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Unique properties of CuZrAl bulk metallic glasses induced by microalloying
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We studied the glass forming abilities (GFA), mechanical, and physical properties of
(CuZr)g, 5Al; X5 (X=La, Sm, Ce, Gd, Ho, Y, and Co) bulk metallic glasses (BMGs). We find
that the GFA, mechanical, and physical properties can be markedly changed and modulated by the
minor rare earth addition. The Kondo screening effect is found to exist in (CuZr)g, sAl;Ceg s BMG
at low temperatures and the Schottky effect exists in all the rare earth element doped BMGs. Our
results indicate that the minor addition is an effective way for modulating and getting desirable
properties of the BMGs. The mechanisms of the effects of the addition are discussed. The results
have implications for the exploration of metallic glasses and for improving the mechanical and low
temperature physical properties of BMGs. © 2011 American Institute of Physics.

[doi:10.1063/1.3672449]

. INTRODUCTION

Compared to traditional crystalline metallic materials,
bulk metallic glasses (BMGs) with atomically amorphous
structure exhibit unique physical, chemical, and mechanical
properties and have attracted world-wide interest for the open-
ing of new opportunities for fundamental research and com-
mercial applications.'™ Great progress in basic research and
applications have been achieved while many issues remain
unsolved.'™ Minor addition or microalloying technique, which
has been widely used in metallurgical fields, plays important
roles in formation and property improvement of BMGs.* For
example, the centimeter-sized BMGs based on ordinary transi-
tion metals Fe, Cu, Zr, noble metal Pd, light metal Mg and rare
earth metal Ce have been developed through this method.*®
Composites with better mechanical or physical properties, Fe-
based glass-forming alloys with improved soft magnetic prop-
erties and Zr-based, TiCu-based BMGs with enhanced plastic-
ity have been obtained by minor addition of fibers, nanotubes,
particles, metalloid, and metallic elements.*°

Since the first report of the successful preparation of
CuZrigo(45<x<60 at.%) BMGs with a 2 mm
diameter,”'° the CuZr and CuZr-based BMGs have become
model systems for studying the glass forming abilities (GFA),
structural characteristics, and mechanical and physical proper-
ties in metallic glasses. A great deal of work has been done on
their formation, deformation and mechanical properties.'' ™
The improvement of the CuZr-based BMGs through minor
addition was proposed to be associated with the factors of ox-
ygen scavenging effect,'® decrease of long range atomic diffu-
sion,!” suppression of dendrite phase precipitation,'® better
symmetry of clusters,'” and low density of electronic energy
states at the Fermi level.”” Minor Ti or Fe addition can
enhance the plasticity of CuZrAl BMGs due to the creation of
a large amount of free volume and phase separation.”'** Yu
and Bai. found that (CuZr);go<Al, (0<x < 10) BMGs with
largest plasticity also have the maximum Poisson’s ratio.”
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However, little work has been done on the effects of minor
addition on the physical properties especially low temperature
properties such as the tunneling states, boson peak, magnetic
properties in CuZr and CuZr-based BMGs.>*2¢

Rare earth (RE) and transition metal elements are im-
portant minor addition materials that have unique and impor-
tant impacts on the formation, structure, and properties of
BMGs.* Since the RE elements and some transitional ele-
ments such as Co have plentiful and unique physical proper-
ties, and the BMGs with addition of these elements could be
of potential for application as functional materials.>*”*® The
La, Ce, Sm, Gd, Ho, and Y elements have very close enthal-
pies with Cu, Zr, and Al elements®’ and nearly the same out-
side electronic layers.27 The Ce, Sm, Gd, and Ho atoms have
gradually increasing 4f electrons and different magnetic
properties. The cobalt has magnetism mainly due to its 3d
itinerant electrons, which is different from rare earth ele-
ments.”® The effects of minor addition of these elements into
CuZr-based BMGs on low temperature physical properties
could be unique and interesting.

