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Recently, the rare earth based bulk metallic glasses (REBMGs) have attracted increasing interest due to
their unique properties and potential applications as functional glassy materials. These REBMGs display
many fascinating properties such as heavy fermion behavior, thermoplastic properties near room tem-
perature, excellent magnetocaloric effect, hard magnetism, and polyamorphism, all of which are of inter-
est not only for basic research but also for metallurgy and technology. These characteristics and
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applications of metallic glasses.
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1. Introduction

Bulk metallic glasses (BMGs), which open new opportunities for
fundamental studies and commercial applications, have attracted
world-wide interest. Extensive work has been carried out on the
design of new glassy alloys with various unique properties. Many
achievements in basic research and applications have been ob-
tained, while many issues remain unresolved. The rare earth (RE)
elements have been used as important minor alloying additions
and/or main constituent during the development of BMGs [1-5].
In the late 1980s, the Inoue group found exceptional glass-forming
ability (GFA) in La-Al-Cu(Ni) alloys [2] and successfully developed
fully glassy cylindrical samples with diameters up to 5 mm by Cu
mold casting. Later on, bulk glassy Mg-Cu-Y, Mg-Ni-Y and Zr-
Al-Ni-Cu alloys were also developed with a low cooling rate of
100 K/s [6,7]. In 1993, the Johnson group developed a Zry;>Tii33-
Cuy25NigBeqs s alloy (Vit1l) with a GFA approaching that of oxide
glasses [8]. These works offer a new starting point for BMGs as
promising structural and functional materials.

In 1996, rare earth Nd-based bulk metallic glasses (REBMGs)
with hard magnetic properties at room temperature (RT) have
been developed [9-13]. These hard magnetic properties are as-
cribed to a unique clustered amorphous structure, while the de-
tailed mechanism is still unclear. In 2003, the Y-Sc-Al-Co
REBMGs with diameters up to 25 mm were developed by the Poon
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group [14] and Pr(Nd)-Al-Ni-Cu REBMGs with diameters of 5 mm
were fabricated by our group [15]. With Fe addition, it is found that
the Pr-based REBMGs have an inhomogeneous cluster structure
(like Nd-based REBMG) exhibiting complex magnetic properties
[16]. In 2004, the Ce-based REBMG with ultralow low elastic mod-
ulus and glass transition temperature T, was reported [17,18], and
very soon the Ce-Al-Cu (Ni) alloys with diameters up to 12 mm
were developed [19,20]. We then systematically investigated the
glass formation in the RE-based alloys according to the elastic
modulus rule in combination with the classic glass-forming crite-
ria. The work result in the emergence of a series of new Sc-, Gd-,
Sm-, Tb-, Dy-, Ho-, Er-, Yb-, Tm- and Lu-based REBMGs with good
GFA, high thermal stability and tunable physical and mechanical
properties [21-29]. Table 1 lists the properties of RE elements
and the typical REBMGs. Later on, extensive work was carried
out on the crystallization, glass transition, liquid fragility, GFA,
thermal stability, the mechanical and physical properties, elastic
properties and their response to temperature, frequency and pres-
sure [30-47].

In this review paper, we systematically summarize the studies
on the formation, characteristics, elastic, mechanical and physical
properties of these REBMGs. The elastic, electric and magnetic
properties of REBMGs are specially addressed because of the un-
ique electronic structure of RE elements. The plentiful phenomena,
unique properties and features of these REBMGs is due to the
complicated and specific electric and magnetic structure. Through
the facility of chemical comparability and property modulation of
the base RE elements, we hope to advance our understanding of
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Table 1

The Poisson’s ratio g, melting temperature T, and atomic radius R of rare earth elements, and the typical composition range of REBMG systems [15-29].

Element I R (107 '°m) Ty (K) Typical REBMGs system

Sc 0.28 1.62 1814 Sc-Al-Co-Y

Y 0.24 1.8 1783 Y-Sc-Al-Co, Y-Al-Co

La 0.28 1.88 1193 La-Al-Ni-Cu, La-Al-Co(Ni)

Cce 0.24 1.83 795 Ce-Al-M(M--Cu, Co, Ni), Ce~Al-Cu-X (X--Co, Nb, B, et al.)
Pr 0.28 1.83 1208 Pr-Fe-Al, Pr-Al-M-N(M, N-=Fe, Cu, Ni, Co)

Nd 0.28 1.82 1297 Nd-Al-Fe, Nd-Al-M-N(M, N--Fe, Cu, Ni, Co)

Sm 027 1.8 1345 Sm-Al-Co(Ni), Sm-Al-Co-X(X---Y, Nb)

cd 026 1.8 1583 Gd-Al-Co(Fe, Ni), Gd-Al-Ni-Cu (Co), Gd-Y-Al-Co
Tb 0.26 1.78 1629 Tb-Al-Co, Th-Y-Al-Co

Dy 025 1.77 1680 Dy-Al-Co, Dy-Y-Al-Co

Ho 0.23 1.77 1734 Ho-Al-Co, Ho-Y(Zr)-Al-Co

Er 0.24 1.76 1770 Er—Al-Co(Ni), Er-Y-Al-Co(Ni, Fe)

Tm 0.21 1.75 1818 Tm-Al-Co, Tm-Y(Zr)-Al-Co

Yb 0.21 1.93 1092 Yb-Zn-Mg, Yb-Zn-Mg-Cu

Lu 0.26 1.75 1925 Lu-Al-Co, Lu-Y(Zr)-Al-Co

the glassy state, and assist in searching for BMGs and promote
their commercial application.

2. The formation of the REBMGs

Table 2 lists the typical compositions of REBMGs studied which
were prepared by arc melting and Cu mold cast method. The bulk
specimen permits good investigation of various properties, espe-
cially the elastic, physical and mechanical properties. The thermal
analysis was carried out in a Perkin-Elmer DSC-7 differential scan-
ning calorimeter (DSC) under a purified argon atmosphere. The cal-
orimeter was calibrated for temperature and energy with high
purity indium and zinc at the heating rate of 10 K/min. The ther-
modynamic parameters of glass transition temperature T, crystal-
lization temperature T,, and melting temperature T,, were

determined with an accuracy of +1 K. The isothermal annealing
was performed in a furnace under a vacuum of ~1.0 x 1073 Pa at
various temperatures. Acoustic velocities were measured in a pulse
echo overlap method by a MATEC 6600 model ultrasonic system
with a carrying frequency of 10 MHz (error <2%). The measured
parameter is the acoustic wave transmitting time in samples, and
the measured timing accuracy was 0.5 ns. The density was mea-
sured using the Archimedes technique and the accuracy is within
0.5%. The Young’'s modulus E, shear modulus G, bulk modulus K
and Poisson’s ratio o were derived from the density and acoustic
velocities. The error was controlled within 3% in the acoustic mea-
surments. The high pressure experiment was performed in a pis-
ton-cylinder pressure apparatus. The sample with a bonded
transducer was immersed in an electric insulating oil (as the pres-
sure transmitting media, for which hydrostaticity has already been

Table 2

The thermodynamic parameters the critical diameter d of typical REBMGs [15-29]. The accuracy of temperature is determined within 1 K.

