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Kondo effect and non-Fermi liquid behavior in metallic glasses containing

Yb, Ce, and Sm
B. Huang, Y. F. Yang, and W. H. Wang?®

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
(Received 19 March 2013; accepted 5 April 2013; published online 25 April 2013)

The low temperature properties of metallic glasses containing different concentrations of ytterbium,
cerium, and samarium are studied. It is found that the Kondo effect caused by exchange interactions
between the conduction and 4f electrons and non-Fermi liquid behavior appear in the strongly
disordered alloys. We study the origins for these unique features and demonstrate that the found
Kondo effect is inherited from the crystalline counterparts. The results might have significance on
investigating the strong electron-electron interaction systems with structural disorder and be helpful
for designing new metallic glasses with functional properties. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4802660]

. INTRODUCTION

The Kondo effect reflecting the scattering of conduction
electrons by magnetic moments is generally observed in crys-
talline alloys with a small amount of transition metals.' In
some intermetallics containing rare earth (RE) and actinide
elements, this effect has also been found which underpins a
broad range of correlated electron behavior including exotic
superconductivity.” Metallic glasses (MGs) with strongly dis-
ordered structure which is totally different from that of crys-
talline alloys are recent hot topics in condensed matter
physics.* The Kondo effect has been discovered in series of
MGs containing transition metals like amorphous Fe-Pd-Si,
Co-Pd-Si, Ni-Pd-B-Cr, and Si-Mn alloys.®™ It is intriguing to
know whether the effect is widespread in MGs containing RE
elements with a 4f level close to the Fermi level with respect
to only rare experimental data on this topic.'” The interplay
between disorder and strong electron-electron interactions in
Kondo alloys is expected to be of central importance to the
physics of dirty metals."' Experiments and calculations based
on the slave-boson approach and mean field theory show that
sufficient disorder can induce non-Fermi-liquid (NFL) behav-
ior in Kondo alloys.'''® The NFL behavior indeed has been
reported in CeyLags _ xAl;oCuyoCos (x =10, 20, and 65 at. %)
MGs,"” but the behavior has been scarcely studied yet.

In this paper, we report that the Kondo effect exists in
MGs containing Yb, Ce, and Sm elements. We demonstrate
that the found Kondo effect is inherited from their crystalline
counterparts. NFL behavior, which is unique in Kondo alloys
is also found in the glassy alloys. The NFL behavior, which
is sensitive to magnetic fields and compositions, correlates
closely with the competition between the Kondo effect and
Ruderman-Kittel-Kasuya-Yoshida (RKKY) interactions in
the strongly disordered structure.

Il. EXPERIMENTS

The MGs with nominal compositions of (CuZr)g; s
AlLRE( 5 (RE =Ce, Sm, and Gd) were made with the copper

YAuthor to whom correspondence should be addressed. Electronic mail:
whw@iphy.ac.cn

0021-8979/2013/113(16)/163505/7/$30.00

113, 163505-1

mould casting method to study the microalloying effect of the
RE elements on low temperature properties. CuZrAl- and
Ca-based MGs with minor additions of Yb elements showed
weak low temperature anomalies as most Yb elements in
these MGs were nonmagnetic Yb>" ions. CuZrAl-based MGs
containing more Sm showed poor glass forming ability due
to the positive mixing enthalpy between Zr and Sm."® So
we chose Yb12V5Ca5OZn20Mg17,5, Yb62,5Zn15Mg17.5Cu5, and
Sm;(Y45A1,5Co,0 MGs with higher concentrations of RE ele-
ments manufactured with the induction melt-casting® or
single-roller melt-spinning method for the studies. The fully
amorphous structure of the MGs was confirmed by X-ray dif-
fraction and differential scanning calorimeter. The measure-
ment of resistivity, using a standard four-probe technique, was
made using physical property measurement system (PPMS)
6000 of Quantum Design Company down to 1.8 K. Magnetic
properties were tested in magnetic property measurement sys-
tem (SQUID)-VSM 7T System of Quantum Design Company
from 1.6 K to 300 K. The measurement of heat capacity was
carried out with PPMS down to 0.54 K andup to 5 T.