In this work, we systematically investigated the effects
of the addition of less than 1 at.% La, Ce, Sm, Gd, Ho, Y,
and Co on the GFA and mechanical and physical properties
of the CuZr-based BMGs. We find that the addition induces
unique and important impact on the formation, structure and
low temperature physical properties of the BMGs. The phys-
ical mechanisms for the found phenomena are carefully
discussed.

Il. EXPERIMENTAL DETAILS

Ingots with nominal compositions of (CuZr)g, 5Al1;Xg 5
(X=La, Ce, Sm, Gd, Ho, Y, and Co) were prepared by arc-
melting the mixture of high-purity elements under Ti-gettered
argon atmosphere. Each ingot was remelted for more than
four times to ensure the homogeneity of the composition and
then was injected into a copper mold to obtain a cylindrical
rod of 2 mm in diameter. The total mass of the remaining in-
got and rod was weighed to insure that the loss of the added
element was less than 5%. The content of the added element

© 2011 American Institute of Physics
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was then confirmed by chemical analysis. The amorphous
structure of the as-cast rods was ascertained by an Ultima IV
X-Ray diffractometer with Cu K, rays at 40 kV. Thermal
dynamic properties were examined using the NETZSCH DSC
404F3 Pegasus under argon atmosphere with a heating rate of
10 K min~'. Room temperature compressive tests were car-
ried out in an Instron electromechanical 3384 test system at a
strain rate of 1 x 10™* s~' with cylindrical rods in a 4 mm
length and a 2 mm diameter. More than three rods were tested
for each BMG sample. The temperature and field dependence
of specific heat capacity and resistance were measured by
PPMS 6000 of Quantum Design Company. Magnetic proper-
ties were tested in MPMS (SQUID)-VSM 7 T System of
Quantum Design Company.

lll. RESULTS AND DISCUSSIONS

A. The effects of minor addition on formation and
mechanical properties

The fully amorphous structure of (CuZr)y,sAl;Xq s
(X=La, Ce, Sm, Gd, Ho, Y, and Co) alloys with a 2 mm di-
ameter are identified by the X-ray diffraction (XRD) patterns
(as shown in Fig. 1). These BMGs with different minor addi-
tions have slightly but distinguished different first hump.
This indicates that the minor addition with different elements
induces different short-range structures in the BMG. As an
example, Fig. 2(a) shows the differential scanning calorimet-
ric (DSC) curve of (CuZr)g, sAl,Cops BMG. The distinct
glass transition peak in the DSC trace further confirms the
full glassy structure of the additional BMG. The glass transi-
tion temperatures (T,), crystallization temperatures (7),
melting points (7,,), liquidus temperatures (7;) of (CuZr)g, 5
Al; Xy 5 (X=La, Ce, Sm, Gd, Ho, Y, and Co) BMGs deter-
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FIG. 1. (Color online) XRD diffraction patterns of (CuZr)g, sAl;Xo s
(X=La, Ce, Sm, Gd, Ho, Y, and Co) glassy rods with a 2 mm diameter.
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FIG. 2. (Color online) DSC curves of (CuZr)y, sAl; X5 (X=La, Ce, Sm,
Gd, Ho, Y, Co) BMGs with a heating rate of 10 K/min. (a) The glass transi-
tion peak of the BMG. (b) Glass transition and crystallization. (¢) Melting.

mined by DSC are shown in Figs. 2(b) and 2(c). Melting
points of the added elements T,,..;, and Ty, Ty, T,,, T, super-
cooled liquid regions AT, (=T, — T,), reduced glass transi-
tion temperatures T,.,(=T,/T;), and y(=T/(T,+T)) of the
BMGs are listed in Table 1.



123522-3 Huang, Bai, and Wang

TABLE I. Melting temperature of the added elements 7,,.; and thermody-
namic data of (CuZr)g, sAl;Xps (X = Ce, La, Sm, Gd, Ho, Y, and Co)
BMGs. The data of (CuZr)g3Al; BMG are also presented for comparison.

