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ARTICLE INFO ABSTRACT

Keywords: The magnetic, magnetocaloric and transport properties were investigated systematically on GdagTmagErag.

Magﬂetocal?fic effect CogoAlyg high-entropy amorphous ribbons with magnetic fields parallel and perpendicular to ribbon surfaces. It

I;’Ia_g“etoresma“ce is found that the alloy shows greater magnetic entropy change and refrigeration capacity with maximum values
nisotropy

of 9.7 J kg ! K~! and 551.3 J kg ! under the perpendicular field change of 5 T, respectively, than those of 8.4 J
kg K and 458.1 J kg~ ! under the parallel field, respectively. This large difference cannot be simply un-
derstood from the demagnetization effect and indicates a significant role of magnetic anisotropy associated with
the anisotropy of atomic packing. Besides, magnetoresistance and magnetic entropy change are found to have a
power-law correlation with distinct power exponents in different sample orientations with respect to the field.
Present results have implications for the understanding and design of amorphous refrigerants with advanced
magnetocaloric performance.

High-entropy amorphous alloy

1. Introduction

As promising substitutes for conventional gas refrigerants, magnetic
refrigerants utilizing magnetocaloric effect (MCE) have arisen world-
wide scientific and technological interest due to advantages of envi-
ronmental friendliness and high efficiency [1-3]. A wide range of
magnetocaloric materials has been explored to seek potential candidates
for magnetic refrigeration in the sub-room temperature regime [4-6],
which is of significance for gas-liquefaction applications. Excellent MCE
in the sub-room temperature regime has been reported in rare earth (RE)
based intermetallic compounds [7,8]. It has been suggested that RE-
based amorphous alloys are also attractive for application as magnetic
refrigerants due to their good MCE with negligible hysteresis losses and
broad working temperature range [9-13]. And considerable efforts have
been dedicated to understanding and enhancing the MCE of RE-based
amorphous alloys by composition design and annealing [14-17].
Recently, the concept of high entropy (HE) [18-20] was introduced into
the design of amorphous alloy. And a series of HE amorphous alloys with
notably improved properties and unique characteristics were developed
and explored [21-26], some of which showed good MCE. It is suggested

that the strong chemical disorder resulted from the high configuration
entropy leads to a sluggish magnetic transition over a wide temperature
range and contributes to an enhanced refrigeration capacity (RC)
[27-29]. Despite growing knowledge about the MCE of HE amorphous
alloys, elusive atomic structure and high configuration entropy make the
nature of magnetic dynamics and magnetocaloric behavior along with
its relationship with other properties such as magnetoresistance (MR)
poorly understood.

In addition, throughout the literature about the MCE of amorphous
alloy ribbons, a determination of the effect of magnetic anisotropy on
MCE and MR is almost missing. This is because amorphous alloys are
usually thought to have isotropic MCE properties. Recently, the
demagnetizing factor was found to have obvious impact on the mag-
netocaloric behavior of amorphous alloys [30-32]. In this manuscript,
we further uncover that in addition to the demagnetization field, mag-
netic anisotropy associated with the structural anisotropy has marked
effects on the magnetization, MCE and MR properties in the
GdgoTmgoEragCogAlyg HE amorphous alloy. Moreover, a power-law
correlation between MR and magnetic entropy change (ASy) is found
within the measured temperature range, but demonstrates distinct
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Fig. 1. (a) XRD pattern of the sample. The DSC curve is presented in the inset. (b) Bright-field TEM and the selected area electron diffraction (SAED) pattern.
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Fig. 2. Mgc and Mzgc under field of 0.02 T applied (a) parallel and (b) perpendicular to ribbon surfaces. The insets show the temperature dependent ac susceptibility
(real parts) at different frequencies under a fixed excitation field of H,. = 0.0005 T. Temperature dependences of Mgc between T¢ and T¢ and fittings of Bloch’s
relation for field (c) parallel and (d) perpendicular to ribbon surfaces. Insets show the inverse susceptibility and fittings of Curie-Weiss law well above Tc.

