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This investigation explores the electrical and magnetic properties of as-cast, -homogenized, and -
deformed Al,CoCrFeNi (C-x, H-x, and D-x, respectively) alloys at various temperatures from 4.2 to 300 K.
Experimental results reveal that carrier density of the alloys is of 10%2-23 cm~3. H-x has a carrier mobil-
ity of 0.40-2.61cm? V-'s~'. The residual electrical resistivity of the alloys varies from 100 to 220 u2

cm. The temperature coefficient of resistivity (TCR) of H-2.00 is small (82.5 ppm/K). Therefore, defects in
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the lattice dominate electrical transportation. Some compositions exhibit Kondo-like behavior. At 300K,
H-0.50, H-1.25, and H-2.00 are ferromagnetic, while H-0.00, H-0.25, and H-0.75 are paramagnetic. Al
and AlNi-rich phases reduce the ferromagnetism of single FCC and single BCC H-x, respectively. Spin
glass behavior of some compositions is also observed. Alloys H-x are of the hole-like carrier type, and
ferromagnetic H-x exhibits an anomalous Hall effect (AHE).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The first study on high-entropy alloys (HEAs) was published
in 1996 [1]. Today, research into HEAs addresses their mechan-
ical, anticorrosion, hydrogen storage [2], and thermophysical [3]
properties, among others. Relevant results demonstrate that HEAs
have simple microstructures in the form of a solid solution of
multiple elements [4-6], a favorable capacity to form nano-scale
precipitates [5,7], high thermal stability [8], superior extensive or
compressive properties [9], extremely high hardness [10], excel-
lent anticorrosive properties [11,12], and special thermophysical
and magnetic properties [3]. The crystallinity of HEAs is commonly
simple, even though they are comprised more than five elements.
The simple crystal lattices exhibit both the individual characteris-
tics of their constituents and collective characteristics. For example,
they exhibit the collective mechanical and thermal properties of a
solid solution, but the anticorrosion performance of its individual
constituent elements.
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Understanding the physical properties, including electrical,
magnetic, and thermal properties, of HEAs can help in understand-
ing their lattice. The magnetic property of CoCrCuFeNiTiy alloys
[13] has been studied. The FCC solid solutions that comprise in
CoCrCuFeNi and CoCrCuFeNiTigs alloys exhibit typical paramag-
netism, whereas CoCrCuFeNiTipg and CoCrCuFeNiTi alloys exhibit
superparamagnetism, which is attributable to the embedding of
nanoparticle assemblies in the amorphous phase with the addi-
tion of Ti. Al,CoCrFeNi alloys have been widely studied to elucidate
their microstructural and mechanical [4], anticorrosive [11], and
thermally expansive [3] properties. However, their electrical and
magnetic properties are still not fully understood. This investiga-
tion, which extends another, [4], aims to study the electrical and
magnetic properties of AlyCoCrFeNi alloys by measuring resistiv-
ity, magnetization, and the Hall effect. The values of the relevant
parameters obtained using these three methods will be compared
with each other, to provide insight into the physical properties of
AlxCoCrFeNi alloys.

