on the nanostructure of the x = 1.0 bcc
phase. In Fig. 5, the HAADF-STEM and BF-STEM images are shown on
two magnification scales. A pronounced nanostructure is observed,
where a large amount of spherical-like domains of one chemical
composition (conveniently denoted as the “nanoparticles™) of cross di-
mensions in the range 10-30 nm are embedded in a matrix of a different
composition. The STEM-EDS elemental maps are shown in Fig. 6,
revealing that the nanoparticles are highly enriched in Cr and contain
also some Fe and Co, while the matrix is basically Cr-free, but contains
all other four elements. The STEM-EDS point analysis has yielded the
composition of the matrix Gas3Niz2Co13CrsFe;4. The measured Cr con-
centration of 3 at.% is so small that the Cr signal was very likely
collected from the environment (the electron beam has “touched” a
nanoparticle upon traveling through the matrix). By neglecting the
presence of Cr, the composition of the Cr-free matrix is then Gag4Nias.
CojgFe; 4, hence being abundant in the nonmagnetic Ga, and containing
the three FM elements Co, Fe and Ni. The STEM-EDS composition of the
nanoparticle was determined as GagNisCop;CrgsFe;s. By inspecting the
STEM-EDS elemental maps of Fig. 6, it is apparent that there is in fact
very little (or no) Ga and Ni present in the nanoparticles and the signals
of these two elements are likely collected from the environment. This is a
reasonable assumption, because the cross dimension of the investigated
nanoparticle was 30 nm, while the lamella thickness was 50 nm, so that
some signal from the matrix was inevitably collected. By neglecting the
presence of Ga and Ni, the nanoparticle composition is about
Co;3CrysFe4, being highly enriched in Cr and containing a mixture of
the two FM elements Co and Fe and one AFM element Cr. The above
analysis is supported by the STEM-EDS elemental line profiles over the
path of 80-nm length that crosses one nanoparticle (Fig. 7). A negligible
amount of Ni in the nanoparticle and a negligible amount of Cr in the
matrix are clearly evident, while the concentrations of other elements,
both in the matrix and in the nanoparticle are in fair agreement with the
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values determined by STEM-EDS point analysis. The main discrepancy is
the Ga concentration in the nanoparticle (about 10 at.%), which may be
real, so that the nanoparticles may also contain some nonmagnetic Ga
(but its origin from the environment cannot be excluded).

Next we present the results on the nanostructure of the x = 0.4 fcc
phase. The HAADF-STEM and BF-STEM images on the 100-nm scale are
presented in Fig. 8. Contrary to the bcc phase, no nanodecomposition
into chemically different domains could be observed, so that the fcc
phase is not nanostructured, but homogeneous also on this scale. The
remaining contrasts in the HAADF and BF images (a bit corrugated
surface, some black dots and short stripes in the BF image) are mainly
dislocations, introduced either during the material synthesis or by me-
chanical forces during the FIB treatment. The STEM-EDS elemental
maps are shown in Fig. 9, confirming homogeneous distribution of all
five elements in the fcc phase on the nanometric scale and consequently
the absence of nanostructure. The STEM-EDS point analysis has given
the local chemical composition Ga;sNigCosgCrasFesg, which is in fair
agreement with the SEM-EDS (average) composition of the fcc phase in
the interior of the dendrites GagNi;gCog7Cra7Fesy. The STEM-EDS
elemental line profiles over the path of 250-nm length (Fig. 10)
confirm homogeneous distribution of the elements and the absence of
nanostructure in the fcc phase on the nanometric scale.