Composition d. (mm) T, (K) Ty (K) AT, (K) T (K) T, (K) Tig
LageAl14CuyoNijg 8 404 456 52 656 729 0.554
PrgoAl;oNiqoCuzg 5 417 469 52 710 725 0.575
NdgoCu20Ni;Alio 5 438 478 40 728 755 0.60
Ce;0Al10Cuzg 2 341 408 67 647 722 0.471
CegoAlz0C020 1 424 468 44 684 798 0.531
CeggAlyoCuyoFe; 5 352 423 71 646 708 0.497
Cegg.sAl10CU20C00 2 8 339 414 75 643 721 0.470
Cego.5Al10CU20C00 5 10 337 419 82 639 716 0471
CegoAly0CuzCo4 10 340 421 81 634 713 0.477
CeggAly0CuzCo; 10 352 419 67 615 716 0.492
CegsAl10CusCos 8 363 414 51 615 695 0.522
CeggAly0CuxoNiy 5 352 421 69 647 710 0.496
Ce70Al10CuqoNiqo 3 359 377 18 639 714 0.503
CeggAly0CuzoNb, 8 345 421 76 646 721 0.479
Ce;0Al10Cuy7Zn3 3 341 412 71 634 733 0.465
CeggAl10Cusz0Sis 3 352 413 61 651 721 0.488
CeggAl10CuzoCy 2 352 406 54 650 723 0.487
CegsAl19Cuz0B; 2 346 393 47 656 731 0473
LussY10Al25C020 5 698 775 77 1136 0.610
Ers3sAl24C020Y20 >12 661 719 58 1038 1071 0.617
TmssAl5C020 >3 678 733 55 1059 1103 0.6
Y55Al55C050 2 633 694 61 1035 1060 0.597
LassAl,5C020 5 477 540 63 712 771 0.619
PrssAly5C049 5 509 585 76 806 826 0.616
Nds5Al55C05, 2 525 593 68 839 859 0.611
Gdss5Al,5C0z0 2 585 657 72 949 971 0.602
Thbs5Al25C020 3 612 674 62 973 1001 0.611
Dys5Al55C020 3 635 708 73 998 1031 0.616
Hos5Al55C020 3 649 707 58 1035 1055 0.615
ErssAl;5C029 =5 663 722 59 1056 1079 0.628
Ybe.5Zn15Mg175Cus 4 381 401 20 638 0.575
Th36SM30Al4C020 >3 582 656 74 932 982 0.593
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determined). The measurement was performed in situ for several
pressure load-unload cycles to examine the reproducibility and
to minimize error. Pressure-induced changes in the sample dimen-
sions were calibrated by using Cook’s method. The dynamic
mechanical measurement was carried out in a TA DMA2970 ther-
mal mechanical analyzer. The temperature dependence of specific
heat, magnetization, isothermal magnetization and the electric
resistance were measured in Physical Properties Measurement
System (PPMS 6000 of Quantum Design Company).

Due to the unique physical and chemical properties of RE ele-
ments, the formation of REBMGs has several features as described
as follow:

2.1. Excellent GFA, and large range of T, T,, Tp, and tunable properties

In the periodic table, the RE elements possess complicated and
specific electric and magnetic structure and form the largest chem-
ically coherent group, which has the facility of chemical and phys-
ical comparability as shown in Fig. 1. The versatility and specificity
of Sc-, Nd-, Pr-, Gd-, Tb-, Dy-, Er-, Ho-, Tm-, Yb- and Lu-based alloys
can be fabricated into fully glassy rods of ~5 mm in diameter indi-
cating the excellent GFA of these RE-based alloys. Critical diame-
ters reaching 30 mm of the full glassy La-based alloys rods, and
the Ce-, Y-, Nd-, and Er-based BMGs with thicknesses of several
centimeters have also been reported [27,43-47]. Table 2 shows
the critical diameters and T, Ty, liquidus temperature T, super-
cooled liquid (SL) regions AT, (=T — T,) and reduced glass transi-
tion temperature T, (=Tg/T;) of typical REBMGs. For most metallic
glasses with excellent GFA, the values of T, are usually found to
be near or larger than 0.6, which is roughly consistent with Turn-
bull’s rule. However, from Table 2 one can see that the classical cri-
teria [4,48-50] do not agree well with the experimental results of
the REBMGs. For example, the T,z can be as low as 0.47 for Ce-
based REBMGs, which is distinctly smaller than that of all other
BMGs with good GFA, and is similar to that of the Al-based
(~0.45) and Pd-Si (~0.48) melt-spun glassy ribbons with poor
GFA [50,51]. The critical cooling rate (Rc) of ErssAl;5Co,0 is about
40 K/s and less than 250 K/s of NdssAl,5Co,0, but its AT, (59 K) is
smaller than that of Nd-Al-Co (68K), and the 7y (=Ty/
(Tg+T;)=0.411 [49]) of Er-based REBMG is smaller than that of
Gd-based REBMG (y = 0.422) with poorer GFA [25].

The properties of metallic glasses greatly depend upon the base
element, which directly results in various attractive mechanical,
chemical, and magnetic properties different from that of Zr-, Cu-,
Fe-, Co-, Mg-, and Ca-based BMGs. Likewise, the versatile and
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Fig. 1. Typical properties of Young’s modulus E, shear modulus G, bulk modulus K,
density p, Vicker hardness H,, and effective Bohr magneton moment g for rare
earth elements. The solid lines are guides for eyes.

well-regulated physical and chemical properties of RE, bring forth
peculiar features for REBMGs. A large range of T, Ty, T, and other
properties is such an example. The T, of REBMGs can be as low as
near room temperature (RT), and as high as those of Zr-based
BMGs. For the listed REBMGs in Table 3, the T, Ty, and T, cover
the ranges of ~341-678 K, ~377-760K, ~615-1130K, respec-
tively. Importantly, the large ranges of properties can be controlled
and are tunable by changing the composition. Previous studies
show that the elastic constants have clear relationships with T,
T,, and T, all of which relate to GFA and the thermal stability of
BMGs. On the other hand, the elastic moduli of BMGs depend
strongly on their components and can be calculated as a mean va-
lue of all elements based on the atomic percents of constituent ele-
ments, and thus the elastic properties of BMG can be finely tuned
by its constituents [3,5]. These correlations can be applied to con-
trol/design properties such as the elastic and mechanical proper-
ties of BMGs. Indeed, a series of RE-Al-Co(Ni)-Y(Zr) REBMGs
(RE = Gd, Tb, Dy, Ho, Er, Tm, Lu) with better GFA and tunable prop-
erties, such as magnetic and mechanical properties, were success-
fully fabricated in terms of the elastic modulus rule [22-29]. An
example is shown in Fig. 2 for the case of REssAl,5Co,q series.
The REBMGs with a large range and regular property variation
are ideal model systems in which to investigate the fundamental
issues in glass physics such as GFA, glass transition, thermal stabil-
ity, crystallization behavior, and the electric and mechanical
properties.

2.2. The GFA and properties of REBMGs are sensitive to minor additions

For REBMGs, their GFA and properties are sensitive to minor
element additions. For instance, in Ce-based REBMGs, in addition
to their low Ty, their formation is very sensitive to minor addition
of Co [19,20]. As shown in Fig. 3(a), dramatic increase of the critical
diameter (d.) from 2 mm to at least 8 mm is observed with 0.2% Co
addition (x =0.2) for Ce;o_xAl1oCuyoCo, series. From the inset of
Fig. 3(a), one can see that both the AT and T, can not reflect the
relative change of GFA. Note that Co has the similar atomic size
with Cu, suggesting that the ‘confusion principle’ and atom size ef-
fect alone cannot reflect this subtle influence. A distinct relative
‘fragile’ to ‘strong’ transition has be observed by 1% Co micro-alloy-
ing in term of the change of AT,/T, (a value relates with thermody-
namic fragility) and from heat capacity jump near T, (inset of
Fig. 3(b)) [19,52]. This means that the minor addition has obvious
impact on the dynamics and stability of the liquid through the
microstructural change. The acoustic velocities, Debye tempera-
ture and elastic moduli also show abrupt change (relative to the
matrix alloy) for the alloy with 0.2% Co addition (Fig. 3). Such large
changes of these properties suggest that the alloy falls into a more
dense packing structure with significant change of the short-range
order due to the minute Co addition. The nuclear magnetic re-
sponse experiment shows that the symmetry around Al sites is en-
hanced significantly upon Co addition as reflected by decreasing
quadrupole frequency measured by 2’Al NMR [53]. The minor
addition can stabilize the liquid phase, suppress the crystallization
kinetic, and enhance the GFA of REBMGs. Actually, the minor addi-
tion has been shown to be a widely used technique to develop no-
vel BMGs with enhanced GFA and properties [3]. However, the
underlying mechanism of which is still not fully understood in this
field.