Tm-fl Tg Tx Tm TI A T,\'

Alloys K K K K K K T, b
(CuZr)gsAl, ~ 697 762 981 1169 66 0.596 0.409
(CuZr)ersAl,Cegs 1072 690 753 981 1163 63 0.593 0.406
(CuZr)grsAlLags 1193 692 753 981 1159 62 0.597 0.407
(CuZn)ersALSmgs 1345 697 754 981 1161 57 0.601 0.406
(CuZr)grsALGdys 1587 696 756 981 1162 60 0.599 0.407
(CuZr)gssAlHops 1745 696 756 984 1162 60 0.599 0.407
(CuZr)essALYos 1799 696 757 987 1161 61 0.599 0.407
(CuZr)orsAl,Coys 1768 698 757 980 1168 58 0.598 0.405

From Fig. 2(c) we can see that (CuZr)y, sAl;X 5 BMGs
have different melting behavior with the different minor addi-
tion. Especially, the La and Ce addition induces an anomalous
broad melting peak. Xu er al.'” found that CuysZrsgAl;RE,
(RE=La, Ce and x=2, 3, 5 at.%) alloys had worse GFA
compared to that of CuysZrsgAl; alloy while minor Gd and Y
addition could improve the GFA of the CuZrAl alloy.'”'® The
phenomenon was due to the different perceptibility of RE-
related (RE=La, Ce, Gd) crystalline phases from under-
cooled liquid according to RE-Cu, RE-Zr, RE-Al phase dia-
grams.16 The anomalous melting peaks of CuysZrsg  AlRE,
(RE =La, Ce) might correlate with the melting of the differ-
ent crystallized phases. As shown in Table I, (CuZr)g,s
Al Xys (X=La, Sm, Gd, Ho, Y, and Co) BMGs all have
lower AT,, y and higher 7,, than that of (CuZr)e3Al; BMG.
Proper addition (~ 2%) of Gd and Y can significantly improve
the GFA of CuZrAl BMGs for the scavenging of oxygen, hin-
dering of copper diffusion, and suppression of the growth of
eutectic clusters and precipitation of primary dendrite
phase.'”'® As shown in Fig. 2 and Table I, the T,, T, and T,
of the (CuZr)g,5A1,Xys (X=Ce, La, Sm, Gd, Ho, and Y)
BMGs have minor changes with the addition of the elements.

Figure 3 shows the room temperature engineering stress—
strain curves of (CuZr)g, 5Al;Xg5 (X =La, Ce, Sm, Gd, Ho,
Y, and Co) BMGs under compression. Table II lists the
atomic radii of the addition elements r,;, Young’s modulus E,
yielding stresses oy, ultimate breaking stresses ¢,,,,, and plas-
tic strains ¢, of these BMGs. One can see that the (CuZr)g; s
Al;Xo5 BMGs (X=Gd, Y, Co) show slight plasticity while
(CuZr)g, 5A1:X( 5 (X=La, Ce, Sm) BMGs are extremely brit-

2000F
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1000
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500
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FIG. 3. (Color online) Compressive engineering stress—strain curves of
(CuZr)g, 5A1,Xo 5 (X=La, Ce, Sm, Gd, Ho, Y, and Co) BMGs.
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TABLE II. Atomic radii of added elements r,; and mechanical data for
(CuZr)gs 5A1, X5 (X=La, Ce, Sm, Gd, Ho, Y and Co) BMGs.

Alloys re(nm)  E(GPa) o,(MP) 0,, (MP) ¢, (%)
(CuZr)gs 5Al;Lag 5 0.187 52.5 - 1589 -
(CuZr)gs 5A1,Ceq 5 0.182 57.3 - 1825 -
(CuZr)gs.5A1,Smg 5 0.180 58.4 - 1781 -
(CuZr)gs5A1,Gdg 5 0.180 56.4 1830 1857 0.08
(CuZr)g> 5Al;Hog 5 0.176 59.8 - 1893 -
(CuZr)gs 5A1; Y5 0.180 56.8 1800 1894 0.72
(CuZr)g> 5A1,Coq 5 0.125 50.7 1785 1810 0.06