3.5. Magnetic properties

The (GaNi),CoCrFe HEAs were characterized magnetically by the
magnetization versus the magnetic field, M(H), curves and by the
temperature-dependent magnetization, M(T). The M(H) curves of all
five alloys at T = 300 K for the magnetic field sweep y H = £7 T are
presented in Fig. 11a. All curves exhibit a rectangular-like M(H) char-
acteristic with an abrupt step at H = 0 and quick saturation to a plateau.
Such dependence is typical of soft ferromagnets. The saturated magne-
tization M; increases systematically with the increasing (GaNi), content.
The saturation magnetic polarization J; = y,M; of the alloys (taken at
the field value of 7 T), as a function of x is shown in the inset (i) of
Fig. 11a. The J; values of the x = 1.6 and 1.3 alloys that amount to 0.55
and 0.50 T, respectively, are reasonably high for a technologically

Fig. 6. HAADF-STEM image (upper left panel) and STEM-EDS elemental maps of the bcc phase in the x = 1.0 alloy.
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Fig. 7. STEM-EDS compositional line profiles of the elements in the bcc phase of the x = 1.0 alloy, measured along an 80-nm path that crosses one nanoparticle. The

path is drawn in the HAADF image (left panel).

Fig. 8. HAADF-STEM and BF-STEM images of the fcc phase (the matrix) in the x = 0.4 alloy.

interesting magnetically soft material [14,15]. For the x = 0.4 alloy, a
tiny step in the M(H) can still be observed at H = 0, but the ferromag-
netic component of the signal is very small. Away from the step at H =0,
the M(H) relation is linear paramagnetic (the M(H) curve is shown on an
expanded vertical scale in the inset (ii) of Fig. 11a), so that this alloy
behaves predominantly paramagnetically.

The hysteresis loops at 300 K of the samples x > 0.7 are shown on an
expanded scale in Fig. 11b. Palladium correction was applied to subtract
the remanent field of the superconducting magnet of the employed
SQUID magnetometer. The coercivity as a function of the (GaNi), con-
tent is shown in the inset of Fig. 11b. All alloys show the coercive field of
about pyH; ~ 0.5 mT (or H. ~ 400 A m™1). The commonly accepted
limit to classify ferromagnets as magnetically soft is H, < 1000 A m™?
[15], and the alloys conform to this criterion. The shape of the hysteresis
curves is also typical FM and the curves close up in a quite small field of
about 3 mT.

The FM Curie temperatures of the alloys were determined by per-
forming measurements of the temperature-dependent magnetization in
the interval from RT to 1000 K using a furnace. A magnetic field of 10
mT was applied and the measurements were performed upon heating.
Since the HEA state is in principle a metastable state that is likely to
change upon thermal annealing of the material at high temperatures, we

have repeated the M(T) measurement for each alloy several times (up to
four times), in order to see whether some change of the magnetization
(that is sensitive to even minute structural/chemical changes) has
happened during the exposure of the material to high temperatures. The
measurements have revealed that the M(T) curve of the 1st (virgin) run
was always slightly different from the subsequent (non-virgin) runs, for
which the differences were smaller. This is demonstrated in Fig. 12a,
where the M(T) curves of the x = 1.3 alloy of four consequent heating
runs are presented. The differences are not large, confirming that the
material is quite stable upon thermal cycling up to 1000 K. In Fig. 12b,
the M(T) curves of all alloys, obtained in the 2nd run are presented on
the same graph. A clear FM behavior is observed for the x =0.7,1.0,1.3
and 1.6 alloys, with the Curie temperatures of T¢ ~ 750, 725, 715 and
700 K, respectively. The Curie temperatures hence decrease slightly with
the increasing (GaNi), content (because the concentration of nonmag-
netic Ga is increased). For the x = 0.4 alloy, the FM component in the
M(T) signal was so small that the Curie temperature could not be
determined. The M(T) results also confirm that the inclusion of the low-
melting-point element Ga into the alloys did not reduce their melting
points significantly.

The temperature dependence of the M(H) curves, the saturation
magnetic polarization J; and the coercive field H, were investigated in
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Fig. 9. HAADF-STEM image (upper left panel) and STEM-EDS elemental maps of the fcc phase (the dendrites’ interior) in the x = 0.4 alloy.
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Fig. 10. STEM-EDS compositional line profiles of the elements in the fcc phase (the dendrites’ interior) of the x = 0.4 alloy, measured along a 250-nm path. The path

is drawn in the HAADF image (left panel).