2.3. Bulk metallic glasses with multi-bases

The general method to develop BMGs with desired properties is
firstly to select proper single base element and match the base
element to other glass-forming constituents, and then to improve
the GFA though minor addition. For REBMGs there exists a facile
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Table 3
The thermodynamic parameters and elastic properties of typical REBMGs with an accuracy of about 3% [15-29].
BMG T, (K) Ty (K) E (GPa) G (GPa) K (GPa) I 0p (K)
Ce70Al;0Ni1oCusg 359 377 30.3 11.5 27.0 0.313 144
(CezgLagp)Al;oCuzoCoy 366 409 30.69 11.33 35.07 0.354
(CesoLasg)Al;CuzoCos 362 419 31.27 11.60 34.32 0.348
PrgoAl;oNijoClyg 409 452 37.2 13.6 45.2 0.363 160
NdgoFe20C010Al10 485 615 54.1 20.7 54.1 0.317
SmyoY15Al55C059 590 657 57.1 215 54.7 0.326 213
Gd40Y16Al24C020 598 653 62.2 235 58.0 0.319 218
Tb36Y20Al24C020 619 686 63.6 240 60.5 0.325 222
Dy46Y10Al24C050Fe; 627 682 64.2 244 58.5 0.317 214
Ho30Al55C020Y16 649 706 69.1 26.2 63.6 0.319
ErsoYsAl24Coz9 651 702 71.0 27.0 65.1 0.318 218
Sc36Y20Al24C020 662 760 85.2 323 77.5 0.317 337
TmsoY16Alr5C020 664 735 77.5 29.7 66.1 0.304 238
TmasY10Al25C020 672 734 71.5 27.3 62.3 0.309 223
Tb36H020Al54C020 617 672 62.7 23.8 57.2 0.317
Ths6Er20Al24C020 622 677 64.5 243 61.7 0.326
Ybez.5Zn15Mg17.5Cus 381 401 26.5 10.4 19.8 0.276 132
LuasY10Al25C020 698 775 79.1 31.1 70.2 0.309 231
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ency and comparability of RE elements, and the ratio of the REs
can be arbitrarily changed over a large composition range (in this
sense we call them multi-bases), which is not ordinary for transi-
tional elements families such as Zr-, Fe-, Co-, Ni- and Cu-based
BMGs. For example, the misch metal (including La, Ce, Pr, Nd,
etc.) based BMGs with modulated thermoplastic and mechanical
properties can be readily formed. And it is found out that the
GFA, fragility, elastic and electric properties of LaCe-based BMGs
could be modulated by gradually changing the ratio of two bases
of La and Ce in a range of 0-1 [35,44]. The heavy fermion behavior
and magnetocaloric effect of REBMGs can also be readily tuned or
even enhanced by binary RE bases formation [46,47]. In particular,
the availability of REBMGs with well-regulated mechanical and
physical properties, via multi-bases formation strategy, can assist
in the investigation of the some correlations among the properties
and elastic constants, and permit a better understanding of the
electric and magnetic properties. Besides, the tunable and im-
proved thermoplastic properties, hard magnetic properties and
magnetocaloric effect of REBMGs could extend the applications
of metallic glasses as functional materials.
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1 1 1

0.0 0.4 0.8 1.2 1.6 2.0
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Fig. 3. (a) The relation between the critical diameter (d.) and Co content. The inset
shows the changes of T,; and AT. The solid lines are guides for eyes. (b) Relative
changes of the density, elastic moduli and Debye temperature for the Co
microalloyed REBMGs with respect to the matrix REBMG. The inset is the DSC
traces near glass transition temperature for Ce;oAl;oCuyo and CegoAl;oCuzoCoq [19].

3. Unique properties and features of REBMGs

The specificity and versatility of RE-based alloys have given
them a high level of technological, environmental, and economic
importance. For example, samarium-cobalt and iron-neodym-
ium-boron alloys are known for their excellent stability of mag-
nets with high remanence and coercive field strengths. These
magnets form an integral part of hard disk drives, electric motors,
and compact headphones. The RE-TM (TM is transitional metal)
amorphous films are known for their magnetic recording and
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memory applications. As the newcomers, the REBMGs have already
displayed many unique and attracting properties and features,
which are of fundamental interest and promising for engineering
and/or functional applications.

3.1. Polymerlike thermoplastic behavior of Ce(La)-based REBMGs

Fig. 4(a) shows the DSC traces of Ce;oAl;oCuye and CeggAlq.
CuyoNb, REBMGs. The T, of CejoAlioCuy is determined to be
68 K, which is lower than the boiling point of water and much low-
er that of many other BMGs (Fig. 4(b)). Note that the T of the two
alloys is close to that of some amorphous polymers, such as nylon
(~316K), and even lower than that of polyvinylchloride (348-
423 K) [17-20]. And the stability of Ce-based REBMGs both in
the supercooled liquid and the glass states has been proved by
DSC and aging experiments. The large values of AT, (AT,=80K
for CeggAlioCuyoNb,) and 7 of these alloys are obtained indicating
the good stability of supercooled liquid and good GFA of these al-
loys. For Ce;Al;oCuyg, it is found that the time before crystalliza-
tion is about 9 h at 358 K in the deep supercooled liquid state,
and the predicted lifetime at 293 K with Arrhenius extrapolation
is about 200 years [17-20]. The metallic glasses with low T nor-
mally are quite unstable [1]. Because of the very low T of the
Ce-based REBMGs, its aging behavior is of concern. As shown in
Fig. 5, the fully glass state of Ce-based REBMG is retained even after
147 h annealing at 333 K (10 K below Tg) [54]. The increasing over-
shot in Fig. 5 indicates a progressive evolution to a denser and low-
er energy metastable state accompanied by the annihilation of
excess free volume with increasing annealing time. Whereas, only

% ATX 81TT Ceg Al Cu,ND,.
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Fig. 4. (a) DSC traces at a heating rate of 10Kmin~' for Ce;Al;oCuy and
CegsAl1oCuyoNb, glasses showing the low T, (341 K). (b) Relation between T, and
T, for Ce-based metallic plastic, other BMGs and polymer glasses.

XRD annealed

for 8745min
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Fig. 5. Enthalpy recovery change of the REBMG as function of annealing time
measured by DSC for CeggAl;oCuyoFe,.The inset shows XRD patterns of the as-
quenched and annealed (at 333 K for 8745 min) states [54].

minute changes of density, acoustic and elastic properties during
the prolonged annealing were observed [54], which indicates that
the long time aging only leads to local structure relaxation, and
does not induce negative influence on the thermoplastic and
mechanical properties of these REBMG, which is important for
guaranteeing the applications.

The most attractive feature of Ce-based REBMGs is the temper-
ature-driven transition from metallic-like to plastic-like behavior.
At RT, even so close to T, in the glass state, the alloys is strong
and brittle, showing 1.5% elastic strain followed by catastrophic
failure in compression. However, on raising the temperature to
only near the boiling point of water (Fig. 6), the alloys become soft
and can be repeatedly compressed, stretched, bent, and formed
into complicated shapes. This thermoplastic processing, shaping
and forming at such a low temperatures near 373 K are unusual
for conventional metallic materials. Compared with the thermo-
plastic behavior in supercooled liquid states of other BMGs with
high T, the Ce-based REBMGs possess remarkable energy saving
advantages in production. Significantly, for the amorphous metallic
plastics, due to the lack of crystallinity and solidification shrinkage,
they can replicate very fine microstructures even in the nanometer
scale. This is of great importance for microelectro-mechanical sys-
tems and other areas where high precision parts are needed. As
shown in Fig. 7, the precise patterns demonstrate that the REBMGs
can be used as potential materials for micro- and nano-
manufacturing.

Compared with most of polymers, the advantage of the metallic
plastic is that when it is returned to room temperature after ther-
moplastic treatment it resumes typical metallic alloy behavior
such as high strength and good electric conductivity. As an
example for CeggAl;oCuygNb,, the density (6.738 Mgm™—3), elastic
modulus, Vickers hardness ~1.50GPa, fracture toughness
~10.0 MPam'/?, Poisson’s ratio ~0.32, and tensile strength
~490 MPa all are much higher than those of typical polymers
[17,18]. And the electrical resistivity of this REBMG is ~119 pQ cm
indicating its metallic conductivity, in contrast to the insulating
properties of typical polymers. Although cerium metal oxidizes
readily even at RT, the new Ce-Al-Cu-(Nb) REBMGs maintain a
good surface finish, thus appearing to be oxidation and corrosion
resistance, which are favored for applications such as micro-ma-
chines in nanoimprint lithography. Note that the anti-oxidation
ability degrades in the supercooled liquid compared with the
glassy state of the Ce-based alloys, thus new Ce-based REBMGs
with higher anti-oxidation ability and other families of BMGs with
similar advantageous thermoplastic properties are desired.
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Fig. 6. (a) True stress—-true strain curve of a 2 mm-diameter Ce,oAl;oCuyq glassy rod
tested under a compression at RT and at 363 K (90 °C). The inset shows the glassy
rods formed into letters by simple manipulation in near-boiling water as shown in
(b). (c) Articles for the badge of the Institute of Physics of Chinese Academy of
Sciences held in near-boiling water, demonstrating excellent imprintability and
viscous deformability. (d) The starting and elongated samples of CeggAl;oCu,oC0q
metallic plastic [45].