power exponents in different field directions.
2. Experimental

The ingot with a nominal composition of GdagTmaoEr20Co20Aly was
prepared by arc melting pure elements (above 99.9 wt%) in an argon
atmosphere and re-melted four times. Present composition was designed
by substituting Gd for Dy in ErpgDy20Co020Ala0Tmyg based on our recent
work [33], with the aim to improve the Curie temperature (T¢). Amor-
phous ribbons with approximate thickness of 30 pm and width of 2 mm
were fabricated by single roller melt spinning technique. The amorphous
nature was characterized by X-ray diffraction (XRD, Bruker D8 Advance)
with Cu Ka radiation, and transmission electron microscopy (TEM,
JEM2000ex). Thermal analysis was performed on differential scanning
calorimeter (DSC, NETZSCH 404 F3). Magnetic measurements were

carried out on a SQUID magnetometer (MPMS, Quantum Design) using
sheets with a length of 5 mm, which were cut from the as-spun ribbons.
The ac susceptibility and MR were measured by employing a physical
properties measurement system (PPMS, Quantum Design 6000). The
microstructure was detected using scanning electron microscope (SEM,
FEI 3D) equipped with energy dispersive spectroscopy (EDS), and syn-
chrotron XRD with X-ray beam of 3 x 4.5 pm? in size passed through the
sample in transmission mode. The cross section of ribbon for SEM
observation was polished.

3. Results and discussion
The amorphous nature of the as-spun GdgTmygErygCozpAlyg ribbon

is confirmed by the XRD, DSC and TEM characterization. As presented in
Fig. 1(a), the XRD pattern shows only a broad hump without any sharp
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Fig. 3. Isothermal magnetization curves (a-b) and Arrott plots (c-d) for fields parallel and perpendicular to ribbon surfaces. Hysteresis loops after correction of
demagnetization effect for parallel and perpendicular fields measured at (e) 2 K and (f) 6 K. Partial enlarged details are given as the insets.

crystalline peak, indicating a fully amorphous structure. The DSC curve
manifests a distinct endothermic event with the onset at 623.0 K cor-
responding to glass transition temperature, Tg, followed by three crys-
tallization exothermic peaks with an onset temperature (Ty;) of 660.5 K
relevant to primary crystallization. Accordingly, the supercooled liquid
region (ATx = Tyx1 — Tg) is determined to be 37.5 K, demonstrating a
good glass-forming ability. The bright-field image shown in Fig. 1(b)
identifies a uniform structure without any crystalline phase, and in the
selected area electron diffraction (SAED) pattern, a single diffraction
halo without sharp diffraction rings or dots further verifies the typical
amorphous structure.

Temperature dependences of magnetization under parallel (marked
by “//”) and perpendicular (marked by “L”) fields with respect to the
ribbon surfaces are displayed in Fig. 2(a) and (b), respectively. Here the
parallel field is applied along the rolling direction. Both plots exhibit the
spin-glass-like freezing behavior [34], viz. the zero-field cooling
magnetization (Mzgc) diverges from the field cooling magnetization
(Mgc) at the temperature where a cusp exists in Mzgc, corresponding to
the spin freezing temperature, Tr. The values of Tr under parallel and
perpendicular fields are 14.1 and 19.2 K, respectively. The variation of
ac susceptibility with temperature was also measured at different fre-
quencies to further reveal the magnetic dynamics. As illustrated in the

insets, with increasing frequency from 13 to 9673 Hz, the real parts of
the ac susceptibility (y,.) manifest peaks at Tf which become weaker and
shift towards higher temperatures. The shift of T¢, known as the Mydosh
parameter, is calculated by the following equation [35]:

T = [(10), = (7, ] /(7)) (ogiaf — ogsoh)] W

where f; = 13 Hz and f; = 9673 Hz in this work. The Mydosh parameters
are determined to be 0.02 and 0.03 for parallel and perpendicular fields,
respectively, which are about one order of magnitude smaller than those
of 0.1-0.3 for superparamagnets. Therefore, the superparamagnetic
transition can be ruled out in present system.

