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The magnetic cooling utilizing magneto-caloric effect is recognized as promising energy efficiency and environmen-
tally friendly technology. Here we report a systematical study on the microstructures, magnetic properties and cryogenic
magneto-caloric performances of the GdygHopyTmpgCuygNipg amorphous ribbons. It is found that the ribbons reveal a
second-order phase transition and are accompanied by a table-shaped magneto-caloric effect. The calculated magnetic-
entropy-change maximum |ASy|, temperature averaged entropy change (i.e., TEC(10)), and refrigerant capacity reach
13.9 J/kg-K, 13.84 J/kg-K and 740 J/kg with magnetic field change of 0-7 T, respectively, indicating that the present
GdpgHo29TmyoCuyoNipyg amorphous ribbons are good candidates for magnetic cooling.

Keywords: microstructure, magneto-caloric effect (MCE), amorphous ribbons, magnetic properties

PACS: 75.30.Sg, 64.70.pe, 75.50.K]

Nowadays, the interest in research on magnetic solids
with promising magneto-caloric performances has consider-
ably grown due to the potential applications in the field for
future magnetic cooling (MC).!'""*l Magneto-caloric effect
(MCE) is a magneto-thermodynamic property of magnetic
solids, which depends on the interaction between external
field and magnetic sub-lattices. Generally, MCE is character-
ized by two important factors, i.e., magnetic entropy change
ASm and refrigerant capacity (RC), when the external field
changes. Due to special characterizations of promising high-
efficiency and environmental friendliness, the MCE-based
cooling technology would be able to replace the presently
available gas compression/expansion cooling technology.!!=!
The Ericsson cycles consisting of two isomagnetic fields and
two isothermal processes have been recognized as the best
choice for cryogenic MC. For the most ideal Ericsson MC cy-
cles, the magneto-caloric materials should have constant ASy
in the whole cooling temperature range, i.e., a table-shaped
MCE. 3% This performance can be indirectly identified with
the help of magnitude of RC. Thus, searching for magnetic
solids that exhibit promising magneto-caloric materials, es-
pecially the ones with a table-shaped performance, is one of
the most important issues for MC. For this purpose, magnetic
alloys and compounds have been fabricated or designed and
systematically checked with their MCE performances. 710
Moreover, researchers have focused on magneto-caloric

DOI: 10.1088/1674-1056/abc0d7

performances in some selected heavy rare-earth (RE) rich
magnetic alloys in amorphous states due to their promising
applications.!!'=13 Compared with the crystallized HRE-rich
alloys or compounds, the magnetic-entropy-change maxima,
i.e., |ASm|, for the alloys in amorphous states are usually
smaller. However, magnetic transitions for the alloys in amor-
phous states are somehow broader, since there is no long-range
ordering which will widen the peak of |[ASm(T')| curves. Pre-
vious investigations have demonstrated that most of the heavy
rare-earth based alloys could be synthesized as amorphous
formulae with a similar wide composition region.!'*l More-
over, according to the de Gennes factor, i.e., (g7 — 1)2J(J +1),
the magnetic phase transition temperature decreases gradually
with increasing atomic number from Gd to Tm, which means
that Tm-based compounds should possess the lowest phase-
transition temperature.!*>! Therefore, the temperature range
of the magnetic phase transition would be further widened
by alloying different RE elements with proper ratios, which
may induce a table-shaped MCE. On this purpose, the multi-
ple heavy RE-based GdygHo20Tm20Cuy¢Nipy amorphous rib-
bons were selected and successfully fabricated, and the table-
shaped MCE with large RC values were realized.

The GdyoHoz9TmyoCuygNipg alloy ingot was fabricated
by arc-melting the bulk metals of Ho, Tm, Gd, Cu, and Ni
(purity > 99.9 wt.%) with Ti-getter under high-purity Ar-
gas. The ingots were flipped and re-melted 4 times; and the
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weight loss was ~0.4 wt.% during this process. Then, the
amorphous ribbons with width of 2.0-3.2 mm and thickness
of 30-40 pm were obtained from the ingot by the melt-spun
method under high-purity Ar-gas using Cu-wheel (33 m/s sur-
face speed). The structures were checked by x-ray diffrac-
tion (XRD, Bruker-D8).
distribution was determined by a high resolution (HR) trans-
mission electron microscope (TEM) with an attached energy-
dispersive x-ray (EDX) diffractometer (JEOL JEM-2010).

The magnetization data was collected using a commercial su-

The microstructure and elemental

perconducting quantum interference device (SQUID, QD) and
the ribbon is paralleled to the magnetic field to minimize the
shape anisotropy effect.