lll. RESULTS AND DISCUSSIONS

The scaled resistivity p/p(300K) for Yb;, sCasqZnyg
Mgi;75 MG at OT is shown in Fig. 1(a). The p/p(300K)
shows a small negative temperature coefficient at high tem-
peratures which is typical of amorphous solids."> A broad
peak appears around 150K. Below the peak temperature a
positive temperature coefficient appears. The change of the
resistivity behavior can be explained using the extended
Ziman liquid-metal theory.’®*" If the Fermi wave number kj
is near K,/2, which is the half of the first peak of structure
factor, a negative temperature coefficient of the resistivity is
expected as in the case of liquids. The appearance of a posi-
tive temperature coefficient at lower temperatures is caused
by the change of the Fermi surface resulting in the departure
of kp from K,/2. Between 30 and 100K, the p/p(300K) can
be well fitted with the formula p/p(0 T, 300 K) = po; + BT -
C 1T2 [the solid curve in Fig. 1(a)]. Below about 30 K, the
resistivity deviates from the fitting curve and deceases more
slowly. A minimum appears at 7.4 K. We extrapolate the

© 2013 AIP Publishing LLC
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FIG. 1. (a) Temperature dependent scaled resistivity p/p(300K) for
Ybi,5CasoZngMg; MG. The solid curve is the fitting result with the
extended Ziman liquid-metal theory. (b) Temperature dependent scaled mag-
netic Tesistivity p,,,,/p(300K) in a semi-logarithmic scale for Ybe;sZn;s
Mg;7.5Cus MG. The solid lines are the fitting results.

fitting curve to 1.8 K, subtract the data from the total scaled
value and obtain p,,,,/p(300 K) as shown in Fig. 1(b).
The p,,,4,/p(300 K) can be well fitted with the formula p,,,,,/
p(B00K) = ppo-A1InT between 59K and 15K [the solid
straight line in Fig. 1(b)]. The logarithmic increase of resistiv-
ity in a temperature range of about 10 K is characteristic of
the Kondo effect. With the temperature decreasing conduc-
tive electrons begin to be scattered by the magnetic ions and
the spin-flip process leads to the strongly temperature de-
pendent rise of resistivity.”> Two-level tunneling effect exists
commonly in polymeric glasses and MGs.?*>~2® The resistivity
caused by this effect is proportional to In(T? + A %), where A,
is the energy difference between the two atomic tunneling
states.”’° The remaining appearance of the logarithmic re-
sistivity rise for the crystallized Yb;, sCasgZnygMg;7 5 alloy
excludes that the resistivity anomaly at low temperatures
originates from the two-level tunneling effect.*® The heat
capacity anomalies and magnetic susceptibility sensitive to
applied fields discussed below also imply the magnetic origin
of the resistivity anomaly. Ybg, 5Zn;sMg;75Cus, (CuZr)ys 5
AILREj 5 (RE=Ce, Sm), and Sm;(Y45Al,5C0,9 MGs show
the similar resistivity behavior as Yby, sCas0Zn,gMg;7.5 MG.
With the temperature decreasing the temperature coefficients
of resistivity increase and then a rapid increase of resistivity
follows. We deal with the data in the same way as that for
Yb;,5Cas0Zn,oMg 75 MG and the fitting results are shown
in Tables I and II.

The temperature dependent magnetic susceptibility ¥,
of Yby, 5CasoZnygMg 75 MG was tested at 5 T. According to
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TABLE 1. The fitting results of the scaled resistivity with the extended
Ziman liquid-metal theory for Yb;, 5CasoZn,oMgi7, Ybeo 5Zn0Mg;7.5Cus,
(CuZr)gs sAI;RE( 5 (X = Ce, Sm), and Sm(Y 45A1,5C0,9 MGs.

Temperature B, C,
MG range (K) por (107*K™H (107K
Ybi5 5CasoZnooMg;7 5 30-100 0.992 1.300 —5.289
Ybe sZn,oMg75Cus 50-100 1.021 0 —4.031
(CuZr)gr sAl,Ceq s 15-50 1.037 —0.648 —10.69
(CuZr)es sAl,Smg 5 15-50 1.040 —1.401 —5.362
SmyoY 45Alr5Cos0 30-50 1.057 —1.360 —7.899