Since sufficient experimental evidence supports that in most RE-
based amorphous alloys, Co atoms with concentration below 30 at %
do not carry magnetic moments [36], magnetic behaviors of amorphous
GdgoTmgoErzoCogAlyg are controlled mainly by RE atoms. On account
of the Rudermann-Kittel-Kasuya-Yosida (RKKY) exchange interactions
among RE moments dominated by ferromagnetic coupling and the
random magnetic anisotropy (RMA) of Tm and Er derived from local
electrostatic fields via spin orbit coupling, a transition from para-
magnetic to noncollinear-ferromagnetic states is expected above T¢. The
large RMA favoring a random orientation of magnetic moment competes
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Fig. 4. Temperature dependences of (a) |ASu| and (c) exponent n for parallel and perpendicular fields of 1 T, 2 T and 5 T. (b) Field dependence of |ASYK|. (d)
Normalized ASy versus rescaled temperature under fields with different magnitudes and orientations.

with ferromagnetic interactions, which forms the noncollinear magnetic
structure with finite ferromagnetic correlation length. The lack of long-
range ferromagnetic correlation is affirmed by the absence of any pos-
itive intercept with H/M = 0 axes of Arrott plots [37] displayed in Fig. 3
(c) and (d). From dMgc/dT, T¢ of ribbons under parallel and perpen-
dicular fields are determined to be 25.1 and 32.1 K, respectively.

Fig. 2(c) and (d) demonstrates Mg¢ versus temperature between T¢
and T¢. The Bloch’s relation corrected for thermodynamic effects of
spin-wave interactions is adopted for fitting [38]: M(T) =
M(0)(1 — BT%/2 — CT%/2), where B and C are positive numerical co-
efficients. The B term arises from the simple Bloch theory in which spin
waves are treated as noninteracting Bose particles with constant effec-
tive mass. The C term corrects the variation of effective mass with ve-
locity. Both plots manifest good fittings with the R-Square above 0.99,
indicating the occurrence of spin-wave excitation in the ferromagnetic
state. Temperature dependences of the inverse susceptibility and the
fittings well above T¢ using the Curie-Weiss law: y = C/(T —0), where C
is the Curie constant [39], are shown in the insets. The Weiss constants
0, defined as the intercept with the temperature axis by extrapolating
the linear part of inverse susceptibility, are determined to be 41.3 and
34.8 K for parallel and perpendicular fields, respectively, confirming the
dominated ferromagnetic interactions. The distinct values of © in
different sample orientations with respect to the field suggest different
distributions of exchange interactions.

To evaluate the MCE, two sets of isothermal magnetization curves for
ribbons under parallel and perpendicular fields are measured and pre-
sented in Fig. 3(a) and (b), respectively. Above T¢, magnetizations of
both plots are approximately linear to fields, and below T¢, magneti-
zations for two mutually orthogonal fields show quite different varying
rates with fields especially in the low field ranges. Obviously, the
magnetization conducted perpendicularly demonstrates a lower initial
susceptibility. It is tempting to recall the demagnetization effect, since
ribbons are recognized to generate anisotropic demagnetizing factor.
When the field angle increases from 0° to 90° to present ribbon surface,

the demagnetizing factor estimated by an analytic expression of rect-
angular prisms with hypothetical uniform magnetization [40,41], varies
from 0.01 to 0.96 in SI units accordingly. In that case, the effective field
He¢s should be expressed as:

Hett = Hypp — NoM (2

where Hyp,, is the applied field, M is the magnetization and Np is the
demagnetizing factor. However, after correcting the demagnetization
effect which works effectively within a limited field of 3 T in Fig. 3(e)
and (f), anisotropy of magnetization remains, indicating the existence of
additional magnetic anisotropy. And under sufficiently high field,
magnetizations measured in perpendicular field are larger than those in
parallel field at the same temperature, as illustrated in Fig. 3(a) and (b),
which cannot be interpreted by the demagnetization effect.

