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We report that the maximum magnetic entropy change ΔSm of Tm39Ho16Co20Al25 metallic glass can reach
18.3 Jkg−1 K−1 under 5 T, which is larger than that of any previously reported metallic glasses and comparable
with that of the giantmagnetocaloric effectmaterial Gd5Si2Ge2 compound. Even under lowmagnetic field of 2 T,
the ΔSm of the glass can reach 10.3 Jkg−1 K−1 which is even larger that of most of other metallic glasses under
5 T. The excellent magnetocaloric effect and refrigerant efficiency together with uniquemechanical and physical
properties of the metallic glasses indicate they are promising candidate for magnetic refrigerants.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The last few decades have seen a continuous increase of interest in
the magnetocaloric effect (MCE) and magnetic refrigeration [1]. Com-
pared with conventional vapor-cycle refrigeration, the magnetic refrig-
eration techniques based on the MCE have advantages of both high
energy efficiency and environmentally friendliness [2]. The magnitude
of the magnetocaloric effect is given by the field induced entropy
change (ΔSm) due to the alignment of its magnetic spins that occurs
on exposure to an external magnetic field [3]. To satisfy practical appli-
cation, extensive efforts have been carried out to pick out promising
materials exhibiting large MCE as magnetic refrigerants.

Since the discovery of so-called giant MCE in the ternary compound
Gd5Si2Ge2 [4], there is incentive from both fundamental and practical
points of view to explore largeMCE in crystalline rare earth compounds
and materials possessing a first-order structural and magnetic phase
transitions, which leads to a giant magnetic field-induced entropy
change, across their ordering temperature. A series of such materials
with large even giant MCE such as Gd-Co-Si [5], Mn-Fe-P-As-Ge [6],
La-Na-K-MO3 [7], and Ni-Mn-Ga [8] have been obtained.

Very recently, theMCE in a series of heavy rare earth (Gd, Tb, Dy, Ho
and Er) based bulk metallic glasses (BMGs) have been investigated
[9–14]. It has been found that these BMGs manifested large MCE over
much wider temperature range, and directly lead to a much higher re-
frigerant capacity (RC), which is an important parameter that charac-
terizes the refrigerant efficiency of a material. Their unique properties
associated with their intrinsic nature, such as the tailorable ordering
temperature, the higher electrical resistivity and thus the smaller
rights reserved.
eddy current heating, high corrosion resistance, outstanding mechani-
cal properties, and high thermally stability, manifest their promising
application as candidate for magnetic refrigerants. However, the ΔSm
values of these BMGs are not comparable to that of crystalline com-
pound Gd5Si2Ge2. Therefore exploring new BMGs with much larger
ΔSm especially under relative low magnetic field is particularly impor-
tant to improve the efficiency of the material used as refrigerant.

In this work, the MCE of a series of Tm-based BMGs under a mod-
est magnetic field has been investigated. The ΔSm of these BMGs, es-
pecially Tm39Ho16Co20Al25 BMG, is turned out to be far larger than
that of the previous reported rare earth based BMGs and comparable
to that of the giant MCE material of Gd5Ge2Si2. Our work shows that
the BMGs appear to be candidate for the active magnetic refrigerants
working in helium and hydrogen liquefaction temperature range.

2. Experiments

The Tm-based BMGs with nominal compositions Tm39RE16Co20Al25
(RE=Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho and Er) were prepared by arc melt-
ing pure Tm, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Co and Al in a Ti-gettered
argon atmosphere. The ingotwas remelted and suck-cast into a Cumold
to get a cylindrical rod 3 mm in diameter. Their amorphous nature was
ascertained by x-ray diffraction (XRD) using a MAC Mo3 XHF diffrac-
tometer with Cu Kα radiation. Thermal analysis was carried out in a
Perkin-Elmer DSC-7 differential scanning calorimeter (DSC). The tem-
perature and field dependences of magnetization were measured in a
SQUID magnetometer (Quantum Design).

