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a b s t r a c t

Magnetocaloric effect (MCE) of rare earth-based bulk metallic glasses (BMGs) and the influences of applied
field, structural change induced by microalloying, aging and crystallization on the MCE are systematically
investigated. For all the as-cast alloys the magnetic entropy changes (−�Sm) compare favorably with
that of pure Gd metal, some are even better. Our results indicate that the BMGs and corresponding
composites induced by partial crystallization be attractive candidate for magnetic refrigerants in Ericsson-
cycle. Aging and partially crystallization of Gd-based BMGs lead to the reduction of both the transition
temperature and the peak value of the magnetic entropy change. However, unusual table-like shapes of
eywords:
etallic glasses
agnetocaloric effect

the MCE are observed for the crystallized samples over wide temperature range. Although the short-range
structural change due to long time aging has observable effect on MCE, the structural change induced by
microalloying has less influence on MCE compared with that of some crystalline materials. The possible
reasons for the good MCE in these BMGs are discussed. It is found that the field dependence of magnetic
entropy change follows a power law but the exponents near the transition temperature deviate from the
mean field picture, and the random magnetic anisotropy has obvious effect on the field dependence of

nge.
the magnetic entropy cha

. Introduction

Recently, the search for potential magnetic refrigerants has
esulted in an extensively research in the field of magnetocaloric
ffect (MCE) for scientific, technological and ecological reasons
1–6]. Compared with conventional gas refrigerants, magnetic
efrigerants have outstanding advantages of being much more com-
act, high efficiency, environmentally friendliness and working
asily under a variety of environments from room temperature to
ryogenic temperatures. For example, the heat-transfer medium
f magnetic refrigeration, depending on the working temperature,
ay be water or air, and for very low temperatures, helium. It has

een shown that the cooling efficiency working with gadolinium
an reach 60% of the theoretical limit much better than the only
bout 40% in the best gas-compression refrigerators [4,5]. Mag-
etic refrigeration is based on the magnetocaloric effect, which is
n intrinsic property of the magnetic materials and implemented
y employing repeated magnetization and demagnetization under
diabatic or isothermal conditions to cool from the ambient tem-

erature to lower temperatures. Measurement of magnetic entropy
hange can be used as an effective way of rapidly screening
rospective magnetic refrigerant materials. Nowadays, searching
or materials exhibiting large MCE as refrigerants in magnetic
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refrigeration in different ranges of temperatures, from close to
absolute zero to well above room temperature, has been one of
the important tasks of the applied physics. To obtain large MCE,
the magnetic materials usually must have large enough sponta-
neous magnetization and a strong temperature dependence of
magnetization around its phase transition temperature. Intensive
works have been performed on various materials, most of which
are crystalline materials possessing either first order transition or
second order transition such as Gd–Si–Ge, Pr–Co–Si, Mn–Fe–P–As,
La–Fe–Si and Ni–Mn(Fe)–Ga [1–8] series. It has been suggested that
glassy materials are also attractive for application for magnetic
refrigerants [9–17], because the metallic glassy materials display
many unique properties associated with their intrinsic nature and
structure, such as the tailorable features of the ordering tem-
perature, the higher electrical resistivity and thus smaller eddy
current heating, and high corrosion resistance. Accordingly, the
characteristics of MCE of glassy materials have attracted increasing
interest, while most of these glassy materials previously studied
are in ribbon form (thickness <40 �m) [10–15,17] prepared by
rapid solidification of melts at a high cooling rate of the order of
105–106 K/s.

In the last two decades, bulk metallic glasses (BMGs) obtained

readily at cooling rates as low as 1–100 K/s acquired considerable
interest both in scientific and technological aspects [18–29]. The
BMGs possess a number of attractive properties for structural and
functional applications, and in many cases these properties can
be enhanced by suitable heat treatment. Very recently, a series of

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:whw@aphy.iphy.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.01.125
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Table 1
Magnetic entropy changes and related parameters upon H for various materials. The a, c and a + c stand for the amorphous, crystalline and crystalline phases embedded in
the amorphous matrix, respectively. The RC values are calculated by the same method.

Material Structure Applied field (T) Peak of �Sm (J kg−1 K−1) Transition temperature (K) Refrigerant capacity (J kg−1) Reference