2. Experimental details

A total of 40-50 g of Al, Co, Cr, Fe, and Ni with purities of greater than 99.5% was
used to prepare Al,CoCrFeNi (0 < x < 2) alloys using a vacuum arc-remelter. After the
alloys were re-melted, they were turned over and the process was repeated at least
three times to ensure that the alloys were completely mixed. As-cast alloys were
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Fig. 1. Drawing for the x interval associated with phase boundary for alloys C-x, H-x,
and D-x.
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heated to 1100 °Cat 20°C per min and held at that temperature for 24 h. The samples
were then quenched in water. These heated and quenched samples are called as-
homogenized ones herein, except where otherwise specified. The as-homogenized
samples were cold-deformed by a DBR250 two-high rolling mill to reduce their
thickness by 75%. Cracks appeared in the samples with molar ratios of Al of more
than 0.875 (x>0.875) because they had high hardness. Therefore, the as-deformed
samples were those with 0 <x <0.875 in this investigation. Here, C-x, H-x, and D-
X represent as-cast, -homogenized, and -deformed Al,CoCrFeNi (0 <x <2) alloys,
respectively. Melt-spun samples with x=0.25, M-0.25, were also prepared and their
resistivity was measured and compared. The samples were cut using a diamond
cutter into pieces with a thickness of 2 mm, and then ground to a thickness of less
than 500 wm, using smaller-number sandpaper, to enable their resistivity to be mea-
sured. An EG & G Model 5210 Dual Phase Lock-in Amplifier was used to measure the
resistance by the four-point probe method. To measure the resistivity of the sam-
ples at low temperatures, the samples were gradually sunk into liquid helium in a
Dewar flask, and their resistance was continuously measured between 300 and 4.2 K.
A superconducting quantum interference device magnetometer MPMS5 (SQUID),
from American Quantum Design, was used to measure the magnetic properties
of the samples, including the hysteresis loop (M-H curve) and the magnetization
vs. temperature curve (M-T curve). The two states in which the M-T curves were
measured were the zero-field cooling (ZFC) and field cooling (FC) ones. The hys-
teresis loops were measured at 300, 50, and 5K. The M-T curves of 5-150K were
measured in a magnetic field of 100 Oe. The manipulating current that was used to
measure the Hall effect was 10 mA; the applied magnetic field was up to £9T, and
the temperature range was 5-300K.
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Fig. 2. (a) Experimental data of p(T) for alloys C-x, (b) alloys H-x, and (c) alloys D-x, and (d) alloy Alg»5CoCrFeNi at various conditions.
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3. Results and discussion

3.1. Microstructure of alloys C-x, H-x, D-x, 900 °C-homogenized
H-0.25, and M-0.25

As shown in Fig. 1, the structures of the alloys C-x, H-x, and D-x,
(with increasing amount of Al, given by x) are single FCC, duplex
FCC-BCC, and single BCC, respectively. Al is a BCC stabilizer in
AlxCoCrFeNi alloys. The ranges of x in which the alloys C-x, H-x,
and D-x are in a duplex phase are 0.45<x<0.88, 0.30<x<1.17,
and 0.30 <x < 0.875, respectively [4]. Alloys 900 °C-homogenized-
H-0.25 and M-0.25 comprise duplex FCC-AINi-rich precipitate BCC
and single FCC, respectively.

3.2. Electrical properties

3.2.1. Highly concentrated point defects in lattice of HEAs

Fig. 2(a)-(c) presents resistivity data for alloys C-x, H-
x (x=0-2.00), and D-x' (x'=0-0.875), respectively, from 4.2
to 300K. Table 1 lists the resistivity at 4.2K (pq), resistiv-
ity at 300K (p300), residual resistivity ratio (RRR), defined as
Po/P300, and temperature coefficient of resistivity (TCR) defined as
(300 — P150)/[0150(300 — 150)].

Studies [4,14] have shown that Al is a strong BCC former
and can promote atomic bonding in high-entropy alloys (HEAs).
Therefore, the mechanical property [15], wear behavior [16],
and anti-corrosion ability [17] are closely related to the Al con-
tent. However, no linear relationship between resistivity and x
is observed in Fig. 2(a)-(c), indicating that the microstructure is
not the only factor that affects the electrical resistivity of this
alloy system. The ranges of the pg values of alloys C-x, H-x, and
D-x are 111.06-196.49, 93.78-162.77, and 120.48-162.05 .2 cm,
respectively. The py values of amorphous AlCoCrCugsFeNi [18]
and Nd-Fe-B [19] alloys are 289 and 250 w2 cm, respectively;
the po values of crystallized ternary Ni;sFei7Crg, NizsFeq3Crya,
and NiggFe175Cry45 alloys are 58.1, 89.6, and 92.4 €2 cm, respec-
tively [20]. The pg values of the quinary alloys of interest herein
exceed those of the aforementioned traditional crystalline alloys,

Table 2

1609

Table 1

Electrical properties: po (resistivity at 4.2 K), p3q0 k (resistivity at 300 K), RRR (resid-
ual resistivity ratio), and TCR (temperature coefficient of resistivity) for alloys C-x,
H-x, and D-x.