I(a) illustrates the XRD pattern of
GdyoHoy9TmyoCup0Nipy spun ribbons. A broad diffraction

Figure

halo in the angle range of 25°—40° is observed without obvi-
ous crystalline diffraction peaks, i.e., GdagHo20TmygCuyoNizg
ribbons are with amorphous state and without crystalline
phases. The microstructure of GdyoHo20TmyoCuyoNiyg rib-
bons was examined by HRTEM, as shown in Fig. 1(b).
The inset of Fig. 1(b) illustrates the selected area electron-
diffraction (SAED) pattern for GdygHo20TmooCuyoNipg rib-
The HRTEM image and SAED pattern can further
confirm that the present GdyoHoz9TmyoCuygNipg ribbons are

bons.

with full amorphous structures. The EDX mapping results
for all the consistent elements (Gd, Ho, Tm, Cu, and Ni) are
given in Figs. 1(c)-1(g), respectively, which clearly indicate
that all the consistent elements are uniformly distributed in
GdyoHoy9TmyoCupgNipy amorphous ribbons, and the atom
percentages of Gd, Ho, Tm, Cu, and Ni are 19.92 at.%,
18.64 at.%, 17.85 at.%, 22.36 at.%, and 21.23 at.%, respec-
tively.

illustrates the M(T) curves for
GdoHo29TmyoCus0Nipg amorphous ribbons. One can note
that no obvious differences in M(T') curves for H = 0.2 T can

be found between the zero-field-cooled curve and the field

Figure 2(a)

cooled ones. Moreover, the external fields have significant
effects on the magnetic transition for GdygHoy9TmygCusgNipg
amorphous ribbons, a pronounced sharp transition from para-
magnetic (PM) to ferromagnetic (FM) state happens at Curie
temperature 7c of 32 K under low H (0.2 T), and the tran-
sition is continuously becoming wider with increasing H.
Especially, for the 5 and 7 T from 10 to 80 K, an almost
linear relationship between the magnetization and temper-
ature is observed, i.e., the magnetic transition is flat and
continuous under high magnetic fields. Such a character
could be easily identified in the dM/dT versus T data of the
GdoHo29TmygCusgNipg amorphous ribbons, as represented
in Fig. 2(b). dM/dT has a significant change from a sharp to

a flat and then to a table-like feature with increasing H.

(a) T T T T T T T T T

Intensity

Fig. 1. (a) XRD pattern, (b) HRTEM images, and (c)—(g) EDX mapping
for GdpoHo29TmyoCuyNipg amorphous ribbons. Inset of (b) shows the
SAED pattern for GdyoHo0 TmyoCupoNizo amorphous ribbons.

dM/dT (emu/g-K)

T (K)

Fig. 2. (a) The M(T) curves for GdyoHo9TmyoCuyNiyy amor-
phous ribbons with H up to 7 T. (b) The dMgc/dT versus T for
GdapHoo9TmyoCuyoNiyy amorphous ribbons.

Several selected M (H ) curves for GdagHoz0TmaCuzoNiz
At low H,
M increases rapidly for lower temperature ones and demon-

amorphous ribbons are illustrated in Fig. 3(a).

strates a saturation-like behavior with further increasing mag-
netic field, i.e., the GdygHoy9TmyoCuygNiyg ribbons exhibit
a typical behavior as FM ordering amorphous materials.
Furthermore, the magnetic phase transition for amorphous
GdyoHoy9TmygCuygNiyy ribbons is detailedly analyzed by
Arrott plots (M? versus H/M) and Banerjee criterion, as il-
lustrated in Fig. 3(b).!'®! No negative slope or inflection could
be found as a character for the first-order magnetic transition,
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suggesting that the phase transition in the present amorphous
GdyoHo29TmyoCuygNiyg ribbons is of a second-order type.

M (emu/g)

—Io—5IK I—o—|15 KI_
—A—25 K—A—33 K
—o—39 K —m—45 K|
—v—51 K —v—60 K|
—*—70 K —%—85 K

I ot -~ 1
0 0.02 0.04 0.06 0.08
H/M (T-g/emu)
Fig. 3. (a) Selected M(H) data for GdyoHo9TmyoCuyoNip( ribbons.
(b) The corresponding plots of H/M vs M?.

Generally, the ASy with external field change of 0-H™**

was evaluated by Maxwell’s thermo-dynamic relation with in-

tegrating over the isothermal magnetization curves:[!=]

ASm (T,AH) = Syt (T, H) — Sn1 (T, Ho)

(" (OM(H,T)
_/O <8H )TdH. (1)

Using Maxwell’s relation
as oM
<8H> = <aT> , @
T H

H (9
ASM(T,AH):/O (Mg;’T))HdH. 3)

then

(T) dependence of |ASm| for
GdyoHoy9TmyoCupgNipg amorphous ribbons evaluated by
Eq. (3) is illustrated in Fig. 4. Generally, all the |ASm|(T)
curves exhibit table shapes, which are very useful for Er-