Gd53Al24Co20Zr3 a 5 9.4 93 590 This work
Gd33Er22Al25Co20 a 5 9.47 52 574 This work
Gd51Al24Co20Nb1Cr4 a 5 9.48 100 611 This work
Gd51Al24Co20Nb1B4 a + c 5 7.98 74–90 504 This work
Gd48Al25Co20Zr3Er4 a 5 9.41 84 647 This work
Gd51Al24Co20Zr4Nb1 a 5 9.23 91 651 This work
Gd51Al24Co20Ce5 a 5 8.85 81 679 This work
Gd30Al25Co20Y20Zr5 a 5 7.64 37 413 This work
Ho30Y26Al24Co20 a 5 10.76 5.5 241 This work
Dy50Gd7Al23Co20 a 5 9.77 26 290 This work
Er50Al24Co20Y6 a 5 15.91 8 423 This work
(Er0.7Ho0.2Dy0.1)55Ni25Al20 a 5 14.02 3 277 This work
Tb36Y20Al24Co20 a + c 5 5.60 30 – This work
Gd c 5 9.8 293 – [5]
Gd5Si2Ge1.9Fe0.1 c 5 7 276 360 [3]
La0.8Ca0.2MnO3 c 1.5 5.5 230 66 [2]
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Ni2Mn0.75Cu0.25Ga c 5 65
MnFeP0.45As0.55 c 5 18.3
Fe60Cr14Cu1Nb3Si13B9 a 3 0.9

eavy rare earth elements (Ho, Gd, Tb, Dy, and Er) based BMGs have
een developed [24–40]. In addition to their higher electrical resis-
ivity and tailorable nature which are also shared by glass ribbons,
hese bulk form glassy alloys possess especially low fabrication cost,
utstanding mechanical properties and high thermally stability
ssociated with a large supercooled temperature region resulting
rom their excellent glass-forming ability. In particular, the heavy
are earth-based BMGs have large magnetic moments and profuse
agnetic structure. All above characters are beneficial to magnetic

efrigerants. Our previous work [16] has shown that the Gd-based
MGs may be considered as suitable candidates for magnetic refrig-
rants. Furthermore, these BMGs possess the advantages of wide
hoice of alloy compositions available and much wide temperature
ange of the large MCE. This leads to increased refrigerant capacity
nd makes the BMGs attractive candidate for refrigerants in mul-
istage magnetic refrigerators. To extend the understanding of the

agnetic transition property and its relationship with MCE, and
ow these properties change with their atomic structure, it is nec-
ssary to study the effects of aging, crystallization and alloying on
he MCE in this kind of materials.

In this paper, the MCE properties of families of heavy rare earth-
ased BMGs are investigated in details. The influences of applied
eld, and the structural change induced by microalloying or sub-
titution, and by annealing below and above the glass transition
emperature on the MCE have been carried out. Large magnetic
ntropy changes comparable with that of the pure Gd metal have
een obtained over wide temperature range. Their broader peaks
re benefited from the disordered atomic structure. Aging and
artially crystallization lead to the reduction of both the transi-
ion temperature and the peak value of magnetic entropy change
�Sm. This is due to larger clusters or other phases formed dur-

ng annealing. Unusual table-like shapes of the MCE have been
bserved for two crystallized Gd-based samples. Compared with
ayered composites, the composites gained by crystallization of
he BMGs take the advantage of simple manufacture. Further-

ore, for the rare earth-based BMGs, the transition temperature
an be finely tuned in a wide temperature range by alloying or
ubstitution, meanwhile the excellent refrigerant capacity retains.
o get further insight into the nature of MCE in the BMGs, the

eld dependence of magnetic entropy change has been investi-
ated and a power law in form of

∣∣�Sm

∣∣ ∝ Hn is exhibited for
d51Al24Co20Zr4Nb1 and Dy50Gd7Al23Co20 BMGs. The similarities
nd differences in the nature of MCE of the two alloys are dis-
ussed.
308 72 [28]
306 390 [4]
226 38 [11]

2. Experimental

All the BMGs with nominal compositions listed Table 1 and in this paper were
prepared by arc melting pure elements in a Ti-gettered argon atmosphere. The ingot
was remelted several times and then suck-cast into a Cu mold to get a cylindrical rod
2–5 mm in diameter. Their amorphous nature was ascertained by XRD using a MAC
Mo3 XHF diffractometer with Cu-K� radiation. Thermal analysis was carried out in a
Perkin-Elmer DSC-7 differential scanning calorimeter (DSC) under a purified argon
atmosphere at the heating rate of 20 K/min. Calorimeter was calibrated for temper-
ature and energy at the heating rate with high purity indium and zinc. The values
of the glass transition temperature Tg , and the onset temperature for crystallization
Tx were determined from the DSC traces with the accuracy of ±1 K. The isothermal
annealing was performed in a furnace under a vacuum of ∼1.0 × 10−3 Pa at various
temperatures.

Acoustic velocities were measured in a pulse echo overlap method by a MATEC
6600 model ultrasonic system with a measure sensitivity of 0.5 ns and a carrying fre-
quency of 10 MHz. The density was measured using the Archimedean technique and
the accuracy is within 0.1%. The Young’s modulus E, shear modulus G, bulk modulus
K and Poisson’s ratio � were derived from the density and acoustic velocities. The
temperature dependence of magnetization, isothermal magnetization and the elec-
tric resistance were measured in Physical Properties Measurement System, PPMS
6000 of Quantum Design Company.

