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We fabricated the amorphous Hog 2Tmg 2Gdg 2C0¢.2Alp 2 ribbon by melt-spun method and systematically inves-
tigated its glass forming ability (GFA) and magnetic properties, especially of the magnetic phase transition (MPT)
and magneto-caloric (MC) effect. The melt-spun Hog 2Tmg 2Gdg.2C0g 2Alp 2 ribbon is found to exhibit a fully
amorphous structure and good GFA. The amorphous Hog 2Tmg 2Gdg 2C0g.2Alp 2 ribbon undergoes a second order
type MPT around 32.6 K from ferromagnetic to paramagnetic state. Large reversible low temperature MC effect

and good MC performances in the amorphous Hog 2Tmg 2Gdp 2C0¢.2Alp 2 ribbon were realized which was iden-
tified by the parameters of magnetic entropy change, temperature-averaged entropy change, and refrigerant
capacity. These parameters are are at similarly high level with recently reported low temperature MC materials,
making the amorphous Hog 2Tmg 2Gd.2C0g 2Alg 2 ribbon also attractive for magnetic cooling.

1. Introduction

The development of magnetic functional materials has always been
at the forefront of materials science and technology due to their inter-
esting magneto-properties and potential applications [1-8] in many
advanced industry fields. The solid-state magnetic cooling [1-4] which
is based on magneto-caloric (MC) effects of magnetic solids has received
much research interests due to its remarkable benefits in both social and
economic aspects. The MC effect is a magneto-thermodynamic property
[1-4] which can be manipulated by the changes of temperature (adia-
batic process) or magnetic part of entropy (isothermal process) by the
change of external magnetic field. Thus, many rare earths (RE)-based
and/or transition metal (TM)-based magnetic solids [1-4,9-18] have
been determined with respect to their MC effects over the last several
decades and some of them have been reported to exhibit large MC effects
and good MC performances, such as, the La(Fe,Si);3Hy, RE(ALCo,Ni),,
RE;TMP TM’ Og, Mn-Fe-P-X, Mnsg(Fe,Cu)oAlsg, Ni-Mn-X, etc. However,
large gaps are still existed in the MC performances between the
requirement of magnetic cooling and reported magnetic solids. Thus,
developing suitable magnetic solids with large MC effects and good MC
performances remains the urgent task for practical magnetic cooling.

Among the reported magnetic solids with good MC performances,
the RE-TM-based alloys and oxides [19-29] are of great interests for the

low temperature magnetic cooling. For examples, we have recently re-
ported low temperature giant MC effects in the antiferromagnetic (AFM)
GdoMgTiOg oxide [21] and GdFe,Si; compound [22] which were related
to their own unique unstable ground state. Large low AH induced low
temperature MC effects have also been very recently reported in the
Er;,Tm,Aly, LiErF4 and GdMogsTip504, and GdCoC compounds
[25-28]. The magnetic and MC properties in the RE;BaZnOs oxides [29]
were investigated by Xu et al., in which large low temperature MC effects
have been realized below 5 K with the maximum magnetic entropy
change (—ASH™) values range from 16.9 to 10.3 J/kgK under the
magnetic field change AH = 0—5 T.

Moreover, the MC effects in some amorphous RE-TM-based alloys
[30-35] have recently received increasing research interests. For ex-
amples, the glassy formation ability (GFA) and MC effects of binary
amorphous Tb-Ni alloys [30] were determined by Pan et al, in which the
amorphous TbgsNiss alloy exhibits good GFA and large MC effect around
64 K with the —ASY™ of 8.7 J/kgK under AH = 0-5 T [30]. The MC
effects and critical behavior in the amorphous EuggAuyg alloy [31] were
investigated by Lassri et al., in which a large relative cooling power
(RCP) was reported. The magnetic and MC properties in the ternary
amorphous RE55C0175Aly7 5 alloys [32] were determined by Jin et al.,
these amorphous alloys are found to be good candidate materials for
hydrogen liquefactions. The ternary amorphous Tm-Cu-Al alloys [33]
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with good low temperature MC performances were designed by Ma et
al., in which the amorphous (Tmg7Cuss)goAlyo alloy [33] exhibits large
MC effect around 4.5 K with the —ASH™ of 13.4 J/kgK under AH = 0-5
T. Very recently, good GFA and large low temperature MC effects in the
quaternary REs5Co30Al;¢Sis amorphous alloys [34] was realized by Tian
et al., which could be good candidate materials for hydrogen liquefac-
tion. The quinary amorphous Gd-Fe-Co-Al-Si alloys [35] were fabricated
by Lindner et al., in which tunable low temperature MC effects were
realized. These studies indicated that there are some RE-TM-based
amorphous alloys are with high potentials to possess good low tem-
perature MC performances, which are deserved to be further
determined.