The thermoplasticity results from the glassy structure with
low T, which is well correlated to the excellent GFA and its
low moduli of the BMG as seen in Fig. 8, which shows the relation
between K and E for Ce-based REBMGs, other BMGs, oxide glasses
and conventional crystalline alloys. The metallic conductivity
arises from the metallic bonding nature. The good mechanical
performance compared with typical polymers can be attributed
to the metallic amorphous structure. Additionally their high ther-
mal stability with a large supercooled liquid region provides prac-
tical time and temperature scales for heat treatment and
thermoplastic processing. By using the elastic modulus rule for
smart selection of components with suitable elastic moduli, new
polymer-like BMGs (La-, CeLa-, Yb-, Au-, Ca-based alloys) with
excellent thermoplastic properties for promising applications as
high-performance micro-structures and micro-machines have
also been developed [29].

3.2. Hard magnetic properties of Nd(Pr)-based REBMGs
So far, the hard magnetic property has been found to exist only

in the Fe-rich Nd (Pr) based alloys, and the Fe-free Nd-based BMGs
such as Nd-Al-Co and Nd-Al-Ni-Cu systems show paramagnetic

properties at RT [10-12,40]. Furthermore, the coercivity of the fer-
romagnetic alloys depends strongly on the cooling rate or produc-
tion methods, indicating the subtle relationship between the
structural and magnetic characters. It has been reported that the
coercivity of as-cast bulk NdggFe3oAlqq alloy is about 277 kA/m at
RT, whereas the same melt-spun ribbons exhibit softer magnetic
behavior with H. of only several kA/m [55]. The hard magnetism
doesn’t change significantly with annealing around T, but usually
disappear when the samples are completely crystallized [9,13].
Although it is generally accepted that the large coercivity is attrib-
uted to a variety of different metastable phases (or clusters) and
microstructure, the interplay between the local structures and
magnetism remains controversial [9-13,55-60].

Nano scale clusters consisting of Nd and/or transitional metals
are generally observed by high resolution transmission electron
microscopy, Mossbauer spectra measurements, magnetic and
resistance measurements, and isothermal calorimetry investiga-
tion, etc., in Nd- and Pr-based glasses [9-13,55-65]. Schneider et
al. attributed the intrinsic composite structure to a phase separa-
tion process taking place in the melt or the supercooled liquid state
[55-57]. Sun et al. shown the existence of two amorphous mag-
netic phases in melt-spun Ndgg_xYxFe3oAlio (x =0,10,30) ribbons
[66,67]. McCallum, et al. observed antiferromagnetic motes cou-
pled with the ferromagnetic matrix in amorphous Nd-based alloys
[68]. Experimentally, the microstructure of Nd-Fe based glasses is
sensitive to the preparation condition, which usually leads to dif-
ferent micro-structures observed in the same composition by dif-
ferent authors. Based on the cluster model of Nd-Fe magnetic
system, Inoue et al. interpreted the hard magnetic behavior of
these alloys as the magnetic exchange coupling interaction among
the magnetic clusters with large random anisotropy [9-12]. The
large random magnetic anisotropy (RMA) constrains the vector of
magnetic moment in the orientation of local anisotropy. Hard mag-
netic properties can be expected through exchange coupling
among clusters and when the cluster size matches the single do-
main size. The presence of the exchange coupling interaction be-
tween short-scale ordered magnetic atomic clusters is confirmed
by the magnetic-force images in NdggAl;oFe;oCo19 BMG [13]. Be-
sides the paramagnetic phases, the grains boundaries, surfaces
and magnetic inhomogeneities can play an important role as pin-
ning sites of domain walls. The strong domain wall pinning mech-
anism (the pinning criterion is satisfied when: a » 52, where a is the
lateral area of a single pin and 6 is the wall width [65]) has been
proved in these Nd-based alloys from the temperature dependence
of coercivity [55-60,69]. This is because that the condition of large
impediments and narrow domain walls (small §) are easily favored
by the inhomogeneous structure and the large RMA in the Nd-
based alloys.

Therefore, there are competing mechanisms dominating the
coercivity of Nd-based glasses. Generally the exchange coupling
interactions of the magnetic clusters with RMA determine the
coercivity in the high temperature region. With decreasing tem-
perature the coercivity increases indicating that the thermal acti-
vated pinning mechanisms are gradually dominating the
enhancement of the coercivity, until the pinning clusters become
magnetic ordered. Since the exchange coupling, large magnetic
anisotropy and the pinning mechanism are sensitive to the mor-
phology and composition of various clusters, it is reasonable that
the magnetic properties of these alloys are strongly dependent
on the cooling rate. For bulk sample fabricated with lower cooling
rates than ribbons, the atoms have more time to rearrange and dif-
fuse for a lower energetic configuration, and thus a variety of
atomic clusters with a certain degree of short-range or medium-
range order may be formed. As the number and size of clusters
increase, the exchange couplings are strengthened, and pinning
centers become more facile.
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Fig. 7. SEM pictures of the rectangular strip (a) and triangular (b) patterns by microforming on the surface of CeggAl;oCu20Co> using silicon die, and SEM pictures of the 4 x 5
array (c) and the groove (d) fabricated on the surface of the metallic plastic sample using the FIB etching technology [20].

3.3. Magnetocaloric effect in REBMGs

Recently there is increasing interest in glassy materials for
application as magnetic refrigerants [46,47,70-78,80-84,79,85].
Promising REBMG candidates for this application have recently
been confirmed by our investigations [46,47,74]. Typical tempera-
ture dependence of magnetization for Gds;Al;4C020ZrsNb; and
GdssNiysAlyg under a magnetic field of 200 Oe is shown in
Fig. 9(a). For both alloys, the magnetization varies sharply at the
ordering temperature suggesting a homogeneous structure.
Fig. 10 shows the magnetic entropy change, —AS,,, of typical Gd-
based REBMGs. For all the samples, the position of the maximum
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Fig. 8. The relation between K and E for Ce-based REBMGs and others, oxide glasses
and conventional crystalline alloys.

of —AS,, is located in the vicinity of the transition temperature,
and the peak values of —AS,, are 9.40] kg 'K! at 93K, and
923]kg71 K! at 92.5K for Gd53A124C0202r3 and Gd51A124C020-
Zr4Nby, respectively. In addition to the small magnetic hysteresis
over the temperature range investigated, it is worth noting that
the large value of —AS,;, covers a much broader temperature range
compared with most crystalline materials [46,47]. This directly re-
sults in an increased refrigerant capacity (RC) of 590 and 651 Jkg™!
for Gds3Aly4Coy0Zr3 and GdsiAly4C020Z1r4Nby, respectively, which
are much larger than those of GdsSi,Ge, (305 Jkg™!) and GdsSi,.
Ge;oFeg; (360 Jkg1). The RC can be calculated by different meth-
ods [46,73,86]. In this paper RC is determined by numerically
integrating the area under the AS,,-T curve, using the tempera-
tures at half-maximum of the peak as the integration limits. The
better RC favored by practical usage in Ericsson-cycle, associates
with the large magnetic moment of the alloys and their amorphous
structure which extends the large MCE to a wider temperature
range.