Alloys po (€2 cm) P300 k (€2 cm) RRR TCR (150-300K)
(ppm/K)

c-0 118.61 141.83 1.20 620
C-0.25 111.06 124.76 1.12 438
C-0.375 125.46 141.01 1.12 416
C-0.50 123.05 135.18 1.10 338
C-0.75 142.05 162.87 1.15 508
C-0.875 123.73 142.97 1.16 597
C-1.00 185.60 220.82 1.19 703
C-1.25 132.32 167.41 1.27 927
C-1.50 125.37 153.41 1.22 816
C-2.00 196.49 211.29 1.08 227
H-0 123.84 146.59 1.18 619
H-0.25 99.88 111.22 1.11 388
H-0.375 93.78 106.00 1.13 444
H-0.50 100.67 113.06 1.12 390
H-0.75 115.68 132.34 1.14 479
H-0.875 103.33 120.87 1.17 584
H-1.00 162.77 189.56 1.16 581
H-1.25 144.96 166.71 1.15 586
H-1.50 126.55 145.01 1.15 508
H-2.00 158.68 163.28 1.03 82.5
D-0 162.05 192.73 1.19 645
D-0.25 133.30 150.28 1.13 432
D-0.375 120.48 138.18 1.15 481
D-0.50 132.68 148.96 1.12 417
D-0.75 130.19 148.32 1.14 463
D-0.875 146.17 162.21 1.11 369

but are less than those of amorphous alloys. Electron transporta-
tion is usually associated with the ‘orderliness’ of a lattice. The
above discussion suggests that the orderliness of the lattices of the
studied alloys is between that of an ordered structure (traditional
crystalline alloys) and that of a disordered structure (amorphous
alloy). HEAs exhibit long-range order but seemingly less degree
short-range order in the sense of a single lattice. With respect
to electronic conduction, quinary HEAs are metallic (see below)

Coefficients of fitted curves based on the formula p=pg +AIn(T)+BT2 + CT? for C-x, H-x, and D-x at low temperatures.

Alloys Range of fit (K) po (L€ cm) A(102 pQcm) B(10° Q2 cmK-2?) C(10% pQemK—3)
c-0 4.2-20 118.71 - 75 60
C-0.25 8.4-33.6 111.60 -5.80 48 -
C-0.375 10.8-23.1 126.58 —-44.41 166 -
C-0.50 7.4-29.4 123.62 -23.91 75 -
C-0.75 4.2-20 142.21 - 81 -
C-0.875 4.2-20 123.86 - - 6.81
C-1.00 4.2-20 186.18 - - 60
C-1.25 4.2-20 132.48 - 98 20
C-1.50 4.2-20 125.80 - 31 -
C-2.00 9.8-39.2 197.21 -3.25 35 -
H-0 4.2-20 124.19 - 46 20
H-0.25 6.3-24.9 100.08 -7.50 40 -
H-0.375 5.9-23.6 94.45 -19.93 77 -
H-0.50 4.8-19 101.91 -46.11 217 -
H-0.75 4.2-14.6 115.93 -13.47 136 -
H-0.875 4.2-16 104.40 —65.87 1365 -
H-1.00 5.3-21.1 163.31 —23.22 195 -
H-1.25 8.9-39.9 145.45 —8.80 5 5.86
H-1.50 5.4-21.8 127.34 -21.83 - 50
H-2.00 16.5-65.9 161.05 —76.06 36 0.17
D-0 4.2-20 162.21 - 185 -
D-0.25 4.2-20 133.56 - - 20
D-0.375 4.4-17.8 121.17 -31.03 176 -
D-0.50 4.2-20 132.94 - - 20
D-0.75 4.2-20 130.40 - - 60
D-0.875 4.2-20 146.53 - - -
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Fig. 3. Residual resistivity (po) for the alloy Al 25 CoCrFeNi at as-cast, -homogenized
(900 and 1100°C), -cold-deformed (50% and 75% reduction in thickness), and -melt
spun states.

but have highly-concentrated point defects, resulting from multi-
principal elements in a pseudo-unitary lattice (PUL) cell. The RRR
values range from 1.03 to 1.27, as indicated in Table 1. Accordingly,
electronic transportation in the alloys of interest is dominated by
the defects from 4.2 to 300K, the defects in the lattice of alloys
dominate electronic transportation therein. Additionally, the TCR
value of H-x in Table 1 is low (82.5 ppm/K), because of the lesser
orderliness of each lattice.