tle. All the BMGs have high elastic strains of about 2% while
for crystalline metals elastic strains are normally no more than
0.5%.>° For polycrystalline metals, their Young’s modulus
can be expressed as 20cze2/a3, where o is the Madelung con-
stant, z is the elementary charge, e is the number of valence
electrons, a is the equilibrium distance between a pair of adja-
cent negative and positive charges.’’ So, the Young’s modu-
lus of polycrystalline metals is proportional to their valence
electron densities. The La, Ce, Sm, Gd, Y, and Ho atoms with
decreasing atomic radiuses all have three valence elec-
trons,>”? and then the (CuZr)y, sAl,RE s (RE =La, Ce, Sm,
Gd, Ho, and Y) BMGs have increasing valence electron den-
sities supposing atoms stack compactly in BMGs. Interest-
ingly, it is found that the Young’s modulus and ultimate
stresses of these BMGs indeed increase with the decrease of
the atomic radius of the additional element that is correlated
with their valence electron densities (see Fig. 4).

B. The effects of minor addition on low temperature
properties
1. Boson heat capacity

The inset of Fig. 5 shows the specific heat versus tem-
perature between 2 and 40 K under magnetic field of O T for

6.0

5.8

5.6

E (10GPa)

5.4

2.0

1.9}

omax (GPa)

1.6}
0.176

0.180 0.184

r (nm)

0.188

FIG. 4. Young’s modulus E and ultimate fracture stress g,,,, vs the added
element’s radius r,; for (CuZr)g, sAl;Xos (X=La, Ce, Sm, Gd, Ho, and Y)
BMGs. The curves with arrows are drawn as a guide for the eyes.
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FIG. 5. (Color online) C,/T vs T? between 2 and 10 K with the inset show-
ing C, vs T between 2 and 40 K at 0 T for (CuZr)o, sAl;Xo 5 (X=La, Ce,
Sm, Gd, Ho, Y, and Co) BMGs.

(CuZr)gr 5A1,Xp s (X=La, Co, Ce, Gd, Ho, Sm, and Y)
BMGs. No obvious peaks are observed indicating that no
magnetic phase transitions occur. The specific heat of
(CuZr)gr 5A1,Xp 5 (X=La, Y, and Co) BMGs between 2 and
10 K can be fitted well by the formula C, = .1+ BT,
where 7, represents the Sommerfeld coefficient. However,
for C,/T versus T’ plots of (CuZr)g, 5Al;Xp 5 (X=Ce, Sm,
Gd, and Ho) BMGs upturns appear below 4 K (as shown in
Fig. 5), which could be due to magnetic cluster vibrations,
Schottky effect, and Kondo effect.

Figure 6 shows the boson heat capacity peaks of
(CuZr)gr 5Al1; X5 (X=La, Ce, Sm, Gd, Ho, Y, and Co)
BMGs. For (CuZr)g, 5A1; X5 (X=La, Y, and Co) BMGs, we
got the Sommerfeld coefficient y, from the least-square linear
fit of specific heat data with the formula C), = y.T + BT? below
10 K. As to (CuZr)g, sAl; X5 (X=Ce, Sm, Gd, Ho) BMGs,
we obtained 7y, in low temperature range where the Kondo
and/or Schottky effect is small with formula C,=7y.T
+ ﬂT3 + C, in which C represents the constant contribution of
magnetic clusters. The boson specific heat of (CuZr)y, s
Al;Xp5 (X=La, Ce, Sm, Gd, Ho, Y, and Co) BMGs is
obtained after subtracting electronic and/or magnetic cluster
contributions from the total specific heat. The y,, 5, boson heat
capacity temperatures T, and peak intensities [(C,—7.T)/
7], are listed in Table IIL.