the Curie—Weiss law, we fit the magnetic susceptibility with
the formula ;.. = 701 + cNaptotes” " */[3ks(T-0,)1, where o,
is the Pauli paramagnetic susceptibility, N, is the Avogadro’s
constant, po is the permeability of vacuum, kg is the
Boltzmann constant, 0,, is the Curie—Weiss temperature, ¢
and p."" are the atomic percentage content and effective
magnetic moment of the Yb>" ions, respectively.”’ The
inverse magnetic susceptibility ' (¥ = Ysorar-201) and the fit-
ting lines with the Curie—Weiss law are shown in Fig. 2(a).
From 100 K and 300K, the ¢, u.;", and 0, are fitted to be
0.097%, 4.54 up, and —30K, respectively. The magnetic Yb
ions in the MGs could stay in an intermediate valance state at
high temperatures as those in some crystalline and quasicrys-
talline alloys.”** The small ¢ indicates that the intermediate
valance is close to two since in sufficiently short time, the
single Yb ion in metals can exhibit two valance states, non-
magnetic Yb*" and magnetic Yb*".** Below 60 K, the sus-
ceptibility deviates from the above fitting line. This
phenomenon could not be caused by crystal field effect. For
Kondo alloys with crystal field effect, a broad maximum of
resistivity should appear at the temperature A,, which is the
energy difference between two splitting energy states. A —InT
relation follows at the high temperature side of the peak.*®>’
However, no such peak is found around 60 K for the studied
MG. Between 20 and 30 K, the ¢, pi.4"", and 0, are fitted to
be 0.097%, 4.00 up, and —8.5 K, respectively. The reduced
teit? and —0, imply the screening of magnetic moments
and weaker antiferromagnetic interactions.”’ The magnetic
susceptibility of Ybg, 5Zn;sMgy75Cus, (CuZr)g, sAl;Ceg s,
(Cqu)92A5Al7Sm0A5, and Sm10Y45A125C020 MGs all shows
the similar behavior to that of Yb;,sCasoZn,oMg;75 MG
when the temperature is decreased from above 100K to sev-
eral K. The fitting results with the Curie—Weiss law are listed
in Table III. According to Ref. 38, one can calculate the

TABLE II. The fitting results of the scaled magnetic resistivity p,.e/
p(300K) at low temperatures with the formula p,,,,/p(300K) = po-AInT
for Ybi5Cas0ZnyoMgi7, Ybesa.sZnyoMgi7.5Cus, (CuZr)oy sAl;REqs (X =
CC, Sm), and Sm10Y45A125C020 MGs.

MG Temperature range (K) p02(1073) Ay (1073
Ybi,.5CasgZnyyMg;7.5 5.9-15.0 2.60 0.83
Yb@z.SanoMgw‘sCUS 3.4-12.5 9.28 3.02
(CuZr)gy 5A1,Ceq 5 2.1-8.8 0.94 0.42
(CuZr)gs 5A1;Smy 5 2.1-8.8 1.17 0.51
SmyY45A1,5C050 4.0-9.9 8.98 342
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FIG. 2. (a) Temperature dependent inverse magnetic susceptibility 3~ for
Yb;,5CasgZnyyMg; MG. The solid lines are the fitting results with the
Curie-Weiss law at different temperatures. (b) Temperature dependent mag-
netic susceptibility y for Yb;, sCasoZn,oMg;7 MG. The solid curve is the fit-
ting result within the local FL theory.

theoretical effective magnetic moments ;" of Yb’*,
Sm>*, Ce* ions, which are also listed in Table III to com-
pare with the fitted values of u,;”" for these MGs containing
Yb, Sm, and Ce’® The magnetic susceptibility for
SmoY45Al,5C0,9 MG can be properly fitted with the Curie-
Weiss law at high temperatures with u;”" equaling to 0.69
ug/f. u. which is close to the theoretical value ueﬁ-’h"’" 0.84 g/
f. u.*® The absence of Van Vleck contribution at high temper-
atures for Sm;oY45Al,5Co,0 MG imply the weak crystal elec-
tric fields in the amorphous alloys perhaps due to the nearly
spherical environment around the RE ions.***°

TABLE III. The fitting results of the magnetic susceptibility with the Curie-
Weiss law in different temperature ranges for Yb;,sCasoZngMg7, Ybeo s
ZnyoMg;7.5Cus, (CuZr)grsAlLREgs (X = Ce, Sm), and Sm;5Y45Al,5C0;0
MGs.