Unlike the Gd-based REBMGs, the Ho-, Dy-, Tb- and Er-based
REBMGs possess moderate or strong RMA resulting in the lack of
long range ferromagnetic order (Fig. 9(b)). Because of the RMA,
at low temperature all the Ho-, Dy-, Tb-, Er- based REBMGs show
spin-glass-like behavior with obvious hysteresis, indicating that
these alloys are magnetically harder than that of Gd-based
REBMGs. However, near and above Tf (spin freezing temperature),
no magnetic hystersis is observed in the paramagnetic (superpara-
magnetic) region [54]. Furthermore, it is found that the maximums
of —AS,, for Dy-, Ho- and Er-based REBMGs (Fig. 11) are compara-
ble with, or even larger than, those of intermetallic alloys such as
DyAl,, DyNi,, Dy;_xEryAl, and Tb,Y;_xAl, [87,88]. The MCE proper-
ties of REBMGs and other materials are presented in Table 4 for
comparison. In a word, the REBMGs prossess a tailorable ordering
temperature, higher electrical resistivity and thus smaller eddy
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Fig. 9. (a) Temperature dependence of the magnetization curves under 200 Oe for
Gds1Al4C020Z1r4Nb; and GdssNipsAly. The inset shows the electric resistivity of
Gds3Al54C050Zr3. (b) Temperature dependence of ZFC (open plots) and FC (filled
plots) magnetization under 500 Oe for DysoGd,Al;3C0,0 and 200 Oe for
Ho30Y26Al24C020. The inset shows the ac susceptibility of Ho3gY26A124C020.

current heating, and high corrosion resistance. Compared with the
glass ribbons, these bulk specimens particularly possess low fabri-
cation cost, outstanding mechanical properties and a large super-
cooled liquid region convenient for heat treatment.

The MCE of crystalline materials are strongly dependent on the
structure [70]. For BMGs, the structure can be modulated by con-
trolling the aging and crystallization progress. We find that aging
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Fig. 10. Magnetic entropy changes for the as-cast Gds;Al4C0,0ZrsNb; and
Gds3Al54C0,0Zr3. The inset shows that of Gdss NiysAlyo under a filed change of 5
T. The solid lines are guides for eyes.
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and crystallization have obvious impacts on MCE of REBMGs indi-
cating its sensitivity to microstructure. The aging sample was an-
nealed at 573 K (Ty =598 K) for 30 h, the full crystallized sample
was annealed at 923 K for 5h and the two partially crystallized
samples were annealed at 613 K for 1 h and 703 K for 1 h. XRD pat-
terns indicated that the aging sample was still amorphous, the full
crystallized sample was composed of multi-crystalline phases and
the samples annealed in supercooled liquid region contained
slightly crystallized phases embedded in amorphous matrix. In
contrast to the sharp transition near T, of the as-cast sample, the
magnetic transition is smeared out obviously for all the treated
samples as shown in Fig. 12(a). From Fig. 12(b) after long time
aging below Tg, the —AS,, reduces and the cusp also moves to lower
temperature. The reduction is associated with the atom and stress
relaxation to a more stable state companied with atoms rearrange-
ment and increasing of the size of nano-scale clusters. Similarly the
crystallization, partially or fully, always results in a remarkable
reduction of —AS,,. Nevertheless, the reduced values are still much
larger than those of the Fe (Co)-based glass ribbons [77,78,80].
Interestingly, it is found that partially devitrification of the BMGs
with nanocrystalline grains embedded in amorphous matrix re-
sults in an almost constant (table-like, see Fig. 12(b)) and relatively
high magnetic entropy change over a large temperature range. This
is favored by practical application in Ericsson-cycle, in which ideal
magnetic refrigerants having a constant —AS,, through the ther-
modynamical cycle range are needed. Usually, multilayered struc-
ture materials are designed to meet this requirement [89-91],
where ferromagnetic materials with varying Curie temperature
are layered or sintered. Compared with the method of using lay-
ered or sintered composites, the crystallization method owns its
biggest advantage of convenience and makes the construction of
active magnetic regenerator much simpler. To further tune MCE,
the effect of alloying is investigated for Gd-based REBMGs.
Fig. 13(a) shows the magnetic entropy change of these alloys from
which it can be seen that the alloying effects of Ce, Er and Cr can
only tune the position of the peak of —AS,, without changing the
peak value and the RC of the alloy. The slightly reduction of the
peak value of —AS,, for B additional alloy are due to few crystalline
phase in the amorphous matrix, similar to the partially crystalliza-
tion effect. Our study shows that alloying does not bring negative
impact on the MCE, however it can act as a useful tool to tune
the working temperature. A comparison of magnetic entropy
change among REBMGs and other materials are shown in
Fig. 13(b).
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Table 4

767

Magnetic entropy changes and related parameters for various materials. The a, c and a + ¢ 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 AS,, J kg ' K™1) Transition temperature (K) Refrigerant capacity (Jkg') Reference
Gd53Alz4COZQZl‘3 a 5 94 93 590 [46]
GdssNipsAlg a 5 9.76 79 = [74]
Gd33Er;;Al5C059 a 5 9.47 52 574 [46]
Gds1Al4ConoNb;Cry a 5 9.48 100 611 [74]
Gds;Aly4Co.0Nb;By a+c 5 7.98 74-90 504 [74]
GdygAly5C020Zr13Er, a 5 9.41 84 647 [74]
Gds1Al4Co0Zr4Nb; a 5 923 91 651 [74]
Gds;Al4CopCes a 5 8.85 81 679 [74]
Gd30Alz5C020 Y20Zrs a 5 7.64 37 413 [74]
Ho30Y26Al24C050 a 5 10.76 5.5 241 [47]
Dys0Gd;Al»3C020 a 5 9.77 26 290 [47]
ErsoAl;4C020Ys a 5 15.91 8 423 [47]
(Erg7H00.2Dyo0.1)s55Niz5Al20 a 5 14.02 3 277 [74]
Tb35Y20A124C020 a+c 5 5.60 30 — [74]
GdsoCozeAl14 a 5 10.1 79 557 [83]
Gd36Er;30Al24C059 a 5 13.86 - 474 [74]
Gds6Y20Al24C020 7.76 - 459 [74]
Gd c 5 938 293 - [70]
GdsSixGes c 5 18.6 276 306 [73]
GdsSixGeq oFeg 1 c 5 7 276 360 [73]
Lag sCap>MnO3 c 1.5 55 230 66 [71]
NiMng 75Cug 25 Ga c 5 65 308 72 [72]
MnFePg 45As0 55 c 5 18.3 306 390 [72]
Fe;0BsCsSizAlsGasPqo a 1.5 1.65 ~588 74 [80]
FegoCri4Cu;NbsSi;3Bg a 3 0.9 226 38 [77]
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Fig. 12. (a) Temperature dependence of the magnetization curves under 200 Oe for
the as-cast and the annealed samples of Gds;Al,4C020ZrsNb,. (b) Magnetic entropy
changes under a field change of 5 T. The dashed straight lines are guides for eyes.

T K)

max (
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The REBMGs exhibit large MCE over a relatively wider temper-
ature range compared with many crystalline materials. Generally,
RER,Al;T;M100_a_x_y—- Series (RE is the heavy rare earth element,
Ris Y, Zr or another rare earth element, T is Co or Ni, M is any min-
or addition element) with controllable transition temperature in a
large range and excellent MCE can be fabricated, and the REBMGs
can also be mixed/layered to get nearly constant —AS,, over a
broad temperature range. The working temperature range could
be extended to RT with the development of more REBMGs. The
devitrification of BMGs is a promising route to prepare nanocrys-
talline materials with improved properties. Compared with the
multilayered structure, the glassy alloys and corresponding crys-
tallized composites have the merits of low cost and much facility
in manufacture without the problem of solid-state reactions be-
tween constituent materials which is usually encountered in mul-
tilayered materials.

3.4. Elastic properties of REBMGs and the polyamorphism

The elastic properties provide critical information about the
bonding characteristics and microstructure of BMGs [92-104]. It
has been found that the elastic modulus of a BMG is related to
the weighted average of elastic constants for its constituents
[105-109]. Furthermore, some established correlations between
elastic moduli and various properties such as glass transition, crys-
tallization, GFA, mechanical properties, and even the liquid fragil-
ity have been found [105-117,52,118-121]. It has been reported
that the fracture tensile strength and compressive yield strengths
show a clear linear relationship with E and G, respectively [109-
111]. The correlation of Vicker’s hardness H, and E for REssAl5C05¢
REBMGs as an example is shown in the inset of Fig. 14(b). Fig. 14
also shows the relationship between T,(Tx) and elastic modulus
for more than 20 REBMGs. This linear response indicates that the
thermal stability of REBMGs, the nature of the glass transition
and the crystallization characteristics are related to elastic modu-
lus of the materials [105,111-114]. Interestingly, an apparent cor-
relation between 0p and Ty is reported [115-117], indicating that
the glass transition of the BMG-forming alloys even has the soften-
ing characteristic of melting [115-117]. Such a rough correlation
for REBMGs is shown in Fig. 15. The empirical criteria for evaluat-
ing the GFA, such as T, and AT are usually based on these char-
acteristic temperatures (Tg, Tx, T; and Tp,), all of which are related
to elastic moduli. This implies that elastic constants can be used
to monitor and control the GFA and properties in BMGs. This has
indeed been observed and applied to the design of new BMGs in
our group and some others. At present, a comprehensive under-
standing of the above correlations is far from complete, and re-
mains a topic of intense for research.

