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The magnetic and magnetocaloric effects (MCE) of the amorphous RE55C030Al 9Sis (RE = Er and Tm) ribbons
were systematically investigated in this paper. Compounds with R = Er and Tm undergo a second-order magnetic phase
transition from ferromagnetic (FM) to paramagnetic (PM) around Curie temperature 7c ~ 9.3 K and 3 K, respectively.
For Ers5Co3pAlj¢Sis compound, an obvious magnetic hysteresis and thermal hysteresis were observed at low field below
6 K, possibly due to spin-glass behavior. Under the field change of 0 T-5 T, the maximum values of magnetic entropy
change (—ASy™) reach as high as 15.6 J/kg-K and 15.7 J/kg-K for ErssCo3zpAljoSis and TmssCo3pAljoSis compounds,
corresponding refrigerant capacity (RC) values are estimated as 303 J/kg and 189 J/kg, respectively. The large MCE makes
amorphous RE55C030Al;oSis (RE = Er and Tm) alloys become very attractive magnetic refrigeration materials in the

low-temperature region.

Keywords: magnetocaloric effect, amorphous, magnetic refrigeration, magnetic property

PACS: 75.30.Sg, 75.47.Np

1. Introduction

With the expanding demand for cryogenic refrigeration
such as gas liquefaction and cryogenic superconductivity,
the research on energy-efficient cryogenic refrigeration tech-
nology has become a hot theme.!'=3! Magnetic refrigeration
based on the magnetocaloric effect has received significant at-
tention due to its high energy efficiency and environmental
friendliness.[*! Unfortunately, magnetic refrigeration is not yet
widely used owing to the lack of suitable materials with large
MCE.DP! Refrigerant capacity (RC) and the maximum values
of magnetic entropy change (—ASy**) are two critical param-
eters for evaluating the MCE of material, and improving their
values has been the goal of efforts in the field of magnetic
refrigeration.[6-12!

Amorphous alloys without boundaries and long-range or-
der tend to exhibit attractive properties, such as corrosion re-
sistance, adjustable phase transition temperatures, excellent
RC, etc., which has attracted extensive attention, especially in
magnetic refrigeration region.!'3-!”l Among them, rare earth
(RE)-based amorphous materials are expected to exhibit ex-
cellent MCE attributed to the large magnetic moments (LUg)
and total angular momentum quantum number (J) of RE ions.
However, most of the RE-based amorphous materials usually
show low —ASY™ values despite their large RC, which re-
stricts their application.[!8] Therefore, it is of great interest to

max

find amorphous alloys with large —ASy* and RC values in a
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suitable temperature range.

In recent years, numerous amorphous materials with large
—ASy™ values at low-temperature have been reported in the
RE-Co—-Al (RE = Gd-Tm) system. For example, the values of
—ASK]/[aX reach 17.0 J/kg-K at 5.5 K for Er32Tm24C024A120,[19]
16 J/kgK at 7 K for ErggTmgCoosAly,!'”1 9.3 J/kg-K
at 112 K for GdgoCozAly,?Y 12.36 J/kg-K at 91 K
for GdsgTbyCoooAlng,?!! 10.1 J/kg:K at 112 K for
Gds5Co,5Al50!%?! under a field change (ApgH) from 0 T-
5 T, which are higher than that of most amorphous ma-
terials reported at the same temperature region.!!7-18:22-27]
GdssCozpAl;s microwire with potential application in the ni-
trogen liquefaction region was reported recently by Wang et
al.,'*8) whose —ASM™ and RCP values can reach 9.71 J/kg-K
and 572 J/kg under the AupH of 0 T-5 T. It is well
known that Tm-based and Er-based alloys typically have very
low magnetic ordering transition temperature (7oq) resulting
from weak Ruderman—Kittel-Kasuya—Yosida (RKKY) inter-
actions, which is highly valuable for potential applications in
hydrogen liquefaction, space science and the fuel industry, efc.
Therefore, RE55C030Alj5 (RE = Tm and Er) amorphous al-
loys may be promising materials for magnetic refrigeration in
the low-temperature region. To improve their glass-forming
ability (GFA), 5-at.% Si element was introduced to substi-
tute the equal content of Al.*°! In this paper, the quaternary
RE55C030Al;0Sis (RE = Tm and Er) amorphous alloys were
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successfully prepared, and their magnetic properties and MCE
were systematically studied