Temperature ¢

MG range (K) (%) gy (s /f -u.) 1l (g [f . 0p(K)
Yby,5CasoZnyoMg;  200-300  0.097 4.54 4.54 -30
20-30 0.097 4.00 4.54 —8.5
Yber.sZnooMgi75Cus  200-300  0.488  4.54 454  —20
20-30 0.488 4.04 4.54 -39
(CuZr)gs 5A1,Ceq 5 100275 0.5 1.49 2.54 —45
20-30 0.5 1.20 2.54 -9.0
(CuZr)gs 5Al,Smg 5 50-70 0.5 0.49 0.84 —15
20-30 0.5 0.44 0.84 —1.2
Sm;oY45Al25C050 100-170 10 0.69 0.84 —41
20-30 10 0.53 0.84 -3.1
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TABLE IV. The fitting results of the magnetic susceptibility y with the for-
mula y = ypo(1 — C2T2) at low temperatures under a magnetic field of 5T for
Ybi2.5Cas0ZnoMg 7, Yber sZnpoMgi7.5Cus, and (CuZr)g, sAl;Ceo s MGs.

Magnetic ~ Temperature Xo2
MG field (T) range (K) (0.1 emu mol Yb G)
Yb12,5CaSOanoMg17 5 1.84.4 1.55
Ybea.5Znx0Mg;7.5Cus 5 1.6-3.0 2.40
(CUZI)92.5A17CCO.5 5 1.9-3.6 0.36

The magnetic susceptibility of Ybj;5CasoZn,oMg;7 5
MG between 1.8 K and 4.4 K under a field of 5T can be fitted
by y = XOZ(l-CQTZ) as shown in Fig. 2(b). The behavior is the
feature of Kondo alloys." The large Pauli magnetic suscepti-
bility x> (0.155 emu/mol-Yb) obtained from the fitting is
contributed by the strongly renormalized quasiparticles
described by the local FL theory.*! The magnetic susceptibil-
ities of Yb62_5Zn15Mg17,5Cu5 and (Cqu)92_5Al7Ceo,5 MGs at
5T also show the —7? relation at low temperatures. The fit-
ting results are listed in Table IV.

With the formula " = [J/(J + 1)]"* 114", where J
is the total angular momentum at the ground state, the theoret-
ical saturated magnetic moment i, of Yb>" ions is calcu-
lated to be 4.00 up.*' The saturated magnetic moment per
Yb*" jon at 7T and 1.8K for Yb,sCasgZngMg,7s MG is
tested as 1.83 ug, which is much smaller than the theoretical
value. As listed in Table V, the experimental saturated mag-
netic moments ,usafx” of Yb62,5Zn]5Mg|7,5Cu5, (Cqu)gz,S
AILRE( s (RE = Ce, Sm), and Sm;(Y 45Al,5C0,9 MGs are all
much smaller than the theoretical values. This behavior is dif-
ferent from that of (CuZr)g, sAl;Gdys MG which does not
show the Kondo effect. Excluding the influence of crystal
field effect the reduced experimental saturated magnetic
moments could be due to the Kondo screening effect.

The specific heat for Yb,, 5Cas0Zn,oMg;7.5s MG between
5K and 10K at OT can be fitted with the conventional for-
mula C,/T = y + BT* for metals® and deviation occurs
below about 3K as shown in Fig. 3(a). We subtract the ex-
trapolated specific heat calculated with C, = yT + BT? from
the total specific heat, scale the result with the concentration
of Yb>" ions at high temperatures and obtain the abnormal
specific heat AC,,. The AC,, for Yb,, sCasoZnyoMg;7.s MG at
OT and 5T are shown in Fig. 3(b). A broad peak appears

TABLE V. The experimental saturated magnetic moments g, “” for

Ybi25CasoZnyoMgi7,  YbersZnpoMgi75Cus,  SmygYysAlsCox,  and
(CuZr)gs 5A1,Xp 5 (X = Ce, Sm, and Gd) MGs at low temperatures and high
fields.

Temperature Magnetic

MG (K)  field (T) uaf (up/f ) pise (g /f u.)
Yb2.5Cas0ZnyoMg 7 1.8 7 1.83 4.00
Ybsz.sznzoMgw,sCUs 1.6 7 2.35 4.00
(Cqu)92_5A17CeO_5 1.6 7 0.40 2.14
(CuZr)g sAl;Smg 5 1.6 5 0.21 0.71
SmY45Al55Cos0 1.6 7 0.09 0.71
(CuZr)g, sAl;Gdy 5 1.6 7 6.86 7.00