Temperature and pressure dependences of acoustic and elastic
behaviors are of significance for the general understanding of the
microstructure and vibration features of BMGs [122-125]. For typ-
ical La-, Mg-, Cu-, Zr-based BMGs in Fig. 16, it has been found that
both the longitudinal acoustic velocity, V;, and transverse acoustic
velocity, Vr, increase roughly linearly with decreasing T. However,
the behavior of Ce-based REBMGs shows remarkably obvious soft-
ening of V; with decreasing temperature (the inset of Fig. 16(a)),
which suggests possible amorphous to amorphous transition. The
temperature dependence of elastic moduli for the La- and Ce-based
REBMGs is shown in Fig. 16(b) and (c). On decreasing T, the elastic
moduli of LaggAl;gCuyoCo, increase monotonically (smaller varia-
tion of K than those of G and E) indicating that the continuous stiff-
ness of the REBMG is similar to that of the Mg-, Cu-, Zr-based
BMGs. For the Ce-based REBMG, the E and G display stiffening
modes with decreasing temperature just like other BMGs, whereas
the K abnormally decreases with decreasing temperature indicat-
ing a remarkable softening behavior. The abnormal behavior of
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Fig. 14. The relationship between K, G, E, and Tg, T, of typical 22 REBMGs. Data are
collected from Tables 2-4. The inset of (b) shows the correlation of Vicker’'s
hardness H, and E for REs5Al,5C0,0. The solid lines are guides for eyes.

Ce-based REBMG is attributed to the special local structure, espe-
cially the alterative valences and unstable electronic configura-
tions of Ce. Since the energy levels of the inner 4f electrons of Ce
element are so closed to those of the outer or valence 5d and 6s lev-
els, only small amounts of energy are necessary to change the rel-
ative occupancy of these electronic levels. It has been found that
the valence of Ce becomes a non-integral valence 3.67 below
100 K comparing the 3 at RT, which corresponds to the lattice col-
lapse arising from the change in electronic structure. Accordingly,
the softening of longitudinal acoustic phonons and the sharp drop
of bulk modulus of the Ce-based REBMGs, can be ascribed to the
relaxed structure and the shrinkage of atomic radius owing to
the continuous increased valence of Ce upon cooling; and the lar-
ger volume shrinkage has been proved [124].

Experimentally distinguishable responses of acoustic and elas-
tic properties to pressure for different kinds of glasses are ob-
served, which suggests that the short or intermediate range
ordered local structure determines the elastic and many other
properties of various glasses [95,104,126-129]. Fig. 17 shows pres-
sure dependences of V; and Vr for typical BMGs and the non-metal-
lic glasses at RT, all of which exhibit a nearly linear relation to
pressure indicating the elastic response up to 0.5 GPa. The Nd-
based REBMG shares the similar behaviors with that of typical
Zr- and Pd-based BMGs, all the velocities of which increase with
increasing pressure. And the change of V; upon pressure is larger
that of Vi, indicating that longitudinal phonon mode is more sensi-
tive to pressure at least up to 0.5 GPa. Surprisingly, the Ce-based
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Fig. 15. The relation between T, and Debye temperature 0, for typical REBMGs. The dashed lines are guides for eyes.
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REBMG has a negative pressure dependence of acoustic velocities
just like most nonmetallic glasses, such as fused quartz, float glass
(NaG) and water white glass (WWG). These non-metallic glasses
have markedly different structure from other BMGs. Note that
the decrease of V; is about 20 times larger than that of V; for the
Ce-based REBMG, suggesting a much softer longitudinal phonon
mode under pressure. These experiments suggest the unique elec-
tric and atomic structure of Ce-based alloys among BMGs families,
and some similar microstructure existing between the Ce-based
REBMGs and the covalent bonded oxide glasses. This can be further
exhibited in the response of elastic properties to pressure.

Fig. 18(a) presents pressure dependence of G, K, and ¢ for two
REBMGs and a Zr-based BMG. For all the BMGs the relative change
of K upon pressure is larger than those of G and E. Different from
the Zr- and Nd-based BMGs, all the elastic moduli of which in-
crease with pressure as a consequence of vibrational anharmonic-
ity, the K and o of the Ce-based REBMG exhibit the largest
decreases up to —6.1% and —3.9% at a pressure change of 0.5 GPa,
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respectively. The Poisson ratio, ¢, remains nearly constant or
shows small variations in the Nd-, Zr-, Cu-, and Pd-based BMGs.
However, the large variations of ¢, K and p under pressure reveal
a large pressure-induced structure change of the Ce-based REBMG.
Possible amorphous to amorphous transition may be speculated at
higher pressure. Fig. 19 shows the pressure-induced variations A
Y(p)/Y(po) for typical BMGs, oxide glasses and amorphous carbon,
from which the similarity between the Ce-based REBMG and oxide
glasses is impressive. Based on the K and its pressure dependence,
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Fig. 19. Relative pressure-induced variations of p, Vi, Vr, G, K and ¢ for REBMGs and
oxide glasses.

the isothermal equation of state can be established according to
the Murnaghan equation [130]. Typical volume compression of
various glasses is shown in Fig. 18(b), from which it can be seen
that compressibility of the Ce-based REBMG is again close to that
of silicate glasses than other BMGs. Note that the compression
curves of the BMG lies among those of its metallic components
and is nearly an average of those of its elements. This is in accord
with the correlation of the modulus of the BMGs with their constit-
uents at ambient pressure. Since the compressibility of a solid is
determined by the nature of the interatomic potential and the
atomic configuration, the good relationships of the compression
of BMGs with its components imply that the highly packed
short-range order structure of BMG has close correlation with the
local atom configurations in their metallic components.

Until now it is not clear whether polyamorphism is a general
feature of amorphous materials with various short-range order
structures, and how the polyamorphism depends on the bonding
feature of constituent atoms. Usually, the amorphous solids show-
ing polyamophism are these systems which have directional or
open coordination environments such as amorphous ice, silica, sil-
icon and chalcogenide glasses [131-137]. Despite of different
bonding characters of these materials, they share a trait that their
constituent atoms have preferred bonding geometries. Until re-
cently it has been realized that the preferred bonding characteristic
is not necessary for polyamorphism (though certainly favoring it),
since the polyamorphism has been observed in a Ce-based metallic
glass ribbon with non-directional metallic bonding feature, differ-
ent from the network-forming glasses [138]. This is just like crys-
talline Ce, which exhibits polymorphic transitions from y-f.c.c. to
a-f.c.c. structure starting from rather low pressures of about
1 GPa [139], the transformation of the low density state to the high
density state is ascribed to the interaction of strongly correlated 4f
electrons and their delocalization under pressure resulting in bond
shortening, as pointed out by the authors.

Our work about the Ce-based REBMG indicates an anomalous
soft behavior both in longitudinal and transverse acoustic modes
under pressure similar to that of typical oxide glasses, indeed sug-
gesting a significant structural change (or underlying transforma-
tion) under pressure [129]. Interestingly, at low temperature
some anomalous behaviors in the elastic properties are also
observed in the Ce-based REBMGs, indicating that the possible
polyamorphism can even be induced by temperature [124]. In a
La-Ce-based REBMG, Zeng et al. has found an unusual change in
the compressibility at ~14 GPa, a behavior suggestive of polyamor-
phism in this alloy [140]. And the possible amorphous to
amorphous transition has also been suggested in the La- and Nd-
based REBMGs from the electric resistance behavior under pres-
sure [141]. Detailed explorations of the behaviors of BMGs under
extreme conditions such as high pressure, low temperature and
high magnetic filed are highly required, to check the conditions
under which polyamorphism is or not manifested.