the temperature interval between 400 and 5 K. Below we present the
results for the strongest-magnetic alloy x = 1.6, which are representa-
tive (qualitatively) of all FM alloys. The M(H) curves at five tempera-
tures in that interval are displayed in Fig. 13a, showing that the
rectangular shape typical of soft ferromagnets is preserved at all tem-
peratures, with a slight increase of the saturated magnetization M;
plateau upon cooling. The Jy(T) relation is shown in the inset of Fig. 13a,
where it is seen that the saturation magnetic polarization increases from
0.47 T at 400 K to 0.64 T at 5 K. The temperature-dependent hysteresis
curves widen upon cooling (Fig. 13b). The coercive field H.(T) relation
is shown in the inset, where an increase of H, from 200 Am ™' at 400 K to
1160 A m ! at 5 K is evident. Magnetic softness of the material can thus
be claimed in the entire investigated temperature range.

3.6. Magnetostriction

Magnetostrictive properties of the (GaNi),CoCrFe alloys were
investigated by measuring the linear magnetostriction (the magneto-
strictive strain) 4 = Al/l, defined as the fractional change in length of the
material in the direction of magnetization during the magnetizing pro-
cess. The magnetostriction of isotropic polycrystalline materials, like the
investigated cubic HEAs, is fully characterized by a single parameter 4
(in dimensionless units um m ! or 10‘6), which can be either positive or
negative. In a large enough magnetic field, the magnetostrictive strain
saturates to a value As;, which is then used to compare different
magnetostrictive materials.

The magnetostriction experiments were performed at RT in a mag-
netic field sweep poH = + 0.2 T by using a strain gage sensor [16]. A
pure aluminum metal sample that possesses zero magnetostriction was
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Fig. 11. (a) The M(H) curves of the (GaNi),CoCrFe alloys at T = 300 K for the
magnetic field sweep poH = + 7 T. The inset (i) shows the saturation magnetic
polarization J; as a function of x , while the inset (ii) shows the M(H) curve of
the x = 0.4 alloy on an expanded vertical scale. (b) Hysteresis loops of the
alloys x > 0.7 on an expanded scale. The inset shows the coercive field H, as a
function of x.

used to check whether the experimental setup itself contains some
“background” signal, but no magnetostriction could be detected. The
magnetostrictive strain curves A(H) of all five investigated alloys are
shown in Fig. 14a. The A(H) curve of the x = 0.4 sample is practically
zero, which is in agreement with the magnetization measurements that
indicate its marginally ferromagnetic character at RT, while the A(H)
curves of the other alloys are negative and the saturation value 4 in-
creases slightly (in the absolute sense) with the increasing (GaNi)y
content. The sample x = 1.6 shows the largest negative value 4, = —3
pm m~L. The saturation magnetostriction coefficient A, as a function of
the (GaNi), content is shown in Fig. 14b. The close-to-zero 4 values in
the range between 0 and —3 pm m! classify the (GaNi),CoCrFe HEAs as
vanishing-magnetostriction materials. For comparison, the RT /; values
of pure Ni and Co (FM) metals amount to —35 and —60 um m’l,
respectively, Metglass 2826 (a-Fe4oNi4oP14Bg) possesses the value A
11 um m™!, while some mixed rare-earth-iron alloys exhibit 4, values up
to 2000 ym m ! [17].

3.7. Electrical resistivity

Electrical resistivity is another technologically relevant physical
parameter for the characterization of magnetically soft materials. High
resistivity is desired in order to minimize energetic losses due to eddy
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Fig. 12. (a) Magnetization versus temperature, M(T), curves of the x = 1.3
alloy measured in a magnetic field y,H = 10 mT in four consequent heating
runs within the temperature interval 300-1000 K (the data below 800 K are
shown only). (b) M(T) curves of all alloys, obtained in the 2nd run.