3. Results and discussion

3.1. Formation, structural, thermal, mechanical and electric
properties of BMGs

Fig. 1 shows the typical XRD patterns (measured at room tem-
perature) of the as-cast Ho-, Dy-, Gd-based BMGs. The broad X-ray
diffraction maximum and no appreciable peaks corresponding to
crystalline phase indicate that full amorphous rod is obtained for
all these as-cast BMGs at least 3 mm in diameter. Their amor-
phous nature was also ascertained by DSC. As seen in Fig. 2, the
remarkable feature of the DSC trace of as-cast Gd51Al24Co20Zr4Nb1
is an endothermic reaction due to glass transition at 598 K, and
three exothermic peaks due to crystallization. The onsets of first
and second crystalline temperatures Tx1 and Tx2 are 653 K and
639 K, respectively. Similarly, for the as-cast Gd53Al24Co20Zr3 the
Tg, Tx1 and Tx2 are determined to be 599 K, 3658 K and 637 K,
respectively. Large supercooled temperature region of nearly
50 K has been observed for the Gd-based BMGs further confirm-

ing their good glass-forming ability and high thermal stability
[18–22]. The supercooled liquid in wide temperature window
makes the heat treatment possible and convenient for improv-
ing the property of these alloys by annealing in this temperature
region.
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ig. 1. XRD patterns taken from the cross-sectional slices of the as-quenched BMGs
ods (diameter is 3 or 5 mm).

The values of density �, longitudinal acoustic velocity Vl, shear
coustic velocity Vs of the as-prepared Gd51Al24Co20Zr4Nb1 BMG
re 7.314 g/cm3, 3.529 km/s and 1.783 km/s, respectively. The E, G,
and � thus are determined to be 61.78 GPa, 23.25 GPa, 60.09 GPa

nd 0.329, respectively [34–40]. The large elastic moduli, suggest
he strong chemical interaction among the components and robust
esistance to local structural change under crystallization, which
urther confirms the high thermal stability and excellent mechan-
cal properties in this kind of materials compared with their glass
ibbons. The BMGs exhibit large resistivity and negative temper-
ture coefficient of resistivity over the whole temperature range
ssociated with the amorphous structure [41,42]. The large elec-
rical resistivity results in smaller eddy current heating compared
ith corresponding crystalline materials. Above features of the
d-based BMGs which are beneficial for application in magnetic

efrigeration are common for other heavy rare earth-based BMGs
16].

.2. MCE properties of Gd-, Tb-, Dy-, Ho-, Er-based BMGs
The phase transition temperatures (Tc), determined at the tem-
erature where the dM/dT displays the minimum, are 79 K and
1 K for the as-cast Gd55Ni25Al20 and Gd51Al24Co20Zr4Nb1, respec-
ively [41]. For the as-cast amorphous alloy the magnetization
aries sharply at the ordering temperature even though the strong

ig. 2. DSC traces (heating rate is 20 K/min) of Gd53Al24Co20Zr3 and
d51Al24Co20Zr4Nb1 BMGs showing the glass transition and crystallization.
Fig. 3. Isothermal magnetization as a function of magnetic field at various temper-
atures for Gd51Al24Co20Zr4Nb1.

disorder effect exists in the sample suggesting the homogeneous
structure and large |dM/dT| at the Curie temperature. According to
the Maxwell relations, the large magnetic entropy change can be
expected. A typical set of isothermal magnetization curves of M–H
with increasing filed in a wide temperature range is displayed in
Fig. 3 for the Gd51Al24Co20Zr4Nb1. The sweeping rate of field is slow
enough to ensure the data to be recorded in an isothermal process.
Thus, the total magnetic entropy change, �Sm, of the system due
to the application of a magnetic field can be derived from Maxwell
relations by integrating over the magnetic field:

�Sm =
∫ Hmax

Hmin

(
∂M

∂T

)
dH (1)

where Hmin and Hmax represent the initial and final values of mag-
netic field, usually Hmin is fixed to zero. In our experiments maximal
value of 5 T of the magnetic field was used.

The magnetocaloric properties of the samples are studied by
evaluating the −�Sm from the magnetization data according to Eq.
(1). The −�Sm as a function of temperature under field change of
2 and 5 T for these BMGs [41]. For all the samples, the positions
of maximum of −�Sm locate in the vicinity of transition temper-
ature in consistent with Eq. (1). For example, the peak values of
−�Sm are 9.40 J kg−1 K−1 at 93 K, and 9.23 J kg−1 K−1 at 92.5 K for
Gd53Al24Co20Zr3 and Gd51Al24Co20Zr4Nb1, respectively. The peak
and width of −�Sm increase obviously with increasing filed. These
values of −�Sm are comparable with that of Gd and slightly larger
than that of Gd5Si2Ge1.9Fe0.1 both of which are considered as good
magnetic refrigerants [3]. These values are also much larger than
those of most Fe- and Co-based glassy ribbons [10–15]. Fig. 4
shows that the magnetic hysteresis of the Gd51Al24Co20Zr4Nb1
is relatively small between increasing and decreasing field even
at 2 K, which is considered to be a very favorable characteristic
of magnetic refrigerant application. The free of hysteresis charac-
ter is expected because Gd has no orbit momentum unlike other
rare earth metals, which makes the magnetocrystalline anisotropy
relatively small. Therefore, it is relatively easy to magnetize and
demagnetize the material without irreversible entropy production.