163505-4 Huang, Yang, and Wang

around 1.83 K under a magnetic field of 0 T. Between 0.54 K
and 1.13K, AC, can be fitted with AC,=AC,, + 7.I in
which AC,y and 7, equal to 0.25 J/mol-Yb K and
0.210 J/mol-Yb K [the solid straight line in Fig. 3(b)]. The
small constant AC,, could be contributed by magnetic clus-
ters.*? The large electronic specific heat coefficient 7, indi-
cates moderate heavy FL behavior.” We linearly extrapolate
the AC, at 0T to OK and calculate the entropy change with
the formula AS(T) = [ AC,/TdT. The AS (3.5K) reaches
89% of RIn2, i.e., 5.10J/mol-Yb K [the soild curve in Fig.
3(b)]. The AC, corresponds to the compensation of the
ground state of Yb*" (4f'*) with a spin quantum number
S =1/2 indicating the absence of crystal field effect at higher
temperatures.** Under 5T, the AC » peak moves to a higher
temperature with a larger peak value. The magnetic field
energy is greater than the binding energy of free electrons
and Zeeman splitting of the ground state modifies the abnor-
mal specific heat peak.! The features of AC, for
Yb;,5Cas0ZnygMg 7.5 MG strongly favor that Kondo effect
appears in this MG. Similar specific heat anomalies also
appear for (CuZr)g; sAl;RE( 5 (RE = Ce, Sm) MGs.

The Schottky effect is common in crystalline alloys and
could induce the anomalies of low temperature properties.*
The (CuZr)g, sAl;Gdys MG has typical Schottky anomalies
which show different features with the Kondo effect.*’
For this MG with increasing applied fields or decreasing tem-
peratures more magnetic moments will stay at low energy
states and have larger projections in the direction of magnetic
fields. Accordingly the magnetization will increase and the

< 6o} (@) |
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E
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FIG. 3. (a) Temperature scaled heat capacity C,/T vs. T? for Yby,sCaso
ZnyMgi7 MG. The solid line is fitting result with C,/T = 7 + ﬂTz. (b)
Temperature dependent abnormal AC,, for Yb,, sCasoZnyyMg;7; MG at 0T
and 5T. The solid straight line is the fitting result. The solid curve presents
the T dependant entropy change AS at 0 T.

ACp(JImoI-Yb K)

—
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magnetic susceptibility y = M/H will decrease. So the inverse
magnetic susceptibility ' shows an upturn deviation from
the Curie-Weiss law with decreasing temperatures and the
deviation becomes more obvious under a higher magnetic
field. For the Kondo effect ¥ ' often shows a down turn devi-
ation from the Curie-Weiss law due to weaker antiferromag-
netic interactions as shown in Fig. 2(a). Schottky effect will
not cause the logarithmic increase of the resistivity which is
characteristic of Kondo effect. Besides, the specific heat
anomalies contributed by the two effects are also quite
different. Specific heat contributed by the Schottky effect
approaches zero exponentially at the low temperature side
while at high temperatures the specific heat varies as T~ 2%
For Kondo effect a broad specific heat peak appears with a
linear relation of the temperature at the low temperature side.'
The typical features of Ybj;s5CasgZn,oMgi75, Ybgo sZns
Mg7.5Cus, (CuZr)g, sAlLRE( 5 (RE=Ce, Sm), and Smi(Y4s
Al>5Co,0 MGs discussed previously are unequivocally caused
by Kondo effect rather than the Schottky effect.