currents in AC applications. The electrical resistivity p of the (GaNi),.
CoCrFe alloys was determined in the temperature interval 2-400 K and
the results are shown in Fig. 15. The absolute resistivity values are
precise to within +10 %, due to errors in the samples’ dimensions
determination (length and cross section), inhomogeneity of the elec-
trical contacts and grain boundaries in a polygrain material. For that
reason, no systematic variation of the resistivity with the (GaNi), con-
tent could be identified. The resistivities are typical metallic, with a
positive temperature coefficient and linear variation above about 25 K.
The 300-K resistivity values are in the range p;p0x = 110-130 pQ cm,
while the 2-K values are in the range pyr = 95-120 pQ cm. These values
are high enough for a good magnetically soft material. For comparison,
the resistivity of the widely used commercial soft magnetic material
non-oriented electrical steel (silicon steel Feg;Sis, type M270-35A)
amounts to pspox = 40 uQ cm and pyr = 30 pQ cm [3], while the re-
sistivities of the magnetically soft and vanishing-magnetostriction HEAs
AlCoFeNiCuy (x = 0.6-3.0) are in the range p;q0x = 45-75 puQ cm and
Pox = 35-65 uQ cm [5].

4. Discussion

The experiments show convincingly that the bec phase is ferromag-
netic, while the fcc phase is paramagnetic (at least at RT and above).
This is further supported by the graph presented in Fig. 16, where the
saturation magnetization M; of the alloys at T = 300 K is plotted versus
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Fig. 13. (a) Temperature-dependent M(H) curves of the x = 1.6 alloy in the
interval between 400 and 5 K. The inset shows the temperature-dependent
saturation magnetic polarization J;. (b) Temperature-dependent hysteresis
curves of the x = 1.6 alloy on an expanded scale. The inset shows the
temperature-dependent coercive field H,.

the bec phase fraction as determined by XRD (for the x = 1.6 alloy, M; is
plotted both versus the bec fraction only and versus the sum of the bec +
DOs fractions). For the alloys x = 0.7 to 1.3, a clear one-to-one linear
relation is evident, where the solid line is the least-squares fit through
these points. The point of the x = 0.4 alloy also falls on this line, but the
origin of the tiny FM signal in this alloy is not obvious, because XRD
confirms only the presence of the fcc phase. It is likely that precipitates
of the bce phase in trace quantities are already present in this alloy, but
are still below the sensitivity threshold of the powder XRD technique
(about 1 wt%). The two points belonging to the x = 1.6 alloy do not fall
on this line. The fit passes between these two points, being closer to the
point corresponding to the sum of the bee + D03 fractions (amounting to
100 wt%) than to the point corresponding to the bcc fraction only,
indicating that the DO3 phase is also ferromagnetic. In the following, we
shall not consider the magnetism of the DO3 phase separately, but will
treat it in the context of the bce phase. The experimental fact that the bee
phase is ferromagnetic, while the fcc phase is paramagnetic, is not trivial
to understand. The SEM-EDS (average) compositions of the bec and fec
phases given in Table 2 are not so much different to yield an obvious
reason for the ferromagnetic character of the former and the para-
magnetic character of the latter. The clue is the nanostructure of the two
phases, where the bee phase is highly nanostructured, while the fecc is
not.

The ferromagnetism of the bec phase can be qualitatively understood
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Fig. 14. (a) Magnetostrictive strain curves 1(H) of the (GaNi),CoCrFe alloys at
T = 300 K for the magnetic field sweep yoH = + 0.2 T. Small up-down hys-

teresis in the vicinity of H = 0 can be observed for the alloys with x > 1.0. (b)
Saturation magnetostriction coefficient 4 as a function of the (GaNi), content.
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Fig. 15. Electrical resistivity p of the (GaNi),CoCrFe alloys in the temperature
interval 2-400 K.

by considering that the nanostructure is composed of the Ga-Co-Fe-Ni
matrix (its STEM-EDS chemical composition in the x = 1.0 alloy is
about Gag4Niz3Coq9Fe4) that contains three FM elements Co, Fe and Ni,
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Fig. 16. Saturation magnetization M; of the alloys at T = 300 K versus the bcc
phase fraction (for the x = 1.6 alloy, M; is plotted both versus the bcc fraction
only and versus the sum of the bec + DOj3 fractions). Solid line is the least-
squares fit through the points of the x = 0.7 to 1.3 alloys.