The temperature

icsson MC cycles. The peculiar MCE performance in
GdyoHoy9TmyoCuygNiyg amorphous ribbons is probably re-
lated to the unique characteristics of amorphous alloys, i.e.,
uniform consistent elements, especially for the multiple rare
earth elements and the state of fully amorphous alloys. Ad-
ditionally, the external magnetic field sensitive dependence
of the magnetic transition is also considered to be one of an

important factor on the table-shaped MCE behavior, which

can be found in the previously reported crystallized EusPdMg
compound.?’ The deduced maxima |ASy| (|ASy|™™) are
13.9,10.6,4.7, and 2.4 J/kg-K for AH = 0-7, 0-5, 0-2, and 0—
1 T, respectively. While these values are smaller than those of
ErCo» (38.0 J/kg-K for AH = 0-5 T) and ErAl, (36.15 J/kg-K
for AH = 0-5 T),[2324] the present GdagHoonTmyoCuagNisg
amorphous ribbons can cover much wider temperature range
which is beneficial for active applications. The |ASy|™* val-
ues under low AH for GdygHo20Tm;oCuyoNiyg amorphous
ribbons are larger than most of the reported table-shaped
MCE materials, such as GdsoCogsFes (~1.1 J/kg-K for 0—
1 T, and ~2.0 J/kg-K for 0-2 T),!'3] EuyPdMg (2.6 J/kg-K for
0-2 T),[3 and EuAuGe (3.5 J/kg-K for 0-2 T).[1°!

20 < .
2
=

16 | 5
4

ASy (J/kgK)

—w—0-7T|
——0-6 T |
V —a—(0-5T
—o—0-4 T
@ ——0-3T
——0-2T)|
r ——0—1T
" 2 n L 1 "
0 24 48 72 96
T (K)

Fig. 4. |ASm|(T) for GdzoHo29TmyoCuyoNizg amorphous ribbons. In-
set: AH dependence of the —ASy™ and RC.

Additionally, Griffith et al. have applied the temperature-
averaged gASy (i.e., TEC) to characterize the magneto-caloric
performances.!!”! Tt is described that the MCE materials can
reasonably response to the temperature lift (ATji), and it is
defined as

. T+~
TEC(ATis) = —— AS(T)dT 4
(ATin) ATig, Ta @) @
Tmid+%

where Tpniq denotes the value of the average temperature.
The TEC is calculated at 10 K temperature lift [TEC(10),
and the values are 2.39, 4.67, 10.52, and 13.84 J/kg-K for
AH = 0-1, 0-2, 0-5, and 0-7 T, respectively. Obviously, the
|ASM|™** and TEC(10) values are close to each other with
the same AH, which is the consequence of the table-shaped
MCE and the AT value of 10 K is much lower than the full
width at half maximum (8 Trwpm) in the ASy—T curves for
GdonOonmzocugoN i20 ribbons.

In addition, RC is another crucial parameter which can
justify the MCE performances. Detailed description of the cal-
culation method of RC is given in our review articles.!!! The
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obtained values of 6 Trwrm are 65.1 and 60.8 K for AH = 0-
7 and 0-5 T, respectively. Correspondingly, the RC val-
ues for the present GdyoHo20TmyoCuyoNizg amorphous rib-
bons are evaluated to be 528 and 740 J/kg. The transition
temperature (Tc), the 0 Tpwum, |[ASM|™* and RC values for
GdgHoy9TmyoCuy0Nizg amorphous ribbons and several re-
ported promising magneto-caloric materials with close work-
ing temperature span under AH = 0-5 T are listed in Ta-

ble 1. Obviously, these dpwrm, |[ASM|™*, and RC values for
GdyoHoy9TmygCuygNiyg amorphous ribbons are quite com-
petitive. In other words, the obtained promising MCE param-
eters for the present GdygHo,9TmyoCuygNipg amorphous rib-
bons, especially for large values of dgwum and RC, together
with the observed table-shaped MCE, make them considerable
for cryogenic MC.

Table 1. The MCE parameters (Tc, g6Trwum, —ASy™, RC) for AH = 0-5 T for GdgHoz0TmoCuyNig and several reported

promising magneto-caloric solids with similar 7¢.

Materials Tc (K) 8 Tewnm (K) [ASM (™ (J/kg-K) RC (J/kg) References
GdonOonmzoCuzo Ni20 32 60.8 10.6 528 present
ErZn,/ErZn 20 20 19.5 362 [6]
HoPdIn 23 34 14.6 432 [19]
TbCoC, 30 35 153 367 [20]
Dy,CuyCd?/TmyCu,Cd 36 52 11 417 [21]
Ho3Ni, 30 33 194 371 [22]

In summary, high quality GdygHo20Tm;oCuyoNipy amor-
phous ribbons have been successfully fabricated by melt-spun
technology, and the microstructure, magnetism, magnetic tran-
sition and magneto-caloric performances have been investi-
gated. The GdyoHoy9TmyoCusgNiyo ribbons are confirmed
to reveal fully amorphous state without any crystallized phase
and the consistent elements are all distributed uniformly. The
GdgHop9TmyoCurgNipg amorphous ribbons demonstrate an
external field sensitive magnetic transition, and exhibit a table-
like shape magneto-caloric performance. With AH = 0-5 T,
the calculated AS{™, 0Trwrm, TEC(10) and RC values reach
—10.6 J/kg-K, 60.8 K, —10.52 J/kg-K, and 528 J/kg, re-
spectively. The promising MCE performances indicate that
GdypHoy9TmyCuygNizg amorphous ribbons are also consid-
erable candidate for MC.
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