3.5. Spin dynamics of REBMGs

In the last several decades, the original type of spin-glass (SG)
materials such as AuFe, AgMn and CuMn, has been extended to in-
clude a large number of so-called SG like materials such as surface
SG, reentrant SG, cluster SG and random magnetic systems [142-
154]. These materials usually bring forward new phenomenon
and more complicated problems, and enrich the random and com-
plex system field. The impact of random magnetic anisotropy
(RMA) and clusters contained inhomogeneous structure on the
spin dynamics are unclear [149-160]. For magnetic nanoparticles
it is proposed that heterogeneities such as dispersion in the parti-
cle size distribution would inhibit the critical character of transi-
tion. However, a highly heterogeneous nanogranular system has
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been shown to exhibit critical dynamics in its transition to a low
temperature spin-glass-like phase [161]. At present it is blurry
whether inhomogeneous structure from multi-phases can inhibit
the critical dynamics and whether the multiple SG like phases
can coexist, since the most conventional SG materials contain only
one SG phase, or coexistence with a ferromagnetic (antiferromag-
netic) phase. Accordingly, a sample with intrinsic multiple SG tran-
sitions is highly desirable and since it is closely associated with the
prototype of multiple complex systems. Such a model system has
been investigated in a PrgoAl;oNi;oCu;6Fe4 REBMG [16]. This unu-
sual behavior is ascribed to the coupling of magnetic nanoclusters
and amorphous matrix. Another factor that distinguishes REBMGs
from the conventional SG is the random single ion magnetic
anisotropy interaction which can be competitive to, and even dom-
inate over, the exchange interaction J, especially in Nd-, Tb-, Ho-
and Dy-based REBMGs. In SG, the random exchange interaction
plays the dominant role, and only slight anisotropy D (»]) exits
which plays a subtle role in the nature of transition [155,156]. In
the strong RMA limit for D/J » 1, it usually is described as spero-
magnetic (SM) state [150-152]. Theoretical works show that in
D — oo case the RMA possesses the Ising spin-glass (ISG) behavior
[159,160]. However, the evidence for directly relating energy
structure and critical slow dynamics of a strong RMA system to
an ISG is not conclusive. The nature of RMA system and the corre-
lation with SG are still unsettled questions.

3.5.1. Muti spin-glass behavior of Pr-based REBMGs

Fig. 20 shows the zero field cooled (ZFC) and field cooled (FC)
magnetization of PrgoAl;oNi;oCu;sFes REBMG. A cusp in ZFC curve
and the onset of the irreversibility between the ZFC and FC curves
around 14 K are typical SG features. A careful analysis of the ZFC
and FC branches clearly reveals the coexistence of another slight
irreversibility between the ZFC and FC curves around Tgz ~ 250 K.
A sudden increase in the FC magnetization below Tr; ~ 8 K can
be seen in the inset of Fig. 20. It is noted that the irreversible mag-
netization near RT is two orders of magnitude lower than that
around Tr, and the peak is rather broad, indicating some spin clus-
ters are frozen instead of single spin. The coexistence of three dif-
ferent SG phases has also been confirmed by the temperature
dependent ac susceptibility. From Fig. 21, it can be seen that all
the x’ curves show two maxima at T, ~ 14K and T ~ 280K,
and a small shoulder around Tr ~ 6 K; whereas the y” curves
show three well-defined peaks near T, Tg,, and Tgs. All the ampli-
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Fig. 20. FC and ZFC magnetization measured at 100 Oe and 50 Oe for a Pr-based
BMG. The inset shows typical FC curve M (left axis) and dM/dT (right axis) measured
at 100 Oe. The enlarged FC and ZFC branches in high temperature are also shown in
the inset [16].
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Fig. 21. Real ()’) and imaginary (") components of the ac susceptibility at
frequencies from 10 Hz to 10 kHz in an applied ac field of 10 Oe. The inset shows
the ac susceptibility in high temperature [16].

tude and position of the peaks or shoulders depend on frequency.
The value of the frequency sensibility at Tg, Trp, and Tgs, are deter-
mined to be 0.005, 0.012, and 0.01, respectively, falling into the
typical values of SGs. The frequency dependences of these freezing
temperatures are all fitted by the Vogel-Fulcher formula:
w = woeXp[—Eq/kg(T—Tp)]. The best fitting values are wg;~
103 Hz, Eq; 31K and Tp; =4.5K; wgp ~ 10" Hz, E;» ~ 40K and
To2=12.6 K; w3 ~ 107 Hz, Eq3 ~ 275 K and Ty3 = 233 K. Compared
with the value of wgs ~ 107, we; and wg, (both ~10' Hz, just as
most SG systems) are much larger, which suggests a slower spin
dynamics near RT associated with the relaxation of large spin clus-
ters. The multiple SG like feature is further confirmed by the elec-
tric transport property and the glass dynamics [16].

The multiple SG like behaviors are associated with the inhomo-
geneous microstructure of the Pr-based REBMG. Although typical
amorphous structure is suggested in the XRD pattern, detailed
structure information from magnetic-force microscope and HTEM
indicate some nanoclusters embedded in the amorphous matrix
[16]. The intrinsic inhomogeneity partially arises from the positive
heat of mixing between Pr and Fe, which makes the liquid struc-
ture less stable and facilitates nano-scale nucleation in the SL state.
Accordingly, the cluster SG freezing at Tr; ~280 K can be ascribed
to the ferromagnetic Fe (Ni) contained nanoclusters. The paramag-
netic Pr-based amorphous matrix and Pr nanoclusters contribute
to the reentrant SG at T, ~ 14 K, and the cluster SG at Tr; ~ 6 K.
Therefore, the Pr-based REBMGs with different SG phases thus pro-
vide an ideal prototype for understanding practical more complex
systems since most technologically relevant magnetic materials
are composed of two phases (or more) with different magnetic
properties on nanometers scale [16].

3.5.2. Spin dynamics with strong random magnetic anisotropy

Although it has been long established that the long range order
in RMA is broken, the ground state and the critical dynamics are
complicated and obscure due to the disordered structure and the
competition between D and J. These questions have partly been ad-
dressed recently in Dy40Al34C0,0Y11Zrs REBMG exhibiting strong
RMA [162]. From the critical and slow dynamics it has been found
that there are agreement in some aspects between theoretical sim-
ulations of ISG (and RMA) and experimental results, but also signif-
icant quantitative differences exist.

It is known that for ISG an Almeida-Thouless (A-T) line [163] is
theoretically predicted as a transition line in magnetic field and has
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been experimentally observed for many SGs. From the ZFC and FC
measurements of the Dy-based REBMG, a transition line in the
form of A-T line has been obtained in the low field regime suggest-
ing the ISG like property as shown in Fig. 22. However, a crossover
behavior occurs in high field (above ~4000 Oe) region which may
associate with HSG like behavior. Similar HSG to ISG crossover has
been predicted by Kotliar and Sompolinsky [164] in a mean-field
model of a HSG with weak random Dzyaloshinsky-Moriya anisot-
ropy. Despite D » ], anisotropy can mix the longitudinal and trans-
verse spin components resulting only an A-T transition line in low
field limit like an ISG, and higher field recovers HSG nature. In term
of the above results, it is possible to conclude that some common
characters exist among real HSG, ISG and strong RMA in the low
field limit. Fig. 23 displays the characteristic of ac susceptibility
for the alloy [162]. It is clearly that the susceptibility of 10 Oe
superposes on the curve of 0.1 Oe in the whole temperature range
suggesting the linear response to the filed perturbation. And the
relationship y”(w) =Z %2y is precisely obeyed for the whole
temperature range measured at both 33 Hz and 6666 Hz as shown
in Fig. 23(b), indicating the broad distribution of relaxation time.
Furthermore, the relaxation of low field ac susceptibility above
T,, reflecting the dynamic spin-correlation function q(t), is found
to be successfully analyzed using an equation similar to the Ogiel-
ski function [165] obtained in MC simulations on a short-range ISG.
These features suggest the similarity of RMA and ISG especially in
the low field region.