3.2.2. Resistivity of alloys FCC C-0.25, H-0.25, and D-0.25

Fig. 2(d) plots data on the resistivity of alloys C-0.25, H-0.25
(900 and 1100°C), D-0.25 (50% and 75% reductions) and M-0.25
from 4.2 to 300K. Fig. 3 reveals that the pg values increase in
the order 1100°C-homogenized H-0.25, C-0.25, 50% reduction-
D-0.25, 75% reduction-D-0.25, M-0.25, and 900°C-homogenized
H-0.25. Greater deformation or a higher quenching/cooling rate
corresponds to more introduced defects, and higher pq values.
The 900°C-homogenized H-0.25 has a relatively high pg. This is
associated with a small amount of BCC AlNi-rich precipitate [21].
Additionally, the pg of D-0.25 after 75% cold deformation slightly
exceeds that of D-0.25 after 50% cold deformation.

3.2.3. Kondo-like behavior

The dependence of resistivity of temperature is not simple,
because it usually involves several effects over several tempera-
ture ranges. Conduction electrons usually interact with phonons
at high temperatures, such as 300-1000K, and the dependence in
this temperature range is p« T [20,22,23]. Conduction electrons
usually interact with magnetic atoms in the alloys at interme-
diate temperatures, such as 100-300K, and pT?. When the
temperature declines to 0-50K, phonon (T3), magnetic (T2), and
electron-electron interaction (T1/2) effects occur simultaneously
[20]. Hence, suitable temperature ranges must be carefully selected
to study the influence of temperature on the effects of all of the
above phenomena.

Experiments have shown two typical features of electrical con-
ductivity at low temperatures. They are residual resistivity (equal to
po, as described in Section 3.2.) and the Kondo effect [24]. Residual
resistivity is the resistivity that is caused by the scattering of elec-
tron waves by static defects that disturb the periodicity of the lattice
[22]. According to Matthiessen’s rule, the net resistivity is given by
p=pL+pi, where p| represents the resistivity that is caused by the
thermal phonons, and p; is the residual resistivity. Therefore, p;(0)
is the extrapolated resistivity to 0 K because p| is commonly inde-
pendent of the number of defects when the defect concentration
is weak, and is usually proportional to the temperature. There-
fore, pp vanishes as T approaches 0K. The Kondo effect, however,

Table 3
Coefficients of fitted curves based on the formula p = po + BT? + DT for C-x, H-x, and
D-x at temperatures in the range of 100-300K.

Alloys Range of fit  po (n2cm) B(107° wQecmK2) D (1072 uQcmK')
(K)
C-0 120-300 117.98 - 8.48
100-120 12091 25 2.90
C-0.25 100-300 110.09 - 498
C-0.375 130-300 125.03 - 5.39
100-130 126.27 15 2.29
C-0.50 150-300 122.70 - 442
100-150 122.02 2 444
C-0.75 200-300 142.82 - 6.89
100-200 139.24 0.87 8.39
C-0.875 200-300 119.45 - 7.86
100-200 121.21 6 5.82
C-1.00 200-300 181.39 2 12.49
100-200 180.72 3 12.53
C-1.25 150-300 128.10 - 13.45
100-150 129.09 14 10.67
C-1.50 150-300 120.75 - 10.96
100-150 122.40 10 8.48
C-2.00 180-300 200.24 - 3.71
100-180 189.41 - 5.82
H-0 100-300 122.30 - 8.21
H-0.25 100-300 98.84 - 4.28
H-0.375 100-300 93.00 - 4.39
H-0.50 150-300 101.17 - 4.12
100-150 100.21 3 4.16
H-0.75 150-300 115.27 - 6.01
100-150 114.94 8 494
H-0.875 100-300 102.50 - 6.14
H-1.00 100-300 160.37 - 9.83
H-1.25 200-300 140.46 - 8.88
100-200 141.04 3 8.07
H-1.50 100-300 125.29 - 6.83
H-2.00 180-300 160.72 - 0.85
100-180 159.11 - 1.76
D-0 120-300 160.07 - 11.00
100-120 159.63 - 11.16
D-0.25 100-300 131.80 - 6.31
D-0.375 150-300 120.76 - 5.80
100-150 119.96 3 5.81
D-0.50 120-300 132.29 - 5.54
100-120 132.44 15 343
D-0.75 130-300 130.40 - 6.08
100-130 130.06 12 4.62
D-0.875 100-300 145.82 5.7 5.24