The remarkable feature of the shapes of −�Sm for the BMGs
is that the large value of −�Sm covers a much broader temper-
ature range compared with that of the crystalline materials. For
example, in Gd5Si2Ge2 and MnFeP0.45As0.55 (Ref. [4]) with large

MCE, the temperature range of the half-maximum of the entropy
change peak is less than 30 K, and in Ni2Mn1−xCuxGa (Ref. [43]) even
less than 5 K. While in Gd53Al24Co20Zr3 and Gd51Al24Co20Zr4Nb1
BMGs the temperature ranges extend to 83 K and 75 K, respec-
tively. This directly results in an increased refrigerant capacity (RC),
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are calculated by the same method.
Compared with Gd-based BMGs, these random anisotropy mag-

nets exhibit some interesting features. One is that the Tp of −�Sm

are much larger than their Tf determined from low field magne-
ig. 4. Magnetic hysteresis of Gd51Al24Co20Zr4Nb1 BMGs at 2 K. The inset shows
he entropy changes of the as-cast and the annealed one just below Tg for 1 h for
d53Al24Co20Zr3.

relevant parameter characterizing the refrigerant efficiency of the
aterial which can be calculated by different methods [44–46].

he RC is determined by numerically integrating the area under
he �Sm–T curve, using temperatures at half-maximum of the
eak as the integration limits. The RC values for Gd53Al24Co20Zr3
nd Gd51Al24Co20Zr4Nb1 determined by this method are 590 and
51 J kg−1, respectively. These values are much larger than those of
d5Si2Ge2 (305 J kg−1) and Gd5Si2Ge1.9Fe0.1 (360 J kg−1) [3], indi-
ating the better refrigerant efficiency of the Gd-based BMGs. The
etter RC is due to the glassy structure extends the large MCE to

arger temperature range. For application, if a material exhibits
arge value of −�Sm at the transition temperature but falls off
apidly on either side, it is not suitable for use in Ericsson-cycle. In
ur case, we can obtain nearly the same values of magnetic entropy
n wide temperature range for GdxRyAl24(25)TzM76−x−y−z (where
∼ 30–60, R is Y, Zr or other rare earth element, T is Co or Ni, M

s any transition element) alloys. Thus, the features of considerable
�Sm over a wide temperature range in the BMGs are favored in
ricsson-cycle.

The MCE of other heavy rare earth-based BMGs such as
o30Y26Al24Co20 and Dy50Gd7Al23Co20 has also been studied.
nlike the ferromagnetic behavior of Gd-based BMGs, these alloys

how typical spin glass-like frozen behavior [41], which is fur-
her exhibited by the temperature-dependent ac susceptibility
f Ho30Y26Al24Co20 at different frequencies ranging from 10 to
04 Hz under an ac magnetic field of 10 Oe. The peak tempera-
ure Tf(ω) shifts towards higher temperature and the height of
he susceptibility decreases with increasing frequency. The tran-
ition temperatures (Tf) for Ho30Y26Al24Co20 and Dy50Gd7Al23Co20
etermined from the ZFC curves are 5.5 K and 26 K, respec-
ively. Fig. 5(a) shows the −�Sm as a function of temperature
nder 2 T and 5 T for Ho30Y26Al24Co20, Dy50Gd7Al23Co20 and
r50Al24Co20Y6 BMGs [41]. Fig. 5(b) shows the −�Sm as a
unction of temperature under 5 T for typical heavy rare earth-
ased BMGs. From Fig. 5(a) the peak values of −�Sm under
T are 10.76 J kg−1 K−1 at temperatures of maximum, Tp ∼ 12 K,
.77 J kg−1 K−1 at Tp ∼ 45.5 K and 15.91 J kg−1 K−1 at Tp ∼ 9.5 K for
o30Y26Al24Co20, Dy50Gd7Al23Co20 and Er50Al24Co20Y6, respec-

ively. For Tb36Al24Co20Y20, due to a few crystalline phases
mbedded in the amorphous phase, its magnetic entropy change

s smaller [41]. The peak values of −�Sm for Dy-, Ho- and Er-based
MGs are comparable with or even larger than those of Gd-based
MGs. Under 2 T, the peak slightly move to lower temperature
ompared with that of 5 T, and the peak values of −�Sm are deter-
Compounds 495 (2010) 209–216