2. Experimental details

Firstly, pre-alloyed ingots with a nominal composition of
RE55Co39Al oSis (RE = Tm and Er) were fabricated by ar-
cmelting the mixtures of pure metals in stoichiometric ratio
under argon atmosphere. The purity of rare elements Er and
Tm exceed 99.9%, and the purity of other ingredients is not
less than 99.99%. Besides, an additional 5% RE components
were added to compensate for evaporation losses. During the
arcmelting process, the ingots were turned over and remelted
four times to guarantee the homogeneity of the composition.
Then, the molten pre-alloyed ingots heated by an induction
coil were pressure sprayed with argon gas onto a single cop-
per wheel with a linear surface velocity of 35 m/s. Finally, the
structure and magnetic properties of the amorphous ribbons
were measured. The structure of samples was ascertained by
the x-ray diffraction (XRD) model Bruker D8A A25 in the
range of the Bragg angles (20) from 25° to 85° using the Cu-
Ko radiation. The magnetic measurements were conducted
using a commercial vibrating sample magnetometer (VSM),
model PPMS-9 (Quantum Design).

3. Results and discussion

Room temperature XRD patterns of RE55C039AljoSis
(RE = Tm and Er) ribbons are illustrated in Fig. 1. Both com-
pounds possess vast diffraction peaks and no sharp crystalline
peaks, which is typical amorphous characteristics.
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Fig. 1. Room temperature XRD patterns for RE55Co30Al9Sis (RE = Tm
and Er).

Figures 2(a) and 2(b) show the temperature T dependence
of magnetization M (left-hand scale) measured by zero-field-
cooled (ZFC) and field-cooled (FC) mode and the recipro-
cal susceptibility 1/y (right-hand scale) for RE55Co30Al;oSis
(RE = Er and Tm) under upH = 0.01 T, respectively. It is
observed there is a distinct discrepancy between the ZFC and
FC branches of ErssCo3oAl;¢Sis at low temperature. The ther-
momagnetic irreversibility usually occurs in some amorphous

materials with spin-glass systems.!!3] In contrast, the ZFC and
FC curves of Tms5Co30Al 9Si5 are almost overlapping over
the whole temperature ranges. The Curie~Weiss fit to the 1/~
T curves of both compounds suggests that the values of 1/
at high temperature obey the Curie—Weiss law

x(T)=C/(T —6p). €]

Here C is the Curie—Weiss constant, 6p is the paramag-
netic Curie temperature. Based on the result of Curie—Weiss
fit, the values of 6p deduced are 7.08 K and 0.17 K for
Ers55Co39Al19Sis and TmssCozgAljoSis, respectively. The
positive Op value indicates that the ferromagnetic (FM) inter-
actions are dominant in these compounds. The Curie tem-
peratures (7I¢) of compounds with RE = Er and Tm are de-
termined to be 9.3 K and 3 K, respectively, corresponding to
the minimum of (dMp-/dT)-T curves as shown in Figs. 2(c)
and 2(d). Notably, the Op values for both compounds are
significantly lower than their respective 7¢ values. The phe-
nomenon is also observed in some Er-based and Tm-based
ferromagnetic amorphous materials such as Erg0C020Nipg, 2]
REg)Co20Alyy (RE = Er and Tm),BY REssNijgAly; (RE = Er
and Tm).?! For these materials, their magnetic moments all
derived from RE atoms, indicating that all magnetic inter-
actions are related to RE atoms. Therefore, the character-
istic may be associated with the crystalline electric field ef-
fects (CEF) due to the non-spherical symmetry of 4f electronic
cloud for Er and Tm. Besides, it is clear seen from Fig. 2(c)
that the thermomagnetic irreversibility between ZFC and FC
occurs below 8 K and gradually increases with decreasing tem-
perature.