€ 025} 4ot . Le
—_ e Ce
2 : Lo
S 0.20f wwiemme,, 3ly vGd
] '.14: ¢ Ho
~ ':;; <Y
o~ ..§§ » Co
= 0.15f ;; .
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5 ¥
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FIG. 6. (Color online) Boson heat capacity (C,,—}'L,T)/T3 vs T of (CuZr)g 5
Al;Xy 5 (X=La, Ce, Sm, Gd, Ho, Y, and Co) BMGs after subtracting the
electronic contribution and/or the magnetic contribution.
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As shown in Fig. 6, the maximum boson heat capacity
and peak temperatures of (CuZr)g, sAl; Xy 5 (X=La, Ho, Sm,
Co, Gd, and Y) BMGs change with the different elements
addition. It is widely recognized that boson peaks correlate
with low frequency vibration modes of loose atoms, clusters,
or weakly bonded ions.>**” High intensity of boson peak cor-
responding to high density of low frequency vibration states
indicates large free volume in the BMGs.*® The relatively
small intensity of boson specific heat for (CuZr)g, sAl;Ceq 5
BMG according to our data shown in Fig. 6 might be caused
by the strong hybridization between 4f electrons and itinerant
electrons at low temperatures.™

Considering shear modulus G = pv,, boson peak fre-
quency associated with the van Hove singularities can be
expressed as wgz =2v,/a, where v, is the speed of transverse
wave and a is the distance between two adjacent unit
cells.***** So boson specific heat peak temperatures 7, are
correlated with the speed of transverse wave v, and atomic
radiuses. Table III shows that the peak temperatures have a
raising trend with decreasing atomic radii of doped elements
for (CuZr)g, 5A1,Xo 5 (X=La, Sm, and Y) BMGs. Relatively
low T, of (CuZr)g, 5A1;X( 5(X =Ho, Co, and Gd) BMGs
could be correlated with large magnetic clusters or domains
due to the large magnetic moments of Ho, Co, and Gd addi-
tional elements.

Table II lists the plasticity of (CuZr)y, sAl; X5 (X =La,
Sm, Ho, Co, Gd, and Y) BMGs. We define ¢ as the strain
from the onset of serration to ultimate breaking as it is
widely recognized that the serration corresponds to the gen-
eration and sliding of shear bands.*! Figure 7(a) shows the
relation between the ¢ and boson heat capacity peak inten-
sities [(Cp-7eT)/T | par for (CuZr)oysAl,Xos (X=La, Sm,
Ho, Co, Gd, and Y) BMGs. The ¢, increases with the declin-
ing of peak intensities [(CI,—yeT)/T3]maX. This seems to indi-
cate that the BMG with low boson peak intensities has high
plasticity or large Poisson’s ratio v.>*° The speeds of trans-
verse wave v;, G and v for (CuZr)g, sAl; X 5(X =La, Co, Y)
BMGs are shown in Table IV (The data were obtained with
the same method in Ref. 23.) We plotted v versus boson heat
capacity peak intensities for (CuZr)g, sAl;Xo 5 (X =La, Co,

TABLE III. Low temperature specific heat data of (CuZr)g, sAl;Xos
(X =La, Sm, Ce, Gd, Ho, Y, Co) BMGs. For (CuZr)g, 5Al,Xq5 (X=La, Y,
Co) BMGs, we got Sommertfeld coefficient 7y, from the least-square linear fit
of specific heat data with formula C,=7y.T+ BT° below 10 K. For
(CuZr)gy 5A1;Xg5 (X=Sm, Ce, Gd, Ho) BMGs, we obtained ), with for-
mula C,=7y.T+ [3T3 +C in the low temperature range where Kondo/
Schottky effect is small, in which C represents the constant contribution of
magnetic clusters.