In continuation of our series work on the investigation of magnetic
and MC properties of the RE-TM-based magnetic solids [18-22], herein,
we fabricated the amorphous Hog2Tmg2Gdg2C0g2Alg2 ribbon by
melt-spun method and systematically investigated its structure, GFA,
MPT and MC effect. Large reversible low temperature MC effects and
good MC performances around 32.6 K were realized, making it attrac-
tive for practical low temperature magnetic cooling.

2. Experimental detail

The amorphous Hog 2Tmg 2Gdg 2Cog 2Alp 2 ribbon was fabricated by
two steps. Firstly, the ingot of HogTmg 2Gdg 2C0p2Alp2 alloy was
fabricated by conventional arc-melting technology from Ho (99.9 %),
Tm (99.9 %), Gd (99.8 %), Co (99.95 %), and Al (99.8 %) metals with
high purity under the Argon atmosphere. The alloy ingot was flipped
over after each melting and re-melted three times to ensure homoge-
neity. Then, the amorphous Hog 2Tmg 2Gdg 2C0g.2Alp 2 ribbon was ob-
tained by melt-spun the ingot on a Cu-wheel (surface speed ~35 m/s)
with a water-cycle cooling system. The amorphous nature and GFA of
Hog 2Tmg 2Gdg 2Cog 2Alg 2 ribbon were checked by the X-ray diffraction
(XRD, Rigaku SmartLab-9kW) and differential scanning calorimeter
(DSC, Netzsche STA-449) technology. The magnetization data of the
amorphous Hog 2Tmg 2Gdg 2Cog 2Alp2 ribbon was obtained by the
magnetic properties measurement system (MPMSQ3, QD).
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Fig. 1. (a) XRD patterns of the amorphous Hog 2Tmg 2Gdg 2C0g 2Alg > ribbon.
(b) DSC traces of the amorphous Ho 5Tmg 2Gdg 2C0g 2Alg 5 ribbon.
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3. Results and discussion

The room temperature XRD pattern of the amorphous
Hogp 2Tmg 2Gdg 2C0¢ 2Alp 2 ribbon is given in Fig. 1(a). No observable
Bragg diffraction peak in the patterns can be noted. Only two distinct
broad humps which is typical fully amorphous structure behavior,
illustrating fully amorphous state nature for present studied
Hog 2Tmg 2Gdg 2Cog 2Alp 2 ribbon. Additionally, the DSC trace of the
amorphous Hog 2Tmg 5Gdg 2C0og.2Aly > ribbon was also determined to
further evaluate its GFA, and the results are given in Fig. 1(b). Appar-
ently, a small endothermic reaction peak at lower temperature can be
observed which is related to the glassy transition (named as the tem-
perature of glassy transition, Ty), suggesting the initial formation of the
amorphous structure nature for present melt-spun Hogp 2Tmg 2Gdg o
Cog.2Alg 2 ribbon. Moreover, three significant exothermic peaks can be
observed which are related to crystallization reactions (named as the
temperature of crystallization, Tyx) followed by the glassy transition. The
large endothermic peak corresponds to the melting point (Ty,). The
temperatures of Tg, first Ty, and Ty, as indicated by the arrows in Fig 1
(b), are 324.1, 349.8 and 717.2 K, respectively. The value of under-
cooling AT = Ty -Tg and reduced glass transition temperature T, = T/
Ty, have been used as the important parameters [30-35] to identify the
GFA. The values of AT and Tyg for the amorphous Hog2Tmg 2Gdo 2.
Cog.2Alp 2 ribbon are 25.7 K and 0.5, respectively, which are better than
most of the recently reported RE-based amorphous MC materials
[33-37], illustrating the good GFA of the present studied amorphous
HOo,szo'zGdo.QCOO.zAlol2 ribbon.