vanishes at high temperatures, but localized spin fluctuation and
RKKY interaction [22] increase resistivity at low temperatures. The
Kondo effect commonly arises in dilute alloy systems. Although
HEAs are not dilute, they exhibit a Kondo-like behavior, which will
be discussed in the following section.

In Fig. 2(a)—(c), two formulae are applied to fit po(T). At low
temperatures (4.2-66 K), p= pg +AIn(T) + BT2 + CT3 is used to model
Kondo-like (A), magnetic (B), and low-temperature phonon (C)
effects. At intermediate temperatures (100-300 K), the fitting for-
mula, p=p9+BT2+DT, where B and D are the coefficients of
magnetic and phonon effects, respectively, is utilized. The Kondo-
like effect is usually considered [25] to be proportional to InT at
low temperatures, such that Ap/pmin«InT. Tables 2 and 3 dis-
play the results of fitting. Alloys C-x (x=0.25-0.50, and 2.00), H-x
(x=0.25-2), and D-0.375 exhibit Kondo-like behavior. At low tem-
peratures, B is clearly one to two orders of magnitude higher
than at intermediate temperatures. A is always negative in Kondo-
like samples, and larger absolute values of A are associated with
a stronger Kondo-like effect, especially in H-2.00. The magnetic
contribution, T2, competes with the Kondo-like effect. When the
magnetic contribution greatly exceeds the Kondo-like effect, resis-
tivity remains constant with a change in temperature and levels
off at low temperatures. The Kondo-like and the magnetic effects
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Fig. 4. Magnetization vs. magnetic field (M-H) curves from SQUID at 5, 50, and 300K for (a) H-0, (b) H-0.25, (c) H-0.50, (d) H-0.75, (e) H-1.00, (f) H-1.25, and (g) H-2.00.

in H-x slightly increase with temperature at low temperatures, but
the magnetic and phonon effects decrease with increasing temper-
ature at intermediate temperatures. Evaluating the phonon effect
at low temperatures, T3, is difficult, because it is extremely small
and frequently mixed with a magnetic effect, T2 [20].

3.3. Magnetic properties of alloys H-x

Fig. 4(a)-(f) plot SQUID data for alloys H-x, respectively, at 5,
50, and 300K. Table 4 presents the related magnetic parameters
of alloys H-x. In the next two sections, most of the factors that are
related to the magnetic property of alloys H-x, are associated with
(i) the crystal structure and (ii) the Al or AlNi-rich phase.

First, the results that are explained by the crystal structure are
discussed. Table 4 reveals that all H-x alloys are ferromagnetic at
low temperatures (5 and 50 K). Additionally, the saturation mag-
netization (Ms) of alloys H-1.25 and H-2.00 exceeds that of alloys
H-0 and H-0.25, indicating that at low temperatures, the BCC phase
has a higher Ms value than the FCC phase. At room temperature
(300K), alloys H-0.50, H-1.25, and H-2.00 remain ferromagnetic,
while alloys H-0, H-0.25, and H-0.75 are paramagnetic. The esti-
mated Curie temperatures (Tc) are taken from the curves of the
reciprocal of magnetic susceptibility (x~1) against temperature.