mined to be 5.43 (J kg−1 K−1), 4.33 (J kg−1 K−1) and 8.57 (J kg−1 K−1)
for Ho30Y26Al24Co20, Dy50Gd7Al23Co20 and Er50Al24Co20Y6, respec-
tively. Compared with that of the materials used in the similar
temperature range, these values are comparable with or even
higher than that of previously published results [47] for compounds
with the same field variation (2 T): e.g. ∼5 J kg−1 K−1 for ErAl2,
∼2 J kg−1 K−1 for DyAl2, ∼3 J kg−1 K−1 for DyNi2, and larger than
those of the families of Dy1−xErxAl2 and TbxY1−xAl2 [47–49], which
show entropy changes of 2–5 J kg−1 K−1 and 1.2–7.6 J kg−1 K−1,
respectively. The RC values for Ho30Y26Al24Co20, Dy50Gd7Al23Co20
and Er50Al24Co20Y6 are 241, 290 and 423 J kg−1, respectively. These
values are smaller than those of Gd-based BMGs, but are compara-
ble with those of the Gd–Si–Ge, Mn–Fe–Ge, Mn–Fe–P–As series, and
larger than Ni–Mn–Ga series and most of the Fe- and Co-based glass
ribbons. Comparing of the reported properties, magnetocaloric
properties of different materials usually face the problems with the
different experimental capabilities from one laboratory to another,
and the different methods are usually adopted by different authors.
For clarity of comparison we listed some typical materials includ-
ing ours in Table 1 with the peak value of −�Sm and the RC which
Fig. 5. (a) Magnetic entropy changes as a function of temperature for the as-cast
Ho30Y26Al24Co20, Dy50Gd7Al23Co20 and Er50Al24Co20Y6 under 2 T and 5 T. The inset
shows the magnetic entropy changes under different of fields for Dy50Gd7Al23Co20

[41]. (b) Magnetic entropy changes under 5 T for typical Gd-, Tb-, Dy-, Ho- and Er-
based BMGs for comparison.
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and thus the magnetic properties can keep stable. For slightly crys-
tallized sample B and partially crystallized sample C, the peaks of
−�Sm move to lower temperature, but the cusp of −�Sm moves to
slightly higher temperature for fully crystallized sample D. These
Q. Luo, W.H. Wang / Journal of Allo

ization, especially for Ho30Y26Al24Co20 (Tp ∼ 12 K, Tf ∼ 5.5 K) and
y50Gd7Al23Co20 (Tp ∼ 45.5 K, Tf ∼ 26 K). This may be due to the

act that high field strengthens ferromagnetic coupling of spins
spin clusters) from the beginning temperature (larger than Tf).
or the magnetic entropy changes of Dy50Gd7Al23Co20 under dif-
erent fields that the Tp reduced obviously as the maximum field
educes from 5 to 1 T [41]. The second is that the −�Sm is severe
symmetrical at two sides of their peak values. Long tails extend to
uch higher temperature than the Tp, but below the Tp, the value

f −�Sm drops down much rapidly. This may result from the strong
andom magnetic anisotropy and exchange interaction frustration
ssociated with spin glass frozen behavior due to disorder structure
elow Tp. Because it hinters the spin rotating with the applied exter-
al field and then the −�Sm becomes much smaller. The magnetic
nisotropy effect can also be exhibited in the magnetic hysteresis
ehavior. Magnetic hysteresis was evaluated by the comparison of

ncreasing and decreasing field magnetization process. At 2 K all
hese Ho-, Dy-, Tb-, Er-based BMGs show obvious hysteresis (not
hown here), indicating that these alloys are magnetic harder than
d-based BMGs. However, for the Ho- and Er-based BMGs, little
ysteresis exists above 4 K. In Dy50Gd7Al23Co20 moderate hystere-
is is still observed at 9 K, when temperature increases to 16 K the
ysteresis becomes much smaller. Near and above Tf, no magnetic
ysteresis is observed in the paramagnetic (superparamagnetic)
egion. Thus, all the alloys are magnetic soft near and above spin
reezing temperature.

.3. The effects of structural change induced by aging and
rystallization on MCE

Due to its intrinsic unstable or metastable nature, a glass
sually continually relaxes to a more stable state accompanied
ith atoms rearrangement. Aging behavior in glass is important

ecause it gives abundant information about the microstructure
nd the nature of the glassy state [50–52]. From the point of view
f application, physical aging thus must be taken into account
ecause it brings about changes in almost all physical properties.
or the BMGs, the crystallization behavior poses special interest-
ng scientific and practical questions [18–22]. Upon crystallization
anocrystallization occurs in many of these glasses, and their
echanical and many other properties can be then enhanced

53,54]. In fact, previous work showed that ferromagnetic materials
ontaining nanometer-sized magnetic region and the nanometer
uperparamagnet have superior MCE over certain temperature and
eld intervals compared with the conventional bulk ferromagnetic
nd paramagnetic materials [55–58,49], and crystallization effects
ave also been studied in some Fe-based ribbon [10,59].