but no AFM Cr, while the nanoparticles embedded in the matrix are
basically Co-Cr-Fe, being a mixture of two FM elements Co and Fe and
one AFM element Cr. In a metallic environment, the spins of the mag-
netic elements distributed on a chemically disordered lattice are coupled
by the indirect exchange interaction via the conduction electrons and
the magnetic state is exchange dominated, because the random local
magnetic anisotropy in 3d magnetic alloys is generally too weak to pin
the magnetization direction at the atomic scale [18]. Ab initio calcula-
tions for the Cantor alloy CoCrFeMnNi have predicted that the pairs of
like and unlike FM neighbors (Co-Co, Fe-Fe, Ni-Ni, Co-Fe, Co-Ni and Fe-
Ni) all show preference for a parallel (FM) spin alignment, while the
spins of the Cr-Cr pairs and the unlike pairs of Cr with the Co, Fe and Ni
align antiparallel (AFM) [19-23]. Adopting these theoretical results, it is
straightforward to consider that in the bce matrix of composition Ga-Co-
Fe-Ni, there exist only the FM type indirect exchange interactions and
the matrix is hence ferromagnetic. The CoCrFe-rich nanoparticles
behave differently. Their composition is highly enriched in the AFM
element Cr (it is about Coj3CrysFe;4), so that the majority of the
elemental pairs (Cr-Cr, Co-Cr, Fe-Cr) align their spins antiparallel and
the nanoparticles are consequently spin-compensated, being either
weakly magnetic or nonmagnetic, as compared to the matrix. It is also
known that in the Co-Cr-Fe bulk ferromagnets, there exists a miscibility
gap below a certain temperature, which clusters the AFM Cr atoms
together and the FM Co and Fe atoms together into spatially segregated
regions [24-27]. For the above Co-Cr-Fe nanoparticles (that are highly
enriched in Cr), the miscibility gap could yield an AFM-ordered Cr
majority region (perhaps the core of the nanoparticle) with weak (or no)
magnetic signal and the FM-ordered minority CoFe region (perhaps the
nanoparticle’s shell) with the FM signal that would add to the FM signal
of the matrix. However, it is a question whether a miscibility gap could
indeed occur in the nanoparticles of so small dimensions (10-30 nm),
because nanodimensional objects behave magnetically differently from
the bulk. The STEM-EDS elemental maps and elemental line profiles
presented in Figs. 6 and 7 do not give any hint of the elemental segre-
gation and hence the miscibility gap in the nanoparticles. Here we
mention that similar Co-Cr-Fe nanoparticles with a core-shell structure
(where the core is highly enriched in Cr, while the shell of 2 nm thick-
ness is CoFe-rich) were indeed observed in the related AlygCoo0Cry1.
Fe;s5Nige HEA [28,29], but those nanoparticles were significantly larger,
of the average diameter 64 nm, so that a direct comparison with the
smaller nanoparticles in the (GaNi),CoCrFe HEAs is questionable.