Ve ﬁ Tmax [(Cp'yeT)/T]ma,\'
Alloys (mJ/mol K?) (mJ/molK*)  (K) (mJ/mol K*)
(CuZr)oy sAlsLag 5 3.21 0.241 6.46 0.254
(CuZr)gy sAl,Smy 5 3.36 0.240 6.48 0.246
(CuZr)gy sAl,Ceq 5 3.52 0.203 6.46 0.206
(CuZr)gy sAl,Gdg 5 4.36 0.229 6.47 0.233
(CuZr)ey.sAl;Hog 5 485 0.225 6.47 0.248
(CuZr)oy.5A1,Y s 3.10 0.219 6.96 0.224
(CuZr)gy.5A1,Coq 5 3.12 0.232 6.48 0.242
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FIG. 7. (a) The strain from the onset of serration to ultimate fracture &, vs
boson heat capacity peak intensity [(CpfyeT)/T3],m,X for (CuZr)g, 5A1;X0 5
(X=La, Sm, Ho, Co, Gd, and Y) BMGs. The curve with an arrow is drawn
as a guide for the eyes. (b) Poisson’s ratio v vs boson heat capacity peak in-
tensity [(C, ,,—yeT)/T3 Imax for (CuZr)g, sAl; X5 (X =La, Co, and Y) BMGs.

and Y) BMGs [see Fig. 7(b)]. It is indeed that the low boson
peak intensities correspond to the BMGs with large v. The
(CuZr)g, 5Al,Cegs BMG appears very brittle though the
boson heat capacity peak is low.

2. Kondo screening effect

To explore the origin of the specific heat anomalies at
low temperatures shown in Fig. 5, we studied the specific
heat of all the BMGs under applied field of 1 T and 5 T. The
low temperature C, of (CuZr)g, sAl;Xps (X=La, Y, and
Co) BMGs (the additional elements have no 4f electrons) is
independent of applied field while for (CuZr)g, sAl;Xg 5
(X=Ce, Sm, Gd, and Ho) BMGs (the additional elements
have 4f electrons) the specific heat has evident variations
with the changing field. Figure 8(a) shows the magnetic spe-
cific heat C,,,, versus T for (CuZr)g, sAl;Cey s BMG, which
was obtained by subtracting the specific heat of (CuZr)y; s
Al;Lag s BMG from that of the studied BMG. The result is
then scaled with the atomic percentage content of the added
element. The C,,,, of (CuZr)y, sAl;Ceos BMG at zero field
should be caused by Kondo screening effect mainly as the
interaction between Kondo and RKKY effect appears at
lower temperatures due to very dilute Ce atoms.** Hybridiza-
tion of 4f electrons near Fermi level and itinerant electrons

TABLE IV. Speeds of transverse wave v,, shear modulus G and Poisson
ratios v for (CuZr)g, 5sAl,Xg 5 (X =La, Co, Y) BMGs.

Alloys v, (km/s) G (GPa) v

(CuZr)gs 5Al;Lag 5 2.12 31.8 0.3661
(CuZr)gs 5A1,Coq 5 2.18 33.7 0.3675
(CuZr)9r5A1,Y o 5 2.16 33.2 0.3684
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reduces rotational degrees of freedom of Ce ions and the spe-
cific heat hump reflects the decreasing of magnetic states of
Ce ions.*> When the applied field increases, the peak of C,,.,
moves to a high temperature and becomes more pronounced,
which can be attributed to the Zeeman splitting of the ground
state.** At low fields a separated specific hump due to
Schottky effect appears at a low temperature. The hump
moves to high temperatures with increasing fields and
merges with the Kondo heat capacity peak when the field
energy approaches Kondo energy kgTyx, where Tk is the
Kondo temperature. At very high fields the free-spin
Schottky resonance is asymptotically reached on a logarith-
mic scale and the merged hump tend to approach the free-
spin Schottky anomaly.*>*#¢

Figure 8(b) shows the temperature-dependent resistance of
the (CuZr)g, sAl;Ceys BMG at zero field and 5 T. The resist-
ance of the BMG rises slowly at about 20 K with decreasing
temperature. Below 10 K, it rises quickly again due to spin-flip
scattering of conductive electrons by the magnetic atoms. This
behavior corresponds to the Kondo screening effect.*’