As a commonly used metric to characterize MCE,ASy, can be derived
from the Maxwell relation by integrating over the magnetic field [3]:

Hmax oM

ASu (T H) = Sul(T H) =su(1.0) = [ (5

YdH 3)
where Hp,ax corresponds to the maximum value of the magnetic field and
Hy is 0 T in this work. Temperature dependences of |ASy | under different
field changes are shown in Fig. 4(a). The magnetic entropy change peak
value (|ASEK|) is obtained at Tpk (near Tc), which are estimated to be
25.0 and 30.0 K for parallel and perpendicular fields, respectively. The
field orientation plays an important role except for paramagnetic re-
gimes under field changes of 1 and 2 T. Within the field limit of 3 T, the
demagnetization effect significantly decreases |ASy| but weakens in the
paramagnetic regime. Maximum |ASy| values are 9.7 J kg ™! K™ under a
perpendicular field change of 5 T, and 8.4 J kg~ K! under the parallel
field. Another crucial metric RC [42]: RC = —ASHK x 8Trwnm, Where
5Trwam corresponds to the full width at half —ASEK, are determined to
be 551.3 and 458.1 J kg~ ! under the perpendicular and parallel fields,
respectively. A comparison has been made of the magnetocaloric
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Table 1

The Curie temperature (T¢), magnetic entropy change peak (|ASHK|), full width
at half \ASPMK\ (6Trwuwm) and refrigeration capacity (RC) under a field change of 5
T of GdeTmyoErsgCo20Alyg amorphous ribbon, together with other MCE mate-
rials with close T¢ reported recently.

Composition Tc |ASEK|(J STrwum(K)  RC(J Refs.
®  kglKYH kg™h
GdooTmopEryoCos0Alsg 32.1 9.7 56.8 551.3 This
(@8] work
GdoTmoEr20Co20Als0 251 8.4 54.5 458.1  This
(V23] work
Gd2Tb2oDy20C020Al20 58 9.43 67 632 [23]
Gd30TbooDy20Niz0Alzg 45 7.25 70 507 [23]
Erg.2Gdg 2Hog 2C0g 2Cug 2 49 11.1 - 806 [24]
Er.oTmg 2Hog 2Cup 2C0g 2 13.5 15.73 - 448.1 [26]
Ery0Dy20C020Al20Gdag 43 9.1 68 619 [33]
Er20Dy20C020Al20Tbag 29 8.6 61 525 [33]
Er2oDy20C020Al20Tmog 13 11.9 34 405 [33]
Hoz0Er20C020Al20Dy20 18 12.6 37 468 [43]
Ho20Er20C020Al50Tmy 9 15 25 375 [43]
GdoDy20Er20C020Al20 42 7.7 - 523 [44]
HoFeAl (compound) 55 6.1 - 311 [8]
ErCoC (compound) 10 18.7 - 371 [8]
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properties between the GdagTmygEragCogpAlyg alloy and some recently
developed MCE materials with close working temperature region, and
summarized in Table 1. The GdygTmgoEragCosAlsg HE amorphous alloy
exhibits a large |ASv| over a wide temperature range, resulting in a large
RC value comparable with those of the other MCE materials, which
makes present alloy system attractive for cryogenic magnetic
refrigeration.

The |ASYY| varying with field is presented in Fig. 4(b). Within the
field change range of 0-3 T, | ASiK| for the perpendicular field is smaller
than that for the parallel field. However, as the field rises continuously,
the inverse behavior takes place. Such findings imply different field
dependences of |ASy| for different field orientations. Based on classical
exponential expression [32]: |ASy|xH", temperature-dependent n is
obtained and shown in Fig. 4(c). The n values at Tpx determined from
Fig. 4(b) are 0.9 and 1.2 for parallel and perpendicular fields, respec-
tively. The n value for parallel field is comparable to those of other HE
amorphous alloys [28,44,45]. Here the n values are larger under
perpendicular field than those under parallel field in the whole inves-
tigated temperature range, as a result of the stronger field dependence of
magnetization and thus the ASy coming from Maxwell relation. The
increase of n should be attributed to the combined effect of the
demagnetizing factor [32] and magnetic anisotropy. Besides, normal-
ized ASy/ASy versus rescaled temperature is shown in Fig. 4(d). Two
reference temperatures fulfilling the relation ASy (T, < Tc)/ASKK =