Table 4 shows no regular relationship between T¢ and x for alloys
H-0, H-0.25, and H-0.50. Next, Ms, to which both BCC and FCC
phases contribute, is estimated when 0.5 <x <0.75. The M; of the
two phases at 5K can be calculated numerically as follows:

M;s = XpccMs, Fec + XpecMs Bec (1)

where Xkce, MS,FCCv Xgces and MS,BCC are the volume fraction of FCC,
the saturation magnetization of FCC, the volume fraction of BCC,
and the saturation magnetization of BCC, respectively. However,
Xpce and Xgee can be obtained from the fitting of hardness [4].
Therefore, the above equation can be rewritten as,

(for H-0.50) (2)
(forH-0.75) 3)

140.11 = 0~7551MS,FCC + 0~2449MS,BCC
119.93 = 0.5765Ms rcc + 0.4235Ms pec

Accordingly, Mspcc=167.78 (emucm~3) and M;pcc=54.79
(emu cm~3). The reason for the result Mg pcc < Mspcc is ascribed to
the existence of Al or AlNi-rich phase as discussed further in the
following paragraph.

The results for which the Al or AlNi-rich phase are responsible
is discussed. The Mg value declines as X increases in the ranges
0<x<0.25and 1.25 <x <2.00, as indicated in Table 4. The Mg and
magnetic susceptibility (x~1) values of alloy H-0 are smaller than
those of alloy H-0.25, implying that Al reduces the ferromagnetism
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Table 4
A list of magnetic properties at 5K, 50K, and 300K for alloys H-x.
Temperature Parameters H-0 (FCC) H-0.25 (FCC) H-0.50 (FCC + BCC) H-0.75 (FCC +BCC) H-1.25 (BCC) H-2.00 (BCC)
5K State Ferro. Ferro. Ferro. Ferro. Ferro. Ferro.
M () 0.25 0.18 0.17 0.15 0.67 0.29
Ms (emucm™3) 203.65 144.08 140.11 119.93 529.83 228.46
M; (emucm~3) 0.94 8.54 9.48 6.90 13.87 9.53
Hc (Oe) 2.24 30.08 137.95 71.31 76.46 30.92
S=M;/M;?, x1072 0.464 5.930 6.770 5.750 2.620 4.170
50K State Ferro. Ferro. Ferro. Ferro. Ferro. Ferro.
o (1) 0.19 0.11 0.14 0.09 0.66 0.27
M;s (emucm™3) 159.14 90.84 113.80 69.60 521.73 212.22
M; (emucm=3) 0.18 0.28 0.699 0.36 6.79 0.70
H (Oe) 0.58 447 9.50 4.56 36.59 2.35
S=M;/Ms, x102 0.113 0.308 0.614 0.517 1.300 0.330
300K State Para. Para. Ferro. Para. Ferro. Ferro.
tn (ps) -b - 0.04 - 0.38 0.08
x(10~*emuOe~' cm—3) 5.1 3.15 - 8.37 - -
M;s (emucm—3) - - 36.36 - 301.35 61.79
M; (emucm3) - - 0.013 - 3.08 0.43
He (Oe) - - 0.524 - 17.8 5.15
S=M;/Ms, x1072 - - 0.036 - 1.020 0.696
Estimated T (K) 120 90 335 200 440 375
i€ (K) 35 10 - 10 - 40
2 “S” means squareness of the loop.
b “_" means not detectable.
¢ “T¢” is the temperature below which the magnetic state is spin glass in M vs. T curves measured in 5-150K.
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Table 5
Parameters of Hall effect measurements at 9T for H-x.
Parameters Temperature (K) H-0.25 (FCC) H-0.50 (FCC+BCC) H-0.75 (FCC+BCC) H-1.00 (FCC+BCC) H-1.25 (BCC)
Carrier type - Hole Hole Hole Hole Hole
Density (g cm~3) - 7.92 7.80 7.58 7.10 6.83
Molecular weight - 54.64 53.11 51.73 50.49 49.37
Carrier density? (1022 cm~3) 5 3.874 13.288 6.416 4394 10.840
300 5.767 8.298 3.339 2.718 1.436
Carrier mobility (cm2V-1s-1) 5 1.61 0.46 0.84 0.87 0.40
300 0.92 0.67 1.41 1.21 2.61
Valency 5 0.446 1.524 0.751 0.518 1.289
300 0.664 0.963 0.391 0.321 0.171
Radius coefficient 5 3.46 2.30 2.93 3.32 2.46
300 3.03 2.69 3.64 3.90 4.82
Fermi wave vector® (108 cm™1) 5 1.048 1.58 1.24 1.093 1.476
300 1.196 1.351 0.997 0.931 0.753
Fermi velocity® (108 cms™!) 5 1.212 1.828 1.434 1.264 1.708
300 1.384 1.563 1.154 1.077 0.871
Fermi energy? (eV) 5 417 9.49 5.84 4.54 8.29
300 5.44 6.94 3.78 3.30 2.15
Fermi temperature (104 K) 5 4.848 11.028 6.787 5274 9.628
300 6.322 8.057 4.391 3.828 2.502
Relaxation time (10~14s) 5 0.078 0.024 0.042 0.043 0.020
300 0.052 0.038 0.08 0.069 0.148
Mean free path (10-7 cm) 5 0.942 0.431 0.596 0.537 0.334
300 0.723 0.590 0.922 0.739 1.284