The isothermal magnetization (M—poH) curves in the
vicinity of T¢ for RE55Co030Alj0Sis (RE = Er and Tm) are
given in Figs. 3(a) and 3(b). The magnetization of both al-
loys abruptly increases to tend saturation with the increasing
field below T¢, reflecting a typical ferromagnetic feature. Fig-
ure 3(c) presents the M—uogH curves in the mode of increas-
ing and decreasing field from 0 T-0.5 T for RE55Co030Al;oSis
(RE = Er and Tm). Apparently, the ErssCo3znAl;oSi5 exhibits
a large hysteresis at 2 K, which decreases with increasing tem-
perature and almost disappears at 6 K. Nevertheless, no hys-
teresis is observed in TmssCo3pAljoSis at 2 K. Considering
the thermomagnetic irreversibility of ErssCozgAl;oSis also de-
creases with rising temperature and disappears completely at
8 K under poH = 0.01 T. Therefore, it can be inferred that
the hysteresis and thermomagnetic irreversibility may both
originate from spin-glasses behavior. The M—LgH curves of
Ers5Co39Al pSis in the mode of increasing field at various
temperatures are demonstrated in Fig. 3(d). There are mul-
tiple crossover points for M—LiogH curves of ErssCozgAljoSis
at various temperatures, which may lead to a positive magnetic
entropy change at low temperature and low field.
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Fig. 2. The M-T curves (left-hand scale) in the mode of ZFC and FC and (1/y)-T curves (right-hand scale) of (a) ErssCo3zpAljoSis and (b)
TmssCo30Al;oSis under tgH = 0.01 T. The M-T curves (left-hand scale) and (dM/dT)-T curves (right-hand scale) of (c) ErssCozpAl;oSis
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Fig. 3. The M—uoH curves for (a) ErssCo3pAl;joSis and (b) TmssCo3zpAljoSis at various temperatures under ApgH of 0 T-5 T. (¢) The M-
UoH curves of ErssCozgAljoSis at 2 K and 6 K and TmssCozpAljoSis at 2 K in the mode of increasing and decreasing magnetic fields from
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The —ASH™* is a highly important figure-of-merit to evaluate the MCE, calculated by the thermal-dynamic Maxwell relation

given by

ASw(T,H) = /0 i <
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where Hp,x represents the maximum magnetic field that can
be applied. The —ASy versus T curves of RE55Co30Al;Sis
(RE =Er and Tm) under the AuyH from 0 T-1 Tto 0 T-5 T are
displayed in Fig. 4. The —ASy™* values, at the AH = 0 T-
5 T, are determined to be 15.6 J/kg-K for Ers5Co30Ali0Sis
and 15.7 J/kg-K for TmssCo3pAljoSis, respectively, which
are higher than that of most reported RE-based amorphous
materials.!!3-2%] The positive AST™* value of ErssCo30Al;oSis
at low temperature from 0 T-1 T may attribute to the spin
glass behavior mentioned before. Moreover, it is worth not-
ing that the —ASy value of ErssCozpAl;oSis is considerable
over a wide temperature range above the spinglass freezing
temperature, making it still attractive within temperatures free
from hysteresis effect.

20

Ers5Co30Al10Sis ——0-1T
—~ 15
R
&0
<
= 10
=
v
<|1 5
0
20
Tms5Co39Al10Si5 ——0-1T
(b) ——0-2T
15} :

—ASwu (J/kg'K)
=
o

ot

0 6 12 18 24 30
T (K)

Fig. 4. The —ASy versus T curves of RE55C039Al;9Si5s (RE = Er and Tm)
under the AupH for different magnetic field changes up to 5 T.

Moreover, a phenomenological universal curve was pro-
posed to characterize the second-order nature of some ferro-
magnetic magnetocaloric materials, which is obtained by the
reconstruction of the —ASy; versus T curves under the vari-
ous ApyH.*?l According to the definition of universal curve,
the y coordinate of —ASy; versus T curve is rescaled to AS
calculated by

— AS" = ASyi(T) /ASTX. 3)

The x coordinate of —ASy versus T curves is converted into
0, which is defined as follows:

0— { —(T —Tc) /(T — Tc),
(T —Tc)/(Tr — Tc),

T <Ic,

4
T > Tc, @

where T} and T}, are temperatures of the two reference points
corresponding to 0.6 x |[ASy*|. The 7;; value is approximately
estimated by extending the low end of —ASy versus T curves
to the point (0, 0), when low-temperature data are missing.

The rebuilding AS'—0 curves of RE55Co30Al 0Si5 (RE =
Er and Tm) are shown in Fig. 5. It is striking that all curves for
compounds with RE = Er and Tm under different AuyH are
overlapped over the whole temperature range, which proves
their second-order magnetic phase transition nature.

1.2
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0 L
—2 0 2 4 6
6
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) @
0.9
1
22
)
ﬂ_ 0.6f
=
0
T ot
0 L
-3 0 3 6 9
0

Fig. 5. Normalized magnetic entropy change as a function of the rescaled
temperature for (a) ErssCozpAl;oSis and (b) Tms5Co39Al;9Sis with AugH
from0T-1Tto0OT-5T.