Figure 8(c) presents the susceptibilities y of Ce*" ions
in (CuZr)g, 5A1,Cegs BMG, which shows Curie—Weiss
regions at high temperatures. We fit the data in Curie—Weiss
regions with the formula Ny piopi.s™"/[3kg(T—0,)], where Ny
is the Avogadro’s constant, i, is the permeability of vacuum,
Lo is the effective moment of magnetic ion, kg is the
Boltzmann constant, 0, is the paramagnetic Curie—Weiss
temperature. The calculated effective magnetic moment of
Ce* " ionsat5Tis 1.13 U, which is smaller than that at 0.5
T, 1.49 ug, and the theoretical value 2.54 ug. When applied
field is 0.5 T, effective magnetic moments of Ce** ions
begin to decrease below 70 K supposing magnetic suscepti-
bilities still equal to Nauopes”"/[3ks(T—0,)]. This phenom-
enon originates from the formation of itinerant electronic
clouds around Ce** ions, which is consistent with the spe-
cific heat anomalies of (CuZr)y,sAl;Ceqs BMG at low
applied field. As shown in Fig. 8(d) the maximum effective
moment i, of Ce®> " ions at 1.6 K and 7 T is 0.40 ug/f.u,
which is much smaller than the theoretical saturated value
sar "¢ (214 pg/fu) calculated using p<’=[J/(J + 1)]1"?
[, where J is the total angular momentum at the ground
state.*” The phenomenon confirms that the Kondo screening
effect exists in (CuZr)g,sAl;Ceys BMG. The field-
dependent magnetization data at 1.6 K is different from those
at 10 K which might indicate Schottky effect between 1.6 K
and 10 K. We will discuss this in the next part. The maxi-
mum effective moment of Sm®> ™ ions at 1.6 K and 5 T is
0.21 wp/f.u, which is also much smaller than the theoretical
saturated value of 0.71 ug/f.u. for (CuZr)g, sAl;Smgy s BMG.
The Kondo screening effect might also exist in (CuZr)og, 5
Al;Smg s BMG.

3. The Schottky anomalies

The magnetic specific heat C,,,, versus T for (CuZr)g, 5
Al;Gdy s BMG is shown in Fig. 9(a). A broad hump can be
seen at low temperature and moves to about 8 K with the
filed increasing from zero field to 5 T. The peak is most
probably due to multi-level Schottky effect.*®*’ The Schottky
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effect often exists in paramagnetic salts and connects with
specific heat Cg with particular characteristics.>* When tem-
perature is extremely large, Cs is proportional to T2 while
when temperature approaches absolute zero Cg increases
exponentially.*> The low temperature parts of the magnetic
specific heat peak of (CuZr)y, 5Al;Gdy s BMG can be well fit-
ted by Ae ®" 4 C and high temperature tails can be fitted by
AT? 4 C, where C represents specific heat contributed by
magnetic clusters. Figure 9(b) shows the temperature-
dependent resistance of the (CuZr)g, sAl,Gdy s BMG at zero
field and 5 T. The BMG displays positive magnetoresistive
effect and no anomaly appears at low temperatures.

As shown in Fig. 9(c) Curie—Weiss susceptibilities y of
Gd® " ions obey Curie-Weiss laws at high temperatures and
the calculated effective moments ;" are 7.88 pp at 0.1 T
and 7.98 pp at 5 T, which are close to the theoretical value of
7.94 up. At low temperatures when applied field increases to
5 T, the magnetic susceptibilities decrease and inverse suscep-
tibilities show an upturn. The upturn exists in the same tem-
perature range with that of the magnetic specific heat hump.
This indicates that the upturn is associated with the Schottky
effect. In Fig. 9(d), we show magnetization M versus applied
field H for the BMG at low temperatures around the magnetic
specific heat hump at 5 T. The maximum effective moments

e T T T - - (b) r
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o, 0 cst (Cuzr),, AlLGd, -\_. cific heat C,,,q vs T under applied field of
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. . X X . . , . '::l. The solid lines are the fitting results with
5 10 15 20 25 0 10 20 30 40 50 AT +C and Ac”74C, respecively,
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of Gd**" ions at 1.6 K and 7 T are 6.86 ug/f.u, which is close
to the theoretical saturated value 7.00 pp/f.u. This confirms
that the low-temperature anomalies of (CuZr)y, sAl;Gdg s
BMG are not due to Kondo screening effect.