In a single impurity Kondo system, kpTx reflecting
the binding energy of the singlet ground state is proportional
to exp[—|Es-Ey |/N(EF)ka2], where E; and Ep are, respec-
tively, the energies of the flevel and Fermi level, N(Ef) is the
conduction-band density of states at the Fermi level, Vi is
the hybridization matrix between the f state and the conduc-
tion electrons.' ITn MGs, the nearest-neighbor distance has a
considerable distribution which results in the distribution in
the f levels,**** and thus the distribution of the Kondo tem-
perature Tx. The Kondo specific heat peak appears near Tx
conventionally.'! From the specific heat anomalies of
Yb125Cas0ZnaoMg 75, (CuZr)oa sAlREgs (RE=Ce, Sm)
MGs we find that the T distribute mainly around 2 K for the
MGs. According to the analysis of the magnetic susceptibil-
ity, when the temperature is deceased the change of states
43 — 4" 4 — 4f° and 4f° — 4f° occurs for the MGs con-
taining Yb, Ce, and Sm, respectively.38 Actually, with the
decreasing temperature Kondo effect corresponding to the
delocalization (for Ce) or localization (for Yb and Sm) of 4f
electrons has been reported to exist in many crystalline alloys
like YbCus, YbNiAl,, CeCug, CeCu,Si,, (LaSm)Sns;, and so
on.***° For these alloys, the Tk range from a few to tens of
Kelvin. The existence of Kondo effect in MGs containing
Yb, Ce, and Sm elements indicates the inheritance of elec-
tronic structures. In these MGs when the metallic atoms
approach each other, the short-range interactions among
them, which are similar to those of their crystalline counter-
parts, split the energy levels of the atoms and form the con-
duction and 4f energy bands.?! The lack of long-range order
mainly influences the density of the energy states and the
property of the eigenstates.’®' The 4f energy levels in the
MGs are still close to the Fermi surface and the Kondo effect
still exists when the temperature is decreased. Recently, the
inheritance of elastic properties and polyamorphic phase tran-
sitions from the solvent components has been discovered for
MGs and a hierarchy of atomic bands is suggested.”*>* As
Kondo effect mainly relates with the interaction between the
magnetic atoms and their neighboring ligands, this effect is
inherited even though the magnetic atoms act as solute com-
ponents in our studied MGs.
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Next, we will show that due to the disordered packing of
various atoms the NFL behavior, which is unique in crystal-
line Kondo alloys is found in our studied MGs. According to
the Landau’s FL theory, the magnetic susceptibility and re-
sistivity of Kondo alloys should have a 7> term, and the spe-
cific heat should decrease linearly when the temperature
approaches zero.*! For Ybi,.5Cas0Zn,)Mg 7.5 MG the mag-
netic susceptibility y,,..; between 1.8 and 9.9K at 0.1 T can
be fitted with the formula 7, = 103 + C3T~ ' * * in which o
equals to 0.337. The temperature dependent Ay (Ay = Yiora
— y03) and fitting line are shown in Fig. 4(a). The scaled
magnetic resistivity of the MG between 1.8K and 79K
without fields can be fitted with the formula p,,./
p(B00K) = po3 + A>T* with 1 equaling to 0.644 [the solid
curve in Fig. 1(b)]. AC,/T at OT is approximately propor-
tional to —/nT between 2.1 K and 3.7 K. It is difficult to get
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FIG. 4. (a) Temperature dependent magnetic susceptibility Ay for Yb;, sCas
ZnyoMg 7 MG in a logarithmic scale. The solid line is the fitting result with
the NFL theory. (b) Temperature dependent ZFC and FC magnetization M
for Ybgy5Zn;sMg;7Cus MG at 0.1 T. (c) Temperature dependent ZFC and
FC magnetization M for Sm;gY45A1,5C0,0 MG at 1 T.
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TABLE VI. The fitting results of the magnetic susceptibility with the for-
mula Y = o3 + C3T ' 7% at low temperatures and different fields for
Yby,.5Cas0Zn,gMg;7 and (CuZr)gs sAlLRE( s (X = Ce, Sm) and MGs.

MG Magnetic field (T) Temperature range (K) o

Ybio5CasgZnyoMgi7.5 0.1 1.8-9.9 0.337
(CuZr)gs 5A1,Ceq 5 0.5 1.6-10.2 0.394
(CuZr)gz 5Al7Smg 5 1 1.6-9.8 0.106
(CuZr)g sAl;Smg s 5 1.6-9.7 0.335

the small magnetic contribution to specific heat above 3.7K
due to the mixing with the boson peak originating from low
frequency vibration modes.”® The deviation from the FL
theory in a large temperature range indicates the existence of
NFEL behavior in Yb;» sCasoZnyoMgi75 MG.'> The tempera-
ture dependent magnetic susceptibility of (CuZr)g, sAl;RE 5
(RE = Ce, Sm) MGs also shows the NFL behavior.