To understand the relationship between the MCE and the disor-
er structure, the influences of aging and crystallization behavior
n the MCE of Gd51Al24Co20Zr4Nb1 BMGs under a modest magnetic
eld have been investigated. The structural changes are detected
y XRD and magnetization experiments. We use different capitals
o represent samples isothermally annealed for different condi-
ions in the vacuum chamber. The sample A was annealed at 673 K
Tg = 598 K) for 30 h, sample B was annealed at 613 K for 1 h, sam-
le C was annealed at 703 K for 1 h, the sample D was annealed
t 923 K for 5 h. From the XRD patterns in Fig. 6, one can clearly
ee that their structure is changed after annealing. The amorphous
tructure was maintained in sample A and thus only structure relax-
tion happened. For sample B few nanocrystalline particles can be
etected from the XRD pattern. After annealed at 703 K (between

x1 and Tx2) for 1 h, larger amount of crystalline particles are formed.
or sample D no amorphous phase can be detected and the BMG
ully crystallized into multi-crystalline phases. The temperature
ependence of the magnetization determined under 200 Oe for the
s-cast Gd53Al24Co20Zr3 and the annealed ones shows the aging
Fig. 6. XRD patterns taken from the cross-sectional slices of the as-quenched and
annealed ones for Gd51Al24Co20Zr4Nb1.

and crystallization change the magnetic properties obviously and
lead to reduction of the Tc, but after full crystallization the Tc slightly
increased due to some special crystalline phase. Furthermore, in
contrast to the sharp transition near Tc of the as-cast sample, the
transition is smeared out obviously for all the treated samples. At
the same time the magnetization values below Tc go down obvi-
ously for the annealed samples. Thus reduction of the magnetic
entropy change near the transition temperature can be anticipated.

Fig. 7 shows a series of isothermal magnetization curves for sam-
ple D from 24 to 150 K. These curves are different from those of
as-cast sample and exhibit multi-phase character, especially in low
temperature region. After aging below Tg the peak values of −�Sm

reduces and the cusp also moves to lower temperature. The reduc-
tion is attributed to the atom and stress relaxation companied with
short-range order structural change. We also studied the relaxation
induced by short time annealing just below Tg in Gd53Al24Co20Zr3.
As shown in the inset of Fig. 4, the traces are almost the same as
that of the as-cast sample. This indicates that long time is needed
to detect magnetic structural change even close to Tg. Due to their
high Tg (far above room temperature), near room temperature and
below, one can expect that no obvious structure relaxation occurs
Fig. 7. Isothermal magnetization of full crystallized Gd51Al24Co20Zr4Nb1 (sample D)
as a function of magnetic field at various temperatures.
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ehaviors are consistent with the magnetization data. The crystal-
ization, partially or fully, always result in a remarkable reduction of
he peak values of the −�Sm. Nevertheless, the reduced values are
till much larger than those of the Fe- and Co-based glass ribbons
10–15].

Our study shows that structural disorder reduces the transi-
ion temperature and leads to a broader peak in the magnetic
ntropy change due to fluctuation of the exchange integral, but the
efrigerant efficiency remains. However, for samples C and D, their
ulti-phase structure result in smearing out the transition, so the

eak value of −�Sm decreases but makes the peaks broader. The
uperior MCE feature is thus obtained in the amorphous alloy in
erms of the maximum of −�Sm. The significant results in sample

is that the temperature variation of the MCE shows additional
inimum below the transition temperature, and a table-like shape

f the MCE, where a nearly constant magnetic entropy change
ver 21–50 K, has been obtained. A similar table-like MCE prop-
rty has also been observed over a wide temperature range of
7–107 K in sample C. For practical application, the lattice entropy
ffect has to be removed in the range of T > 20 K, where Ericsson-
ycle is usually utilized. The ideal magnetic refrigerants suitable
or use in an Ericsson-type refrigerator should have a constant (or
lmost constant) through the thermodynamical cycle range. Thus,
he materials, which have large MCE effect over a large tempera-
ure range for optimum efficiency, are of great interest and urgency
o be utilized in an Ericsson-cycle. Usually, multi-layered structure

aterials are designed to meet this requirement [60–63], where
erromagnetic materials with varying Curie temperature are lay-
red or sintered. Our results indicated that partially devitrification
f the BMGs with nanocrystalline grains embedded in the amor-
hous matrix exhibit almost constant and relatively high magnetic
ntropy change over a large temperature range. Compared with the
ayered or sintered composites, the crystallization method owns
ts the advantage of convenience and makes the construction of
ctive magnetic regenerator much simple. The partially crystallized
MGs could be promising working substances for Ericsson-cycle-
ype based magnetic refrigerator.