The paramagnetic character of the fcc phase can be considered along
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the same steps, by taking into account the experimental fact that this
phase is not nanostructured, but appears as a chemically homogeneous
mixture of five elements on both the nm- and the um scales (the local
STEM-EDS composition of the fcc phase (the dendrites’ interior) in the
x = 0.4 alloy Ga;3NigCoygCrasFeqg is in fair agreement with its SEM-EDS
average composition GagNi;gCo2yCra7Fes;). The Cr-Cr like pairs and the
unlike pairs of Cr with the Co, Fe and Ni favor antiparallel spin align-
ment, while the spins of the like and unlike pairs of the Co, Fe and Ni
atoms tend to align parallel, so that there is a competition between the
FM and AFM couplings, which causes magnetic frustration of the spin
system. Such disordered spin systems usually form a collective
magnetically frustrated state known as a spin glass [30]. The spin glass
state is a low-temperature phenomenon, occurring typically at temper-
atures of the order of 10 K above absolute zero, while at higher tem-
peratures such a state is paramagnetic. The hypothesis that the fcc phase
in the (GaNi),CoCrFe alloys is paramagnetic at elevated temperatures,
but undergoes a spin glass transition at low temperatures was tested on
the x = 0.4 fcc alloy. The linear paramagnetic M(H) relation with a
positive slope at 300 K of this alloy shown in the inset (ii) in Fig. 11a
confirms that it is paramagnetic at RT (here we neglect the tiny FM
component that very likely originates from the trace amounts of the bcc
phase). Spin glasses undergo a kinetic spin-freezing transition from the
high-temperature paramagnetic phase to the low-temperature spin glass
phase at the spin-freezing temperature Ty, which delimits the high-
temperature ergodic (thermodynamic equilibrium) region of the spin
system from the low-temperature nonergodic (out-of-equilibrium) re-
gion. Below T; (in the spin glass phase), the experimentally measurable
physical parameters become frequency-dependent, depending on the
frequency observation window of a given experimental technique [30].
Broken ergodicity of the spin system in the spin glass phase is a conse-
quence of the fact that spin fluctuation times become macroscopically
long, so that the system can no longer reach thermal equilibrium on the
accessible experimental frequency scale. A convenient physical quantity
to prove the spin glass transition is the AC magnetic susceptibility,
which shows a broad cusp at the spin-freezing temperature and the
position of the cusp on the temperature axis is frequency-dependent,
shifting to higher temperatures at higher frequencies. The AC suscepti-
bility of the x = 0.4 alloy was measured between 300 and 1.8 K in a
sinusoidal magnetic field of amplitude yyHp = 0.2 mT at logarithmically
spaced frequencies between 1 and 1000 Hz. A frequency-dependent cusp
was indeed observed in the real part of the AC susceptibility y/, which is
presented on an expanded temperature interval around the cusp in
Fig. 17. At the lowest frequency v = 1 Hz, the maximum in y’ occurs at
6.4 K and then shifts monotonously to 6.7 K for v = 1000 Hz. This
behavior is a clear indication of the spin-freezing transition to a non-
ergodic state. The temperature of the maximum in y/ is conveniently
defined as the frequency-dependent spin-freezing temperature Ty(v).
The Tf(v)/Tf(1Hz) relation is shown in the inset of Fig. 17. A convenient
parameter to characterize spin glasses is the fractional shift of Ty(v) per
decade of frequency, I' = AT;/TfA(logv), where the data from the inset
in Fig. 17 yield I' = 1.4 x 1072, This value falls into the range typical of
spin glasses, where the values I' ~107-10~ are common, while for
superparamagnets below the blocking temperature, the I" values are one
or two orders of magnitude larger [31]. The AC susceptibility hence
confirms the spin glass state of the fcc phase below the spin freezing
temperature Ty ~ 6.4 K, while at T > Ty, the fcc phase is paramagnetic.

The ferromagnetism of the (GaNi),CoCrFe HEAs hence originates
from the Ga-Co-Fe-Ni matrix of the nanostructured bcc phase. The
magnetic softness of the matrix follows from the chemically disordered
statistical distribution of the magnetic Co, Fe and Ni and the nonmag-
netic Ga on the bcc lattice, where the CoFeNi-enriched FM domains of a
nanometric size are more or less randomly intermixed with Ga-enriched
(less magnetic or nonmagnetic) domains of a similar size. In such
structures, magnetic softness is a nanomagnetic effect, because the
CoFeNi-enriched FM domains of that smallness are magnetically single-
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Fig. 17. Frequency-dependent cusp in the real part of the AC susceptibility y’ of
the x = 0.4 fcc alloy on an expanded temperature scale between 5.5 and 8 K for
logarithmically spaced frequencies of the AC magnetic field between 1 and
1000 Hz. The frequency-dependent spin freezing temperature Tf(v) is defined as
the temperature of the y'(v) maximum. The skew arrow indicates the shift of the
maximum to higher temperatures with the increasing frequency. The T (v)/
T;(1Hz) relation is shown in the inset. Note that y' is dimensionless, because it is
derived from the volume magnetization.

domain “particles”, and since the particles with randomly oriented FM
axes are exchange-coupled across the boundaries, exchange averaging of
the magnetic anisotropy to zero takes place, as known from the litera-
ture [4]. The same effect is responsible for the almost perfect magnetic
softness of the related HEAs CoFeNiPdCu [3] and AlCoFeNiCu, [5]. It is
straightforward to consider that the exchange averaging of magnetic
anisotropy is the general principle underlying the magnetic softness also
of other CoFeNi-containing HEAs (numerous in number) reported in
literature [20,32-41].