3. Results

Fig. 1 shows the XRD patterns of the as-cast Tm-based BMGs. The
board diffraction peaks and no appreciable peaks indicate that full
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Fig. 1. XRD patterns of the as-cast Tm39RE16Co20Al25 (RE=Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho and Er) BMGs (diameter is 3 mm).
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glassy rods can be obtained for the alloys at least 3 mm in diameter.
The glassy feature was further confirmed by DSC trace as shown in
Fig. 2. It can be seen that an endothermic reaction due to glass transi-
tion occurs followed by one or two sharp two exothermic peaks due
to the multi-process of crystallization. The glass transition tempera-
ture (Tg), first crystallization temperature (Tx1) and supercooled liq-
uid region ΔT=Tx1−Tg at the heating rate of 20 K/min are listed in
Table 1. The ΔT, one of the important parameters in evaluating the
glass-forming ability (GFA) of an alloy, of Tm39Nd16Co20Al25 is 80 K,
which is larger than the other rare earth based BMGs as shown in
Table 1. The distinctive glass transition and sharp crystallization
events as well as large values of ΔT further confirm the excellent
GFA of these alloys. It is also found that the Tg increases as the atomic
number of the substituting element increases. Young's modulus E
and Tg have an empirical correlation of Tg=2.5E. [15] Therefore, the
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Fig. 2. DSC curves of the as-cast Tm39RE16Co20Al25 (RE=Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho
and Er) BMGs. The scanning rate is 20 K/min.
increasing can be attributed to the increasing E of the substituting
elements.

Fig. 3(a) presents the temperature dependence of themagnetization
(M–H) determined in an applied field of 200 Oe for Tm39Ho16Co20Al25
BMG. The zero field cooling (ZFC) branch was measured on heating
after initially cooling from 300 to 2 K in zero field. The field cooling
(FC) branch was measured on heating after initially cooling to 2 K in
the samemeasuring field. From the FC curves a spin freezing transition
can clearly be seen, while in the ZFC curve a cusp is observed at the
same temperature where divergence appeared between the FC and
the ZFC branches showing typical spin-glass-like behavior [14]. Al-
though the strong disorder effect exists in the amorphous sample, it
can be seen that the magnetization varies sharply at the ordering tem-
perature. According to theMaxwell relation, the sharp variation ofmag-
netization near the transition temperature Tf indicates large magnetic
entropy for this alloy [12]. The Tf of the alloy determined from the ZFC
curve is 4.2 K, and the Tf for the other eight BMGs has also been mea-
sured and listed in Table 1. It can bee seen that the transition tempera-
ture can be tuned easily in large temperature range below 20 K by
alloying different rare earth element in the Tm-based BMGs. The advan-
tage of wide choice of alloy compositions available in the Tm-based
BMGs makes them an attractive choice for refrigerants in multistage
magnetic refrigerators.

A set of isothermal magnetization curves of M–H with increasing
filed in a large temperature range for the Tm39Ho16Co20Al25 BMG is
displayed in the inset of Fig. 3(a). In the vicinity of Tf the temperature
step of 1 or 2 K was chosen, and a step of 5 K for the regions far away
from Tf. The sweeping rate of field is slow enough to ensure the data
are recorded in an isothermal process. In an isothermal process of
magnetization, the total magnetic entropy change of the system due
to the application of a magnetic field can be derived fromMaxwell re-
lation by integrating over the magnetic field [16]:

ΔSm T;Hð Þ ¼ ∫Hmax
Hmin

∂M
∂T

� �
H
dH; ð1Þ

where Hmin and Hmax represent the initial and final values of magnetic
field, respectively. Minimum value of zero and maximal value of 5 T
of the magnetic field was fixed in our experiments. To derive the tem-
perature dependence of magnetic entropy change, the numerical ap-
proximation of the integral is usually applied [17]:

ΔSm ¼ ∑
i

Mi−Miþ1

T i−T iþ1
ΔH; ð2Þ

where Mi and Mi+1 are the experimental values of the magnetization
at Ti and Ti+1 under an applied magnetic field Hi respectively. By mea-
suring the isothermalM–H curves at various temperatures, themagnet-
ic entropy change associated with the H variation can be evaluated
according to Eq. (2). Fig. 3(b) shows the −ΔSm as a function of tem-
perature under 2 and 5 T for the Tm39Ho16Co20Al25 BMG. The peak
value of −ΔSm under 5 T is 18.3 Jkg−1 K−1 at 11 K, which is com-
parable with that of Gd5Ge2Si2 (18.6 Jkg−1 K−1) [4], so‐called giant
MCE material and considered as good magnetic refrigerant. This value
is also much larger than that of previous glassy materials reported,
such as Gd-based BMGs (~7.6–9.5 Jkg−1 K−1) [9,10], Tb-based BMGs
(7.5 Jkg−1 K−1) [11], Dy-based BMGs (9.5 Jkg−1 K−1) [12], Ho-based
BMGs (11.8 Jkg−1 K−1) [13], Er-based BMGs (15.9 Jkg−1 K−1) [14]
and Pd-based BMGs (0.58 Jkg−1 K−1) [18]. Fig. 4 presents a compari-
son of the −ΔSm of Tm-based BMG, other reported BMGs and crystal-
line magnetic refrigerants under 5 T. It can be seen distinctly that the
largest value of the −ΔSm among the amorphous materials has been
obtained in the Tm-based BMGs. Under 2 T, the peak slightly moves
to lower temperature and narrows compared with that of 5 T, but
the peak value can reach 10.3 Jkg−1 K−1 for Tm39Ho16Co20Al25 BMG.
This value is much higher than those of previously reported results



Table 1
Magnetic entropy changes upon allying a field H of Tm-based BMGs, various materials [1,3,4,9–14,18] and related parameters. a and c stand for the amorphous and crystalline
states, respectively.

Composition Structure Tg
(K)
(±1 K)

Tx1
(K)
(±1 K)

ΔT
(K)
(±1 K)

Applied
field (T)

Transition
temperature
(K) (±1 K)

−ΔSm
(Jkg−1 K−1)
(±0.1 Jkg−1 K−1)

RC
(Jkg−1)

Tm39Ce16Co20Al25 a 608 663 55 5 2.0 14.8 207
Tm39Pr16Co20Al25 a 611 666 55 5 2.0 14.5 208
Tm39Nd16Co20Al25 a 621 701 80 5 4.0 12.2 182
Tm39Sm16Co20Al25 a 631 693 62 5 7.0 11.3 178
Tm39Gd16Co20Al25 a 646 717 71 5 10.5 11.2 340
Tm39Tb16Co20Al25 a 650 711 61 5 12 9.9 248
Tm39Dy16Co20Al25 a 657 701 44 5 5.0 12.6 283
Tm39Ho16Co20Al25 a 666 719 53 5 4.0 18.3 333
Tm39Er16Co20Al25 a 668 723 55 5 3.0 18.1 301
Gd53Al24Co20Zr3 a 599 653 54 5 93.0 9.4 590
Gd51Al24Co20Zr4Nb1 a 598 653 55 5 91.0 9.2 651
Tb55Co20 Al25 a 614 680 66 5 45.0 7.5 375
Dy36Ho20Al24Co20 a 633 687 54 5 23.0 9.5 326
Ho36Dy20Al24Co20 a 553 629 76 5 17.0 11.8 365
Er50Al24Co20Y6 a 651 702 51 5 8.0 15.9 423
Pd40Ni22.5Fe17.5P20 a 600 666 66 5 94.0 0.6 87
Gd c – – – 5 293.0 9.8 –

Gd5Si2Ge2 c – – – 5 276.0 18.6 306
Gd5Si2Ge1.9Fe0.1 c – – – 5 276.0 7.0 360
MnFeP0.45As0.55 c – – – 5 306.0 18.3 390
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for compounds with the same field variation of 2 T, such as ErAl2
(~5 Jkg−1 K−1) [19], La(Fe1-xCox)Fe11.83Al1.17 (~4.8 Jkg−1 K−1) [20]
and TbxY1−xAl2 (1.2–7.6 Jkg−1 K−1) [21], and even comparable with
that of most of other metallic glasses found under 5 T (see Table 1).
The results show that we have developed novel magnetic materials
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Fig. 3. (a) Temperature dependence of the ZFC and FC magnetization under a magnetic
field of 200 Oe. (b) Magnetic entropy changes as a function of temperature under 2 and
5 T for Tm39Ho16Co20Al25 BMG. The inset shows the isothermal magnetization as a
function of magnetic field at various temperatures for this alloy.
displaying larger MCEs under lower fields of about 2 T, which can be
generated by permanent magnets. The giant magnetic entropy change
combining excellent glass formation ability, considerable higher elastic
modulus, smaller Poisson's ratio, high mechanical strength, and intrin-
sic brittleness of Tm-based BMGs might promote the practical applica-
tions of metallic glasses as a magnetic refrigerant [22–24].