The origin of the Schottky effect in the Gd additional
BMG can be explained by the change of magnetic states at
different temperatures and fields. Far above the temperatures
of the specific heat peaks, magnetic moments follow Boltz-
mann distribution at the 2J + [ states and show paramagnet-
ism.>® Around peak temperatures more magnetic moments
stay at low energy states and have larger projections in the
direction of applied field,?” and the magnetization of the rare
earth ions will increase. At low temperature far below the
specific heat peak temperature, more magnetic moments will
stay at low energy states if applied fields are increased. In
this procedure magnetization increases and magnetic suscep-
tibilities decrease until the magnetization is saturated. The
magnetization changes in Figs. 8(d) and 9(d) are consistent
with that of Figs. 8(c) and 9(c).

The low-temperature properties of (CuZr)y, sAl;Hog s
BMG are very similar to those of (CuZr)y, sAl;Gdy s BMG.
For (CuZr)g, sAl;Smg s BMG, the high temperature tail of
the magnetic heat capacity hump at 5 T can be well fitted by
AT? 4+ C. At low temperatures when applied field increases
to 5 T, its magnetic susceptibilities also decrease. The low-
temperature anomalies of (CuZr)g, sAl;Smy s BMG may be
related to Schottky effect as well.
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FIG. 10. (Color online) Magnetic hysteresis loops for (a) (CuZr)y, sAl;Cog 5
and (CuZr)g, 5sAl;Ceq 5, (d) (CuZr)gs sAl;Gdy s BMG at 1.6 K.

J. Appl. Phys. 110, 123522 (2011)

4. Superparamagnetism and ferromagnetism

The minor addition with different rare earth elements
induces different magnetic behaviors at low temperatures.
Figure 10 shows the magnetic hysteresis loops at 1.6 K for
(CuZr)gs 5A1,Xg 5 (X = Co, Ce, and Gd) BMGs. It can be seen
that (CUZI')92'5A17C00_5, (Cqu)92_5Al7Gd0_5 BMGs behave fer-
romagnetic and superparamagnetic at 1.6 K, respectively.
Extremely small coercive forces and residual magnetization
of minor rare earth element Gd doped BMGs indicate that
magnetic clusters in them are smaller than the relative single
magnetic domains with the sizes of several to tens of nano-
meters.”’ Obvious hysteresis of the magnetization curve for
(CuZr)g, 5A1,Cop 5 BMG reveals that cobalt magnetic multi-
domain structures exist in this BMG.*” (CuZr)g, sAl,Ceq s
BMG does not show ferromagnetism or superparamagnetism
in the studied conditions, and its susceptibility changes
slightly with increasing fields.

IV. CONCLUSIONS

We studied the effects of minor addition on formation,
mechanical properties, and low temperature physical proper-
ties of (CuZr)g, sAl; X5 (X=La, Ce, Sm, Gd, Ho, Y, and
Co) BMGs. We find that the addition of rare earth elements
can significantly change and modulate the formation, me-
chanical, and low temperature physical properties of the
BMGs. The Young’s modulus and ultimate stresses of our
BMGs have an increasing trend with the atomic radii of
added rare earth elements. The (CuZr)g, sAl,Cens BMG
shows Kondo screening effect at low temperatures, while the
Schottky effect exists in (CuZr)g, sAl; X5 (X=Ce, Sm, Gd,
and Ho) BMGs and induces magnetic field-sensitive specific
heat anomalies. Our research provides some new perspec-
tives on the formation, mechanical properties, low tempera-
ture properties of BMGs and could help us to design metallic
glasses with desirable properties.
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