The temperature (T) dependent magnetization (M) herein was used
to identify the magnetic phase transition (MPT) properties of the
amorphous Hog 2Tmg 2Gdg 2C0g 2Alg 2 ribbon. The field-cooling (FC)
and zero-field-cooling (ZFC) M(T) curves (corresponding to left scale) of
the amorphous Hog 2Tmg 2Gdg 2Cog 2Alg 2 ribbon are given in Fig. 2(a)
with magnetic field (H) of 0.2 T. Significant signals from paramagnetic
(PM) to ferromagnetic (FM) transition of the amorphous
Hog 2Tmg 2Gdg 2Cog 2Alg 2 ribbon can be noted. The MPT temperature
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Fig. 2. (@) dM/dT (T) and M(T) curves (H = 0.2 T) of the amorphous
Hog 2Tmg 2Gdg 2C0g 2Alg » ribbon. (b) 1/¢(T) and M(T) curves (H = 1 T) of the
amorphous Hog ;Tmg 2Gdo 2C0g 2Alp 2 ribbon.
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(Tc) of the amorphous Hog 2Tmg 2Gdg 2C0g.2Alg 2 ribbon is determined
to be ~32.6 K with the basis of the infection point of temperature
dependent dM/dT curves which were also given in Fig. 2(a) (corre-
sponding to right scale). Moreover, only very tiny differences between
the FC and ZFC curves at very low temperatures of the amorphous
Hog 2Tmg 2Gdg 2Cog 2Alg 2 ribbon can be noted, demonstrating no ther-
mal hysteresis which is good for magnetic cooling. The M(T) curve
(corresponding to left scale) together with the inverse susceptibility (1/
¥ = H/M; corresponding to right scale) of the amorphous
Hog 2Tmg 2Gdg 2Cog 2Alg 2 ribbon are given in Fig. 2(b) with H of 1 T.
Notably, the 1/y(T) curves in the PM region of the amorphous
Hog.2Tmg 2Gdo.2C0g.2Alp 2 ribbon obeying the Curie-Weiss lawy(T) = C
/(T — 6p), where C and 6p represent the Curie constant and para-
magnetic Curie temperature, respectively, and C=N (ﬂBﬂeﬁ)2 /3kB
(where y,pdenotes the effective magnetic moment). The linear fittings
above 120 K produced positive dp value of 43.8 K of the amorphous
Hog.oTmg 2Gdg.2Cog 2Alg 2 ribbon, which further confirms the FM
ground state. The corresponding value of y,;was determined to be 8.91
us/f. u., which is consistent well with the values by only considering the
moment from rare earth ions (8.81 up/f. u.). These results indicate that
the rare earth ions play crucial roles in magnetism of the amorphous
HOo_zTIno_2Gd0_2C00_2Alo_2 ribbon.

To further explore the MPT and MC properties of the amorphous
Hog 2Tmg 2Gdg 2Cog 2Alg 2 ribbon, series magnetization isotherms, the M
(H) curves, were measured which are given in Fig. 3(a). For the low
temperature ones, the values of M increase abruptly with increasing H at
low H region, and show saturation-like behavior at high H region,
indicating FM state. For the ones with temperature above T¢, the values
of M almost increase linearly with the increases of H in the scanning H
regime, attributable to the PM state. Moreover, the MC effect and MC
performances are strong related with the nature of corresponding MPT.
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Fig. 3. (a) M(H) curves of the amorphous Hog 2Tmg 2Gdg 2C0g 2Aly » ribbon. (b)
Arrott-plots (H/M vs. M?) of the amorphous Hog ;Tmg 2Gdg 2C0g 2Alg 2 ribbon.
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Therefore, to examine its MPT order type of the amorphous
Hog.2Tmg 2Gdg.2Cog.2Alg 2 ribbon, the Arrott plot (H/M vs. M?) curves
based on the Banerjee law [38] are given in Fig. 3(b) which were
transferred directly based on the above given M(H) data. The positive
and negative slopes in the Arrott plot curves [38] were the indicative of
the second-order (SO-) and first-order (FO-) type MPT of the MC mate-
rials, respectively. The Arrott plot curves only exhibited positive slopes,
demonstrating the SO-type MPT of the amorphous Hog2Tmg 2Gdg 2.
CO()_zAlo_z ribbon.

Generally, the MC effect and MC performances can be identified
primarily by the values of magnetic entropy change (ASy™) [2-4] which
can be indirectly evaluated using the below equations:

Hmax
ASy(T, AH) = Sy (T, H) — Sy (T, 0) / (W) dH. &)
0 T

Through Maxwell equation:

OS(H,T)\  (OM(H,T)

(%5), = ("), @

then,

ASy(T, AH) = Sy (T, H) — Sy (T, 0) = / (%) dH. 3)
0 H

The calculated temperature dependent -ASy curves of the amor-
phous Hog 2Tmg 2Gdg 2Cog 2Alp 2 ribbon are given in Fig. 4(a). Only
positive -ASy; values can be observed in the overall measuring temper-
ature zone and exhibit a broad pronounced peak around T¢ (~32.6 K), i.
e., a nearly table-like shape can be noted which is desirable for practical
MR applications. The maximum -ASy values (-ASy™) increase gradually
with increasing AH. Under AH of 0-1, 0-3, 0-5 T, and 0-7 T, the -ASy
values of the amorphous Hog 2Tmg 2Gdg 2Cop.2Alg 2 ribbon are found to
be 2.2, 6.3, 9.9, and 13.0 J/kgK, respectively. Additionally, a phenom-
enological -ASy(T) universal curve [39] of the MC materials with
SO-type MPT was proposed by changing the Y and X axes to
AST(T)/ASN™ and 0, respectively. The 6 is expressed above and below T¢
independently, as follows:

g { —(T —TC)/(Trl — TC)forT < TC )