However, the large random anisotropy has an important impact
on the spin dynamics distinguishing the strong RMA from ISG in
the following ways: first, it slows the relaxation of spins in the crit-
ical range near T reflecting in the larger characteristic relaxation
time ~107%s compared with typical ~1071°-10713 s for SG. Sec-
ond, it shows slower aging dynamics below T, and the time depen-
dent phenomenon is characterized by a power law times a
stretched exponential functional form, which deviates from the
simulation results of Ogielski and that of some ISGs reported both
showing algebraic dependence behavior [162]. Thirdly, after cool-
ing in a magnetic field, the spin is in favor of the field direction,
and this ‘frozen’ initial magnetization can be ‘pinned’ by the strong
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Fig. 22. (a) Temperature dependence of the ZFC and FC magnetization of
Dy40Al54C020Y11Zr5. (b) Field dependence of T: (c) Field dependence of other
characteristic temperatures. (d) Magnetic hysteresis loop at 2 K after field of 500 Oe
cooling between +5080, +8080 and +10080 Oe [162].
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RMA resulting in a vertical shift of the magnetic hysteresis loop in
certain fields range (Fig. 22(d)). These results indicate that the
strong RMA can belong to a different universality class from the
(Ising) SG, although several common features are shared between
them.

3.6. Electric properties of REBMGs

In the 1960s-1980s there are considerable efforts and progress
on the fundamental understanding of the electric, magnetic and
other low temperature transport behaviors of metallic glasses
[1,114]. However, the understandings of the electric and magnetic
structure of metallic glass are far from being adequately solved
owing to the complex structure and limited dimension of the rib-
bon. The BMGs facilitate the investigation not only on the mechan-
ical properties, but also the electric properties, and in particular
their correlations. Thus, a deeper understanding of the atomic
and electronic configuration of metallic glasses is now possible
by combining the electric, elastic and mechanical explorations.
The lanthanides characterize themselves by their narrow 4f elec-
tronic structure (for La the 4f shell is empty) which bring about a
profuse magnetic and electric properties of REBMGs, such as the
superconductivity of La-based REBMGs, hard magnetism of
Nd(Pr)-based REBMGs mentioned above and the heavy fermion
behavior of Ce-based REBMGs.

3.6.1. Superconductivity of La-based REBMGs

Superconductivity in La-based REBGM has been reported [166].
The density of states at the Fermi level, the electron-phonon inter-
action parameter 4, and the Debye temperature of the REBMG are
determined to be 1.75 eV~" at™!, 0.68, and 122 K, respectively. The
amplitude of 1 indicates that this alloy is an intermediate coupling
superconductor. It is noted that the . of La-based REBMG is larger
than that of a Zr-based BMG (~0.49). And both alloys distinguish
themselves from the non-transition-metal amorphous alloys
which have been identified as strong-coupling superconductors
with 1 in the vicinity of 2. A comparison of the superconductivity
between the Zr-based BMG and its crystalline counterpart reveals
the following differences [167]: firstly the BMG shows negative
temperature coefficients of the resistivity between about 4.2 and
300K, whereas the crystallized sample shows positive tempera-
ture coefficients; secondly at zero magnetic field the transition
width of the crystallized alloy is broadened compared with that
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of the as cast sample. This broadness may be ascribed to the smear-
ing of the density of states associated with the short mean free
path in the disordered alloys. Interestingly, due to its sensitivity
to the electronic and atom structure, the resistivity in the normal
state of La-based REBMGs and other BMG families can be used to
monitor the structure evolution during relaxation, glass transition
and crystallization, and even evaluate the glass-forming ability
[168-174].

3.6.2. Heavy fermion behavior of Ce-based REBMGs

Heavy fermion (HF) systems characterized by electrons with ex-
tremely large effective masses. Many fascinating properties occur
in these systems as a consequence of the competition between
the local Kondo resonance and magnetic ordering [175-177]. The
corresponding heavy-electron ‘quasiparticle’ states are close to
the Fermi energy and govern the thermodynamic, electric and
magnetic properties of these materials. For the case of RE com-
pounds, it is extensive debated whether it is sufficient to treat
the fstates as localized impurities (single-impurity Anderson mod-
el) or whether the periodic crystal symmetry must be considered
(periodic Anderson model). Furthermore, it has been recognized
that the HF behavior is strongly affected by disorder due to alloy-
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Fig. 24. (a) The y(T) vs T of the REBMGs at H=0 and 5 x 10* Oe Ce,.
Lags_xAl10Cuz0Cos REBMGs (x =0, 10, 20, and 65). (b) The T-dependent p of the
BMG (x=65). The solid line denotes the fitting result of the BMG (x =65) by
p=po+AT", with n=1.454. (c) The dc magnetic susceptibility y for the
CeyLa;_»Al;0CuzoCos (x = 10 and 65) REBMGs at low T. The solid line is the fitting
with yT~'*% The straight red line denotes the linear extrapolation [44]. (For
interpretation of the references in colour in this figure legend, the reader is referred
to the web version of this article.)

ing, lattice defects, etc., which has obtained evidences both from
the dynamical mean-field theory and experimental data [178-
183]. However, it is still not clear the interplay between the degree
of disorder and strong correlations behavior in HF materials, since
only weak disorder exists in intermetallic materials and theoretical
models.

Recently, remarkable HF behaviors has been observed in the
Ce,Lags_xAl1oCuzgCos REBMGs (x =0, 10, 20, and 65 at.%) [44]. Di-
rect evidence suggesting the HF characteristic is from the heat
capacity of these alloys. From the contribution of the 4f electrons
to heat capacity, the linear coefficients y (C./T) at 0.53 K for the
REBMGs with x = 10, 20, and 65 are 1789, 2282, and 811 mJ/mol-
Ce K?, respectively, indicating the HF feature (Fig. 24(a)). The
change of the low T properties with Ce content is due to the com-
petition between the Kondo effect and the RKKY interaction [175-
179], which is tuned by the average distance between Ce atoms.
And the HF behavior can also be tuned by the magnetic field. The
y (0 K) decreases with increasing annealing time below T, (which
induces the structure ordering), indicating that electric correla-
tions relate closely to the disordered structure of the glass. In
accordance with the theory prediction that sufficient disorder
can result in a breakdown of conventional Fermi-liquid behavior,
these REBMGs exhibit non-Fermi-liquid features (see Fig. 24(b-
d)) as indicated from the dependence of y on T !'** (with
y=0.187 for x=10) and the dependence of the resistivity p on T"
(n=1.454) at low temperature [184,185].

The influence of disordered structure on the competition be-
tween the Kondo resonance and magnetic ordering has been stud-
ied. For Ce compounds, when the f level of Ce is right at Ef, strong
Kondo resonance overrides the RKKY interaction; when it is far
above or below Ep, the local Kondo resonance is weak and the RKKY
interaction dominates. That is in the crossover region where the HF
happens. Ascribed to the amorphous structure, the distributed f
levels and the Fermi level within the band of f levels of the Ce-
based REBMGs, produce a wide range of strengths of the Kondo
resonance and the coexistence of atomic sites in the valence fluc-
tuation regime, the spin-glass sites dominated by the RKKY inter-
action, and the crossover sites that show the HF behavior.
Accordingly, the reduction of y by isothermal annealing can be
understood by the structure relaxation inducing narrower f levels.
The smaller y for x =65 compared with other three means that
most of the f levels sink well below Er and reduce the HF effect.
The detailed mechanism of the HF of these REBMGs remains a
challenge.

4. Summary

A series of REBMGs were developed and attracted intense re-
search interest in the last decade. The main commercial prospects
of the REBMGs lie in their high-performance in applications as
promising micro-structures, hard magnets and magnetic refriger-
ants and so on. With the development of new systems and the dis-
covery of more unique properties, broader application, including
their use as magnetic recording/storage and magnetostriction
materials, could be expected in the future. The application of
metallic glasses as functional materials can also avoid some com-
mon flaws of the materials such as brittleness, cost and limited
glass-forming ability. The great advantage for the applications of
these REBMGs are that they can be produced using a one-step pro-
cess in to different shapes (such as spheres, balls, thin sheets or
plates, wires, rings, rods and others). There is also increased free-
dom to tailor the electric, mechanical and magnetic properties ow-
ing to the flexibility in composition, shape and dimensions of the
new metallic glasses. The ‘elastic modulus rule’ can guide the
search for new REBMGs with good GFA, and controlled/desired
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properties. From a fundamental perspective, the REBMGs exhibit
profuse and versatile physical properties, such as low temperature
thermoplastic, spin freezing dynamics, hard magnetism, HF behav-
ior and polymorphism, all of which offer more challenges and
opportunities for glass science.
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