@ Carrier density is defined as N/V.
b ke =(37w2N|V)13,

¢ vp=(h/m)(3T2N|V)13,

d EF= hszZ/Zm.

of the FCC phase alloys (0 <x <0.25). According to a study of Alnico
magnets [26], the AINi-rich phase exhibits weak ferromagnetism.
In one study [4], H-2.00 contained an AlNi-rich ordered BCC phase.
Hence, the fact that the M value of H-2.00 is smaller than that of H-
1.25, which has no AlNi-rich ordered BCC phase, is unsurprising. In
summary, Al reduces the ferromagnetism of single-FCC and single-
BCC alloys H-x, by forming Al and AINi-rich phases, respectively.
In Fig. 5(a)-(b) and (d)—(f), the maximum magnetization can be
observed at 5-40 K. This reentrant spin glass behavior occurs at the
freezing transition point (Tf) at which electronic spins are frozen.

3.4. Hall effect of alloys H-x

The Hall effect measurements are made in alloys H-0.25 (FCC),
H-0.50 (duplex), H-0.75 (duplex), H-1.00 (duplex), and H-1.25
(BCC). Fig. 6(a)-(b) present data on the Hall resistivity (oy) of the H-
x samples at 5 and 300K, respectively. Table 5 presents the related
parameters.

Both the ordinary Hall effect (OHE) and the anomalous Hall
effect (AHE) can be observed because of the ferromagnetism of the
samples. Fig. 6 plots Hall resistivity (oy) against magnetic field at 5
and 300K, and reveals an obvious covariation of AHE and OHE. For
alloys H-0.25 and H-0.75, at temperatures above the Curie temper-
ature (300K), only OHE occurs, while at temperatures below the

Curie temperature (5 K), AHE clearly occurs. For H-1.25, the Curie
temperature exceeds 300K, and the curve at 300K is shifted from
that of 5K since the magnetization is lower at 300 K. For AHE, the
Hall resistivity py can be expressed as,

Pu = RoB + 47M;Rs (4)

where Ry is the ordinary Hall coefficient; B is the magnetic induc-
tion; M; is the saturation magnetization, and R is the anomalous
Hall coefficient. RyB is the Lorentz force that acts on the conduc-
tion electrons, and the second term is attributable to the spin-orbit
interaction [27-29] in a ferromagnet. The values of RsMs and Ry
are obtained from the intercept and the slope, respectively, and the
related fitting results are listed in Table 6. Notably, the M; values of
the samples are obtained from the SQUID data in Section 3.3. Only
the ferromagnetic samples yield Rs values in Table 6, revealing that
AHE dominates in ferromagnetic materials. Additionally, values of
Rs at 5K are close to those at 300K, and this result shows that Rg
is almost independent of temperature. Graphical analysis yields %
of OHE and % of AHE, %oug and %ayE, can be obtained. The relevant
equations are as follows:

%oHE = RoB/(RoB + 47MsRs) (5)

%aHE = 1 — %0oHE (6)