Temperature-averaged magnetic entropy change (TEC)
has been posted by Griffith et al. to judge the feasibility of
material application in the magnetic refrigerator,*3! which can
be expressed as

1 Tnid +ATiif /2
TEC(ATiift) = A—max {/

lift Tmid

AS(T)(AH,T)dT} , (9

Tnid—ATjif /2
where the ATy represents temperature regime, Tpq repre-
sents the middle temperature point in which the TEC (ATj)
value is the largest for a given AT ji.

Besides, refrigerant capacity (RC) also has been widely
applied to evaluate the cooling efficiency of the MCE mate-
rials, which reflects the amount of heat transfer from cold to
hot tanks in an ideal refrigeration cycle. The value of RC is
calculated by the following formula:

Thot
RC = AS\(T)dT, (©6)

Teold
where Tpo and Tioq represent the temperatures on either
side corresponding to the half-peak value of —ASy versus T
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curves. For unidentifiable T.,q value beyond the measure-
ment interval of the instrument, 7¢.,q is considered to be 2.5 K,
which is the lowest temperature the device can measure.

The calculated TEC (3) and RC as a function of ApyH
for REs55Co30Al19Sis (RE = Er and Tm) are plotted on
Fig. 6 together with the —ASy™ versus AuoH curves. The
TEC (3) AppH curves for both materials show a similar depen-
dence on ApH, and their corresponding —ASy™ and TEC (3)
values are very close at any magnetic field, suggesting the ex-
istence of a stable platform at least AT, = 3 K. The RC val-
ues of compounds with Er and Tm can reach ~ 303 J/kg and
~ 189 J/kg at the AupgH of 0 T-5 T, respectively, which also
confirms the existence of a wide 6 TrwuM.-

20 - 500
Ers5Co30Al10Si5 (a)
_ A gmax
’ St 1400
o 15F —— TEC(3)
B B
i ® 1300 i
Z 10 — -
= 4 Q
(g 200 =
< sl
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Fig. 6. TEC(3) and —AS{™ (left axis), and RC (right axis) as a function of
A[J.OH for RE55C03OA1108i5 (RE = Er and Tm)

Table 1. The Tc, |AS}™|, and RC parameters for REssCo30Al9Sis (RE =
Er and Tm) and some reported promising MCE materials at low temperature
under ApH =0T-5T.

Materials Tc ASY* (J/kg-K) RC (J/kg) Refs.
Tm55C030Al|0Si5 3 15.6 189 present
Ers5Co30AlioSis 9.3 15.7 303 present

Tmﬁ()Alz()Niz() 4.4 14.1 ~ 180 [34]
ErgoAlxNizg 9.5 143 ~ 280 [34]
Tm60C020A120 5 15.06 243.4 [30]
Er60C020A120 10.3 15.57 391.8 [30]
TmeoNizoCoro 6.3 14.2 ~ 165 [35]
ErﬁoNig,()COlo 11.5 12.1 ~ 230 [23]

To visually represent their excellent performance, several
critical parameters (Tc, —ASy™* and RC) of REs5Co30Al10Sis
(RE = Er and Tm) and some promising amorphous materi-
als at low temperature were summarized in Table 1. Com-
pared with other promising amorphous materials, the —ASy™

and RC values of RE55Co039Alj¢Sis (RE = Er and Tm) are
comparable or even larger than those of them, which demon-
strates both alloys are also very potential candidates in practi-
cal applications. In particular, the large —ASy™* value of the
Tmss5Co39Al;0Sis amorphous in the liquid helium temperature
region is very promising for its potential application.

4. Conclusion

Briefly, REs55C030AljoSi5 (RE = Er and Tm) ribbons
were prepared by conventional rapid quenching method, and
their structural and magnetic properties were investigated. The
XRD patterns confirmed the fully amorphous character of
the RE55Co39Al1Sis (RE = Er and Tm) ribbon. The AS'—0
curves demonstrate that both alloys undergo a second-order
magnetic transition of FM to PM near their respective Tc,
which results in a considerable MCE. Besides, a significant
hysteresis is observed in ErssCospAl;9Sis, which may re-
sult from spin-glass behavior. The values of —ASy*™ (RC)
can reach 15.6 J/kg-K (303 J/kg) for Ers5CoszpAljoSis and
15.7 J/kg-K (189 J/kg) for TmssCozpAl;pSis, which are com-
parable or even larger than other promising amorphous mate-
rials. Especially, the Tms5Co39Al;9Sis compound is a promis-
ing amorphous MCE material in the liquid helium temperature

region.
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