The fitting results of the magnetic susceptibility at low
temperatures with the formula y;,m; = Y03 + CsT' 7 for
Yb2.5Cas0Zn0Mgy7.5 and (CuZr)oy sAl;REq 5 (RE = Ce, Sm)
MGs are listed in Table VI. For (CuZr)g, 5Al;Smy s MG, o
increases from 0.106 to 0.335 when the field increases from
1T to 5T. For (CuZr)g, sAl;Ceq 5 and Yb, 5Cas0ZnygMg;7 5
MGs when the applied field increases to 5 T, the NFL behav-
ior disappears and local FL behavior exists as listed in
Table IV. For Ybg,5Zn;5sMgi75Cus and Sm;gY45Al,5C0,0
MGs containing larger concentrations of RE elements the
NFL behavior also disappears. The overlapped zero field
cooled (ZFC) and field cooled (FC) magnetization curves at
0.1 T show sharp antiferromagnetic peaks at 240K for
Ybg, 57Zn5sMg 7 5Cus MG as shown in Fig. 4(b). For Sm;(Yys
Al,5Co,9 MG, the ZFC and FC magnetization curves at 1T
show a rapid increase around 6 K and then bifurcate at 3.75K
indicating a spin glass transition as shown in Fig. 4(c).”® The
NFL behavior of MGs containing Yb, Ce, and Sm elements
can be affected by the applied magnetic fields and concentra-
tions of the RE elements.

The competition between the Kondo effect and RKKY
interactions in the disordered structures induces the NFL
behavior. Either of the two competing tendencies would dom-
inate due to the large spatial fluctuations in the MGs. In the
region where the distances between the magnetic moments
are sufficiently large RKKY interactions are very weak and a
disordered local FL forms at low temperatures through the
Kondo effect. On the other hand, ferromagnetic, antiferromag-
netic, or spin glass clusters form through RKKY interactions
in the regions where the concentrations of magnetic moments
are high. The broad distribution of Kondo temperatures Tk in
various regions with comparable energies of Kondo effect and
RKKY interactions directly results in the NFL behavior.!' "3
Fig. 5(a) illustrates the distribution and interactions among the
RE magnetic spins under a small field at low temperatures.
Darker color means stronger RKKY interactions. In the pic-
ture, Tk distribute in a large temperature range due to the spa-
tial fluctuations and NFL behavior exists. If the temperature is
lower than all the Tx in different areas local FL liquid
forms just as the heat capacity behavior for Yb;,sCasg
Zn,oMg7.5 MG below 1.13 K. So the ground state of this MG
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FIG. 5. (a) The distribution and interactions of the RE magnetic spins under

a small magnetic field. (b) The distribution and interactions of the RE mag-
netic spins under a high magnetic field. The direction of the field is up.

at small fields is not the NFL states. Within the statistical dy-
namical mean field theory the exponent « is a continuously
varying function of the disorder strength and a less disordered
structure with a narrower Ty distribution corresponds to a
larger o."”> Under a high magnetic field the tendency for the
spins to arrange along the direction of the applied field
becomes more pronounced and the magnetic ions seem to
stay in a more ordered structure and the Tk distribution
becomes narrower. Increased o for (CuZr)g, sAl;Smg s MG at
a higher magnetic field coincides with the prediction. Under
sufficient large fields the antiferromagnetic temperatures 7y
or freezing temperatures 7y approaches zero %" and RKKY
interactions seem to be very weak. The largely weakened
RKKY interactions and narrow Tk distribution lead to the dis-
appearance of the NFL behavior for (CuZr)y,sAl;Ceq s and
Yb;, 5Cas0ZngMg;75 MGs under high magnetic fields. Fig.
5(b) illustrates the distribution and interactions of the RE
magnetic spins under a high field. The direction of the applied
field is up. Local FL forms in more areas with weak RKKY
interactions. With increasing concentrations of Sm and Yb in
MGs RKKY interactions become stronger and the spin-flip
processes of Kondo effect are suppressed. The NFL behavior
disappears and the antiferromagnetic and spin glass transitions
exist for Yb62_52n]5Mg17,5Cu5 and Sm|0Y45A125C020 MGS,
respectively.

IV. CONCLUSIONS

We find that Kondo effect exists in MGs containing Yb,
Ce, and Sm unequivocally. The NFL behavior sensitive to

J. Appl. Phys. 113, 163505 (2013)

magnetic fields and concentrations, which is unique in
Kondo alloys and MGs is discovered. The phenomenon can
be explained with the competition between the Kondo effect
and RKKY interactions in the strongly disordered structure.
We also show that the origins for these unique features and
the found Kondo effect of these MGs is inherited from their
crystalline counterparts, and the inheritance of electronic
structure has significance for the exploring of MGs with
functional properties. Kondo effect underpins a variety of
interesting physical phenomena like exotic superconductivity
and anomalous ground states. The found MGs with Kondo
effect could provide models for the study of the influence of
disorder on strong electron-electron interactions.
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