Table 6
Ro (ordinary Hall coefficient), Rs (anomalous Hall coefficient), %oug (% of OHE), and %apne (% of AHE) at 5 K and 300K for alloys H-x.
Alloys 5K 300K
Ro RsMs Rs J%0HE %AHE Ro RsM; Rs J0HE %AHE
(10" m3A s ') (100'°Vm2A—2) (108 m3 A 1s71)(%) (%) (10" m3ATs1) (100'°Vm2A—2) (108m3ATs 1) (%) (%)
H-0.25 16.11 37.62 2.07 23.46 76.54 10.82 -1.15 - 100 0
H-0.50 4.70 26.28 1.49 11.35 88.65 7.52 -7.53 -1.64 NAP NAP
H-0.75 9.73 37.23 2.46 15.77 84.23 18.70 9.23 - 100 0
H-1.00 14.21 80.05 NA? 11.28 88.72 22.97 —33.66 NA? NAP NAP
H-1.25 5.76 144.98 217 2.70 97.30 43.46 96.89 2.55 3.40 96.60

2 “NA” means “not available”, because H-1.00 is paramagnetic at both 5K and 300 K.
b Calculation of R, is omitted when RsM; is negative.
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Fig. 6. Hall measurements using magnetic field 1-9T for H-x (x=0.25, 0.50, 0.75, 1.00, 1.25) at 5K (a) and 300K (b).

Table 6 presents %opyg and %ape at 9T. Clearly, %ong exceeds
%anE at 300 K because H-x exhibits weaker ferromagnetism at 300 K
than at 5K. The %aug at 5K is approximately equal to the satura-
tion magnetization, Ms, at 5K in Table 6. Samples with higher M,
especially H-1.25, have higher %anE, indicating that more strongly
ferromagnetic samples have higher %anE, and so %apyg depends on
the magnetism. The results in Fig. 6 support this conclusion.

The Hall resistivity of alloys H-x is positive, as shown in Fig. 6.
These alloys are similar to Glassy TE-TL alloys [30]. The carriers in
these samples are hole-like, although in some cases, the carriers
are electron-like [31]. Based on py and p (the resistivity data in
Section 3.2.), the related parameters of the Hall effect, presented
in Table 5, can be obtained. The carrier density in a high-entropy
alloy system H-x (1022-23 cm~3) is similar to that in conventional
alloys. However, the H-x high-entropy alloy system has lower
carrier mobility (0.40-2.61cm?V~1s-1) than conventional alloys
with the same carrier density, because HEAs have heavier lattice
defects than conventional alloys. This explanation warrants further
study.

4. Conclusions

The values of pg at 42K for alloys C-x, H-x, and D-x are
111.06-196.49, 93.78-162.77, and 120.48-162.05 €2 cm, respec-
tively. They are larger than those of conventional alloys with the
same carrier density, but smaller than those of amorphous alloys.
The RRR values range from 1.03 to 1.27. Therefore, the defects in the
lattice dominate the electronic transportation in the studied alloy
system. These facts imply that the density of defects in a single lat-
tice in these high-entropy alloys is less than in amorphous alloys,
but greater than in conventional alloys. The presented TCR value
of H-2.00 is small (82.5 ppm/K). The fitted p(T) reveals that some
compositions exhibit Kondo-like behavior.

The single BCC structure in the alloy system has a high Mg value
at low temperatures. At 300 K, alloys H-0.50, H-1.25, and H-2.00 are
ferromagnetic, while alloys H-0.00, H-0.25, and H-0.75 are para-
magnetic. Al and AlNi-rich phases reduce the ferromagnetism of
single FCC and single BCC H-x alloys, respectively. Some of the com-
positions of interestin this investigation exhibit spin glass behavior.

Alloys H-x are of the hole-like carrier type. More strongly fer-
romagnetic alloys have higher %5yg, and an anomalous Hall effect
(AHE) that depends more strongly on magnetism. The carrier den-
sity of H-x (1022-23 cm~3) is similar to that of conventional alloys.
Alloys H-x have a low carrier mobility (0.40-2.61cm2V-1s-1),
which is associated with the heavier lattice defects of
HEAs than of the conventional alloys with the same carrier
density.
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