Fig. 5(a) shows the −ΔSm as a function of temperature for Tm39

RE16Co20Al25 (RE=Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho and Er) BMGs under
5 T. One can find that the −ΔSm of the Tm-based BMGs is larger due
to the larger magnetic moment of Tm and the peaks in the magnetic
entropy change are broad due to fluctuation of the exchange integral
[10]. It can be seen, with the change of the element, the value and
width of the peaks changes indicating that the glassy refrigerants can
work in different temperature range by choosing different substituting
elements. The Tm39Gd16Co20Al25 BMG has the widest peak, and the
Tm39Ho16Co20Al25 BMG is the highest peak. The ΔSm of the Tm-based
BMGs is strongly dependent on the theoretical molar magnetic SM of
the substituting rare earth element. The SM is proportional to the total
orbital quantum number J and is given by SM=Rln(2J+1), where R is
the gas constant [25]. The largest J of Ho during the lanthanide atom
brings Tm39Ho16Co20Al25 the largest ΔSm in this series of Tm-based
BMGs as shown in Fig. 5(b).
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4. Discussion

The magnetic refrigerant efficiency can also be characterized by
the refrigerant capacity (RC), which is proportional to the area under
the−ΔSm versus T curve. The RC of the Tm-based BMGs was estimated
by twomethods. The first involves taking the direct product of themax-
imum entropy change and the full width at half-maximum (FWHM) of
the peak [26]. The other is obtained by numerically integrating the area
under theΔSm-T curve, using the temperatures at half-maximum of the
peak as the integration limits [11,27–29]. The RC values achieved by the
first method (RC1) for Tm39Gd16Co20Al25 and Tm39Ho16Co20Al25 are
determined to be 448 (Jkg−1) and 429 (Jkg−1), respectively. The RC
values achieved by the second method (RC2) for Tm39Gd16Co20Al25
and Tm39Ho16Co20Al25 are 340 (Jkg−1) and 333 (Jkg−1), respectively.
These values are comparable with those of Gd5Si2Ge2 (305 Jkg−1) and
Gd5Si2Ge1.9Fe0.1 (360 Jkg−1) [18], indicating the better refrigerant effi-
ciency of the Tm-based BMGs. The high RC is due to the larger magnetic
entropy change and the glassy structure which extends the large MCE
into wider temperature range. The composition dependence of the
RC1 and RC2 for Tm39RE16Co20Al25 (RE=Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho and Er) BMGswas shown in Fig. 5(b). As one can see the change reg-
ularity of the RC obtained by the twomethods correspond very well de-
spite that the RC2 is a little smaller than RC1. It is obvious that the RC of
Tm-based BMGs substituted by heavy rare earth element is larger than
that of Tm-based BMGs substituted by light rare earth element.
5. Conclusions

The giantMCEhas been observed in Tm-based BMGs. Themaximum
value of the magnetic entropy change of Tm39Ho16Co20Al25 BMG can
reach 10.26 Jkg−1 K−1 under 2 T and 18.34 Jkg−1 K−1 under 5 T re-
spectively, which can compare favorably with that of Gd5Si2Ge2 and is
the largest value during the glassy materials. The transition tempera-
ture, magnetic entropy change and refrigerant capacity are tunable by
changing the substituting elements. The excellent refrigerant capacity
due to giant magnetic entropy change together with other merits of
the metallic glasses make Tm-BMGs suitable candidate for use as mag-
netic refrigerant.
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