(T = TC)/(Tr2 — TC)forT > TC

Here, Ty and Trp (Ty1 < T < Tr2), corresponding to AS (T, Tr2) =
0.6 x ASy™, are two reference temperatures. The constructed ASy/
ASV vs. 6 curves of the amorphous Hog 2Tmg 2Gdg 2Cog.2Alg 2 ribbon
are given in Fig. 4(b). All the curves are well collapse into a single line,
further confirming the SO-type MPT of the amorphous
HOO,szo'zGdOQCOO.zAlo.z ribbon.

In addition to -ASy;, the parameters of temperature-averaged entropy
changes (TEC, as given in Eq. (6)) [40] and refrigerant capacity (RC, as
given in Eq. (7)) [2-4] were also well used to identify the performance of
MC materials based on experimentally obtained -ASy(T) results.

ATIfi

y 1 Tmid+A00

TEC(ATI) = g ma /T e ASy(T)AH, TdT . 6)
Thot

RC = / |\ASM(T)|dT @
Teold

In which, the Tpnq represents the central temperature where TEC
(ATyig) reaches the maximum value. The T¢oq and Thot represent the
temperatures with %!ASR,‘,’“‘"| values at both sides in the ASy(T) curves.
Here, the ATj; of 10 and 20 K were selected, and the resulted TEC(10)/
TEC(20) values of the amorphous Hog2Tmg 2Gdg 2Cog 2Alp 2 ribbon
under AH of 0-3 and 0-7 T were obtained to be 8.2/8.0 and 13.0/12.7 J/
kgK, respectively. The corresponding RC values were obtained to be
265.5 and 341.4 J/kg, respectively. For more details, the AH
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Fig. 4. (a) -ASy curves of the amorphous Hog ;Tmg 2Gdg 2C0g 2Alp 2 ribbon. (b) Constructed ASy/ASy™ versus 6 curves of the amorphous Hog »Tmg 2Gdg 2C0g.2Alp 2
ribbon. (¢) AH dependence of -ASy™ and TEC(20), and RC of the amorphous Hog 2Tmg 2Gd 2C0g 2Aly » ribbon

max

dependence of -ASy™* and TEC(20) (corresponding to left scale) together
with RC (corresponding to right scale) of the amorphous
Hog 2Tmg 2Gdg 2Cog 2Alg 2 ribbon are given in Fig. 4(c), respectively. All
these MC parameters show similar tendency, i.e., an increased AH results
in the increase of the MC parameters of the amorphous
Hog »Tmg 2Gdg.2Cog 2Alg o ribbon. Moreover, the above-mentioned MC
parameters of -ASy™, TEC(10), and RC under AH of 0-5 T of the
amorphous Hog 2Tmg 2Gdg 2Cog 2Alg 2 ribbon are at similarly high level
with some of recently updated low temperature RE-based MC materials,
such as, such as, amorphous REs5C030Al1(Sis ribbons [34], Laj.4Pry.
Fe12Bg compounds [41], amorphous FessREgs alloys [42], REsRuO;
oxides [43], amorphous REss5NijgAly; ribbons [36], RENiGap com-
pounds [44], amorphous CujgAlysREs; alloys [45], RE;CryCs com-
pounds [46] etc., making the present amorphous
Hog 2Tmg 2Gdg 2Cog 2Alp 2 ribbon also attractive for low temperature
magnetic cooling.

4. Conclusions

In summary, the amorphous Hog 2Tmg 2Gdg 2C0¢.2Alg 2 ribbon was
fabricated by melt-spun method and systematically investigated its
structure, GFA, MPT, MC effect and MC performance. The melt-spun
Hog 2Tmg 2Gdg 2Cog 2Alg 2 alloy shows a fully amorphous structure na-
ture and good GFA. The amorphous Hog 2Tmg 2Gdg 2C0¢.2Alp.2 ribbon
undergoes a second order type MPT around 32.6 K from FM to PM state.
Large reversible low temperature MC effect and good MC performances
in the amorphous Hog 2Tmg 2Gdg 2Cog 2Alj 2 ribbon were realized. The
obtained -ASj*, TEC(10) and RC values for the amorphous
Hog 2Tmg 2Gdg 2Cog 2Alp 2 ribbon under AH of 0-7 T are 13.0 J/kgK,
13.0 J/kgK, and 668.4 J/kg, respectively. These findings indicating that
the amorphous Hog 2Tmg 2Gdg 2C0p2Alp2 ribbon could be a good
candidate for magnetic cooling at low temperatures.
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