.4. Alloying effects on MCE

For crystalline materials, even minor alloying additions can
hange the crystal structure and thus the magnetic properties of an
lloy and reduces the MCE owing to the disappearance of first order
hase transition [3,64–70]. For rapid quenched BMGs, this situation
ecomes interesting and subtle. The minor addition has significant

mpact on the formation, structure, crystallization, thermal stabil-
ty and mechanical property of BMGs [22]. In order to enrich the
nderstanding of the performance of MCE in these new kinds of
aterials, the effect of alloying additions of B, Cr, Ce, Y and Er on

he structure and MCE was investigated.
Amorphous alloys with nominal compositions

d33Er22Al25Co20, Gd30Al25Co20Y20Zr5, Gd51Al24Co20B4Nb1,
d51Al24Co20Cr4Nb1, Gd51Al24Co20Ce5 and Gd48Al25Co20Zr3Er4
ere prepared by the minor alloying in the form of cylindri-

al rods 2 or 3 mm in diameter [22]. Full amorphous structure
as obtained in all of the alloys except Gd51Al24Co20B4Nb1. In

lloy Gd51Al24Co20B4Nb1, crystalline phases with small fraction
mbedded in amorphous matrix. Fig. 8 shows the temperature
ependence of magnetization for theses alloys, from which it is
bviously that alloying addition of both magnetic Ce and Er, and
onmagnetic B can reduce the Curie temperature. It is noticed

hat reentrant spin glass-like behavior is observed for the 4% Er
dditional alloy, which may indicate that the antiferromagnetic
oupling of Gd and Er moments. Substituting more amounts of Er
nd Y lead to spin glass-like frozen behavior at lower transition
emperature for Gd33Er22Al25Co20 and Gd30Al25Co20Y20Zr5. For
Fig. 8. The temperature dependence of the magnetization under100 Oe for
Gd48Al25Co20Zr3Er4 and Gd30Al25Co20Y20Zr5, 200 Oe for other four.

Gd51Al24Co20Cr4Nb1, the Curie temperature increases slightly
which shows that proper addition of Cr can strengthen the
exchange interaction of Gd. The reduction of Tc by replacing some
percents of Gd with Er or Ce can be attributed to the lower mag-
netic interaction and lower transition temperature of Er and Ce.
The determined magnetic entropy changes show that the alloying
effects of Ce, Er and Cr can only tune the position of the peak of
the −�Sm without changing the peak value and the refrigerant
capacity of the alloy [41]. The slightly reduction of the peak value
of −�Sm for B additional alloy are due to few crystalline phase
in the amorphous matrix, similar to the partially crystallization
effect. Substitution of as much as 20% Y brings slightly deleterious
influence for magnetocaloric response but can tune the working
temperature to much lower temperature. The alloying brings only
slightly change of RC in all samples.

Besides the attractive refrigerant efficiency of the BMGs, the tun-
able feature of the working temperature by alloying over a large
temperature range is also beneficial for practical application. Fur-
thermore, GdxRyAl24(25)TzM76−x−y−z series (R is Y, Zr or other rare
earth element, T is Co or Ni, M is any transition element) with
varying transition temperature can also be mixed or layered to get
nearly constant −�Sm over a broad temperature range for applica-
tion in Ericsson-cycle. On the other hand, our study shows that
although microalloying can have some influence on the atomic
structure, but it does not bring considerable impact on the MCE as it
can do on the glass-forming ability and the mechanical properties
[22].

3.5. Field dependence of the magnetocaloric effects

For the minor alloying and aging effects which can tune the
microstructure, the working temperature can be extended and
the performance may be enhanced. Furthermore, according to
the Maxwell relation, the magnetic entropy change depends on
the value of the maximum applied field. And understanding this
dependence can give much information about the physics of the
magnetocaloric effect near the transition temperature. For mate-
rials with a second order phase transition (just as these BMGs),

a mean field picture predicted [71]:
∣∣∣�Spk

m

∣∣∣ ∝ Hn where
∣∣∣�Spk

m

∣∣∣ is

the peak magnetic entropy change and n = 2/3. However, experi-

mental results [72] of some soft Fe-based glassy ribbons deviate
from the value of n near the transition temperature. For get a
deeper insight into the nature of the MCE of BMGs, we inves-
tigated the field dependence of MCE for two typical samples
Gd51Al24Co20Zr4Nb1 and Dy50Gd7Al23Co20 in temperature range
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ig. 9. Temperature dependence of the local exponent n for two BMGs. The lines
re a guide to the eyes.

rom well below to well above the transition temperature. The two
MGs are specially picked out because the Gd-based BMG is very
oft in the whole temperature range and frozen into ferromag-
etic state below the transition temperature, while the Dy-based
MG frozen into spin glass-like state and is magnetic harder below

ts transition temperature due to its strong random magnetic
nisotropy.