The above-described nanostructure of the FM bee matrix additionally
results in its vanishing magnetostriction. The nanometer-size CoFeNi-
enriched FM domains are so small that the magnetostrictive strain in an
external magnetic field cannot change their shape and size considerably.
Moreover, even if the magnetostrictive strain would still be effective at
such small scales, random orientation of the domains’ ferromagnetic
axes would cause their elongation/contraction in random spatial di-
rections, which would average the net magnetostrictive strain of the
material to zero and result in vanishing magnetostriction. The magnetic
softness and vanishing magnetostriction thus go hand in hand in this
type of 3d FM HEAs.

5. Conclusions

The (GaNi),CoCrFe HEAs possess the functional combination of
magnetic softness and vanishing magnetostriction, classifying them as
supersilent materials for the audio-frequency AC electromagnetic ap-
plications. The magnetic-softness and magnetostriction parameters of
the x = 1.6 alloy (saturation magnetic polarization J; = 0.55 T, coercive
field H. ~ 400 A m’l, Curie temperature Tc = 700 K, saturation
magnetostriction coefficient 4, = —3 pm m~! and high RT electrical
resistivity psgox ~ 110 pQ cm) are about the same as those of the
AlCoFeNiCuy alloy, the first reported supersilent HEA [5]. The pa-
rameters of the x = 1.3 alloy are only insignificantly different, so that
the (GaNi); 3CoCrFe and (GaNi); ¢CoCrFe HEAs both possess
application-relevant supersilent characteristics. Possessing very small
coercive field (small width of the M(H) hysteresis curve) and high
electrical resistivity that both determine the electromagnetic losses in
AC applications, the materials are also energy-efficient.
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Regarding the combination of magnetic softness and vanishing
magnetostriction, the (GaNi),CoCrFe HEAs perform comparably to the
AlCoFeNiCu, HEAs, but better than other reported multi-component
alloys, either four-component or five-component. The five-component
HEAs Fe,Co1.,NiMnGa [42] possess sufficiently low magnetostriction
coefficients of about 4, ~ 2-10 ym m ™ to be classified as vanishing-
magnetostriction materials, but their coercivities H, = 1.6-2.4 kA m!
are too large to be classified also as magnetically soft. The four-
component Al,FeCoNi and CoFeNiSi, medium-entropy alloys (MEAs)
[43] possess low magnetostriction coefficients, which are for most
compositions in the range 4, = 7-30 um m™! that is outside of the
“supersilence” limit. An exception in the CoFeNiSig s composition,
which possesses low enough s ~ 2.5 um m ™! and coercivity H, ~ 400 A
m! to classify as a supersilent MEA material. The (Feg3Cogs.
Nig.2)100-x(Al1/3Si2/3)x HEAs [44] possess As > 8 um m !, which is too
high to be classified as vanishing-magnetostriction materials. To the best
of our knowledge, the (GaNi),CoCrFe HEAs (together with the AlCo-
FeNiCu, HEAs) exhibit the best supersilent characteristics of all five-
component alloys investigated to date.

Currently, the class of supersilent ferromagnetic HEAs comprises
only two members, the AlCoFeNiCu, (x = 2.0-3.0) and the (GaNi),.
CoCrFe (x = 0.4-1.6) systems. Regarding the microscopic origin of the
smart combination of magnetic softness and vanishing magnetostriction,
there emerges a questions whether these two systems are identical, so
that (GaNi),CoCrFe is just another variant of the AlCoFeNiCu,, or there
are some fundamental physical differences between them. The origin of
magnetic softness, which is the phenomenon of exchange averaging of
magnetic anisotropy, is the same for both systems, while the origin of
vanishing magnetostriction is different. In the AICoFeNiCu,, it is a result
of compensation of magnetostrictions of opposite signs of the two pre-
sent ferromagnetic phases [5], whereas in the (GaNi),CoCrFe, it origi-
nates from the nanostructured morphology of a single ferromagnetic
phase. There thus exists a fundamental difference between the AlCoFe-
NiCu, and the (GaNi),CoCrFe multi-phase HEA systems.
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