0OF
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Fig. 5. Temperature dependences of (a) resistance and (b) MR under fields with different magnitudes and orientations. Temperature-dependent MR and ASy; under
fields of 2 T and 5 T (c) parallel and (d) perpendicular to ribbon surfaces. Correlations between MR and ASy; above T¢ for fields (e) parallel and (f) perpendicular to

ribbon surfaces. Correlations below T¢ are shown in insets accordingly.
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Fig. 6. Typical back-scattered electron (BSE) and EDS mapping images: (a) free surface of the GdyoTmooErz9Co20Alyg ribbon. (b—f) EDS mapping images of Gd, Tm,
Er, Co and Al elements of (a), respectively. (g) Cross section of the GdoTmagErz0Co20Alyg ribbon. (h-1) EDS mapping images of Gd, Tm, Er, Co and Al elements of (g),

respectively.

ASu (T2 > Tc)/ASEK = 0.6 are selected, to rescale the temperature axis
[46,47]:

_ (T -Tc)/(Th — T¢),
0= { (T —Tc)/(Ta — Tc),

T <T¢

The universal curve proves that the demagnetization effect is the
main resource of anisotropic field dependence of ASy [32], and that a
second-order transition distinguished by positive slopes of Arrott plots
[48] in Fig. 3(c) and (d) is indeed responsible for the MCE [49,50].

Fig. 5(a) and (b) depicts temperature-dependent resistances and
corresponding MR (= Ry/Ro —1) under different fields. For ease com-
parison, the relative resistance is exhibited. Resistances of present
sample show negative temperature coefficients as in many amorphous
alloys, and sharp increases at low temperatures. Moreover, the obvious
field dependence of resistance is observed, which may come from the
Kondo effect [51] and the Coulomb electron-electron interaction effect

[52], for which the resistances have InT and /T dependences, respec-
tively. But the totally negative MR supports the main Kondo-type
contribution to the field dependence of resistance. By applying an
external field, the local Kondo coupling which tends to destroy the
magnetic correlation is suppressed, leading to the decrease of resistance
with increasing field magnitude. In Fig. 5(b), anisotropic negative MR
begin roughly at T¢ and grow increasingly with decreasing temperature.
It may seem anomalous in the HE amorphous alloy with a distinctly high
RE content, where strong RKKY interactions are expected. RKKY in-
teractions resulting in consecutive spin-flip scattering of conduction
electrons compete against the Kondo effect and favor a resistivity
reduction by —1/T at low temperatures, leading to positive MR [51].
The negative MR is presumably set down to the wide distribution of
atomic packing [53]. It is noteworthy that at a given field magnitude,
the parallel orientation always generates greater MR.

The MR was found to have the similar field/temperature dependence
with MCE in some crystalline magnets [54-56]. At present, the
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generality in different kinds of magnetocaloric materials has not been
achieved. To shed new light on the mechanism of MCE of HE amorphous
alloys, the connection between ASy, and MR is explored in present
system. Fig. 5(c) and (d) presents —~AR/Rg and |ASy| varying with tem-
perature under parallel and perpendicular fields, respectively. Strik-
ingly, ~AR/Rp and |ASy| in both plots share similar temperature
dependences above T¢. Whereas, values of ~AR/R rise continuously
with decreasing temperature below T¢, which is different from that of
|[ASm|. It was reported that —AR/Ry showed similar temperature
dependence with |ASy| for the amorphous ferromagnet Gd46Co19Al29Bg,
both presenting a peak [57]. The lack of a peak in MR for
GdgpTmaoErapCogoAlyg may be associated with the strong RMA and spin-
glass-like state at low temperatures. It is demonstrated that MR reflects a
complicated mechanism involving spin contribution and orbit contri-
bution [57], which is more complex than ASy. Significantly, MR and
AS\; reveal a power law correlation under different fields: MRex<|ASy [,
as indicated in Fig. 5(e) and (f). In the temperature range of T > Tc, the
values of ¢ for 2 T (5 T) are determined to be 2.5 (3.2) and 4.0 (4.3) in
parallel and perpendicular fields, respectively. And in the low temper-
ature range of T < T, values of c are 3.4 (3.0) and 2.7 (3.2), respec-
tively. Similar power-law correlation was observed around and below
the magnetic ordering temperature in an Er-based amorphous alloy with
spin-glass-like freezing behavior [58]. In contrast, Gd-based amorphous
alloys with the paramagnetic-ferromagnetic transition were found to
have the linear relation below T¢ [57,59]. The magnetic configuration
seems to have an important effect on this kind of correlation. The un-
derlying mechanism of the MR-MCE correlation remains unclear, the
understanding of which requires more theoretical and experimental
investigations.