We analyzed the field dependence of −�Sm using the relation
�Sm

∣∣ ∝ Hn suggested for a mean field case. As shown in Fig. 9,
ar above the transition temperature where Curie–Weiss law is
ell satisfied, n is approaching to 2. This behavior can well be
nderstood, because in this high temperature limit range the mag-
etization has a linear field dependence, and the Maxwell relation
esults in a quadratic field dependence of −�Sm. The largest values
f n obtained in this temperature range reflect the most sensitiv-
ty of magnetic entropy to external filed change. With decreasing
emperature (above the transition temperature) n is decreasing
radually as the Curie–Weiss law deviates and the shot range mag-
etic order forms gradually. From the two curves in Fig. 9, it can be
een that the field dependence of magnetic entropy are very similar
bove the transition temperature and also similar to other glassy
lloys.

The interesting behaviors are around and below the transition
emperature. The lowest value of n near the transition temperature,
s ∼0.81 for Gd-based BMG and ∼0.87 for Dy-based BMG, both of

hich are larger than 2/3 as predicted by the mean field model and
re also larger than those of Fe-based glassy ribbons (n ∼ 0.73). This
eviation of the mean field value near transition temperature is not
urprising because of its usual failure for the description of mate-
ials near transition temperature. With decreasing temperature
urther below the transition temperature, n increases gradually.
or some glassy alloys [69] n is approaching to 1 gradually in the
ow temperature limit. This behavior can be simply understood if
he magnetization show little field dependence or the magnetiza-
ion can be written as M(H, T) = Ms(T) + F(H), where the Ms(T) is the
pontaneous magnetization and F(H) is temperature independent.
his is likely the case for Gd-based BMG of which the n approaches
value slightly larger than 1. However, this simple assumption is
ot applicable to the Dy-based BMGs in the temperature and field
ange investigated, since the values of n in the low temperature
tates can be as large as 1.34. Its values between 1 and 2 suggest
he magnetization depends on the temperature but weaker than

linear temperature dependence case. The significant difference

etween the two alloys indicates that the values of n for Dy-BMG
an be larger and increase faster with decreasing temperature than
hose of Gd-BMG.
Compounds 495 (2010) 209–216 215

4. Conclusions

The high performances of magnetic refrigerants have been
obtained in heavy rare earth-based BMGs over wide range of transi-
tion temperatures between 2 and 100 K. Structural disorder reduces
the transition temperature not the large magnetic entropy change
of the BMGs. On the contrary, it broadens the value of −�Sm and
results in the increased RC. The unique structure in glassy alloys,
in which the distance between adjacent atoms, the coordination
number, and the chemical environment varies from site to site,
results in a distribution of exchange interaction. So, the broad peak
of magnetic entropy change is a disorder structure induced intrin-
sic property of the BMGs. Furthermore, the MCE of BMG can be
modulated by aging and crystallization. The aging and partially
crystallization lead to the reduction of transition temperature and
the peak value of −�Sm, while table-like shapes of the MCE cover-
ing wide temperature range is formed for the crystallized sample.
Compared with the multi-layered structure, the glassy alloys and
corresponding crystallized composites take the advantage of the
low cost and much facility in manufacture without the problem of
solid-state reactions between constituent materials which is usu-
ally encountered in multi-layered materials. The devitrification of
the BMGs is a promising route to prepare nanocrystalline mate-
rials presenting interesting properties for magnetic refrigeration.
Another advantage of these BMGs is their facile tunable character
by alloying or substituting, which makes the working tempera-
ture of these kinds of materials cover a wide temperature range.
The composites can be synthesized by using series of rare earth-
based BMGs with different ordering temperature to obtain nearly
constant magnetic entropy change for usage in the Ericsson-cycle.
Combined with their good glass-forming ability, high thermal sta-
bility, considerable facility for thermal treatment and relatively
free of hysteresis near and above the transition temperature, these
metallic glassy materials can serve as promising candidates for
magnetic refrigerants and for fundamental study.

The field dependence of the magnetic entropy change shows
power dependence in temperature and field range investigated
for typical Gd-based BMG and Dy-based BMG with a second order
phase transition. Both alloys share similar behavior above the tran-
sition temperature, especially in the high temperature limit, and
the local exponent n is ∼2 as a result of the Curie–Weiss law.
Just near the transition temperature both alloys deviate the mean
field value indicating the insufficient description of the mean filed
picture at the transition temperature, and n is slightly larger for
Dy-based BMG than that of Gd-based BMG. However, in the low
temperature limit obvious differences occur due to their different
magnetic structure of the two alloys. The strong random magnetic
anisotropy in the Dy50Gd7Al23Co20 not only leads to spin glass-like
state different from the ferromagnetic state of Gd-based BMG, but
also has clearly influence on the field dependence of the magnetic
entropy change. The anisotropy interaction makes the −�Sm more
sensitive to the fields in the low temperature range reflecting in its
larger n compared with that of Gd-based BMG.
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