To explore the possible structural origin of the anisotropy of
magnetization, MCE and MR performances, SEM and synchrotron XRD
experiments were further conducted. Fig. 6(a) and (g) show the back-
scattered electron (BSE) images taken from the surface and cross sec-
tion of the ribbon, respectively, which both reveal an amorphous
structure. The dark features superimposing the homogenous background
are certified to be the surface irregularity and the internal defect coming
from the preparation process, respectively. EDS mapping images indi-
cate that each elemental distribution is even for both the surface and
cross section. Therefore, it is interpreted from the results that the
microstructure and composition of both the surface and cross section of
the ribbon are homogeneous, without the existence of crystalline phases

Journal of Magnetism and Magnetic Materials 528 (2021) 167817

or distinct surface features causing the magnetic anisotropy.

The synchrotron XRD was carried out with scattering vector (Q)
parallel and perpendicular to the ribbon surface, and the corresponding
patterns are displayed in Fig. 7. The absence of sharp diffraction peaks
further confirms the amorphous nature, and rules out the magnetic
anisotropy caused by crystallization. The position of the first peak
around 2.365 A~! remains almost the same for different measuring di-
rections. But the full width at half maximum (FWHM) of the peak does
show clear difference for Q directions parallel and perpendicular to the
surface, with FWHM values of 0.480 and 0.482 A™!, respectively. It
suggests a wider distribution of the interatomic spacing and thus a
higher degree of disordering along the Q direction perpendicular to the
surface [60,61]. The structural anisotropy is further reflected by the
position of second peak. As illustrated by the inset for the enlarged part,
the second peak for Q direction perpendicular to the surface shifts to a
higher Q-position relative to that parallel to the surface, with a differ-
ence of 0.008 A~L. These results clearly indicate the anisotropy feature
of the packing of short-range/medium-range orders in present HE
amorphous ribbon. The magnetic interactions (such as dipolar [62] and
RKKY interactions) involving these anisotropically distributed atomic
pairs (like the RE-RE pairs) may behave in an anisotropic manner, which
thus causes the observed anisotropy of magnetization, MCE and MR.
Under the high perpendicular field, the enhanced ferromagnetic in-
teractions associated with a favored distribution of interatomic dis-
tances for RE-RE pairs may contribute to the higher magnetization and
thus the greater MCE. More investigations are needed to further clarify
this in the future.

4. Conclusion

To summary, the coexistence of magnetic anisotropy and demagne-
tization effect in GdopTmagErpgCo20Alag HE amorphous ribbon results in
anisotropic magnetization, MCE and MR. The anisotropic microstruc-
ture, associated with the anisotropic distributions of RE-RE (Co) dis-
tances, may contribute to the magnetic anisotropy. For the ribbon
sample measured in a perpendicular field, the greater MCE is related to
the higher magnetization, which may be due to the enhanced exchange
interactions coming from the favored distributions of interatomic dis-
tance. In addition, the power law correlation between MR and ASy
shows different power exponents in parallel and perpendicular fields
with respect to the ribbon surface, which can guide the development of
advanced magnetocaloric amorphous alloys.
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