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We study the anomalous acoustic softening behavior in Lagg_Ce,Al;(Cu,,Co, (x=0, 34, and 68)
metallic glasses by magnetic susceptibility, thermal expansion, and specific heat at low
temperatures. The Ce-based metallic glass exhibits valence fluctuation phenomenon, anomalous
thermal expansion and acoustic Griineisen parameter at low temperatures. And we provide
experimental evidence of the existence of strong electron—phonon coupling in the Ce-based metallic
glasses by specific heat. The anomalous acoustic and thermal properties are attributed to the valence
instability in the metallic glasses. © 2010 American Institute of Physics. [doi:10.1063/1.3467516]

I. INTRODUCTION

The valence fluctuation phenomena in rare-earth com-
pounds present a strong challenge to solid-state physicists.1
In the 4f intermediate-valence systems, the valence instabil-
ity is due to the proximity of the 4f level of the ion to the
Fermi level, and fluctuations between two different valence
states 4/™ and 4f™*!. Strong valence fluctuations are observed
in the intermetallic compounds with Ce, Yb, Sm, etc. And
the hybridization of 4f shell with conduction electrons is
believed to give rise to anomalous properties in the com-
pounds. By magnetic susceptibility, the intermediate-valence
compounds Celn;_,Sn, exhibits a maximum at low tempera-
ture due to spin fluctuation, and a € behavior above the maxi-
mum. The effective moment of Celn;_,Sn, is close to the
free-ion Ce*.> The specific heat of the intermediate-valence
compounds also shows special behavior. For example, when
the lattice contribution is subtracted out by that of LaBg, the
excess specific heat of intermediate-valence SmBg exhibits a
large broad peak.l

The different valence ionic radius in the compounds is
greatly different, which induces large volume difference. The
valence fluctuations are accompanied by large volume fluc-
tuations. As a result, the intermediate-valence compounds
display anomalous thermal expansion. For example, the ther-
mal expansion coefficient of CeSn; is substantially larger
than that of LaSn; and shows a broad peak near 130 K.' The
anomalous thermal expansion appears related to a softening
of the lattice, which has an electronic origin and reflects the
peculiar state of 4f electrons in cerium. Severing et al.? stud-
ied the intermediate-valence compound CePds;, which shows
distinct softening longitudinal acoustic modes, and ac-
counted for by introducing an extra “breathing term” in the
model calculation. The anomalous thermal expansion is ob-

“Electronic mail: mbtang @mail.sic.ac.cn.

0021-8979/2010/108(3)/033525/5/$30.00

108, 033525-1

served in a number of crystalline alloys or compounds, and
whether this involves a straightforward valence instability is
open question.

In the intermediate-valence compounds, the f«s !
electronic transitions are expected to affect both the lattice
constants as well as the electronic structure. One would ex-
pect rather strong electron—phonon coupling that would af-
fect the phonon frequencies. Various models have been pro-
posed to incorporate the electron—phonon coupling in the
intermediate-valence compounds.“f7 Ultrasonic and inelastic
neutron scattering methods are extremely valuable in eluci-
dating the electron—phonon coupling mechanism. Clemen-
tyev et al® found the strong phonon anomalies in the
intermediate-valence system CeNi and the isostructural ref-
erence compound LaNi. The comparison with LaNi shows
that a pronounced softening occurs in several branches with
acoustic character, which confirmed the effect of electron—
phonon coupling. The full understanding of electron—phonon
coupling in the intermediate-valence compounds remains to
be solved.®

The study of Ce-based compounds is of particular inter-
est as in this case the 4f shell contains just one electron,
which may help us to explain this system with relative ease,
as intra-4f electron interactions can be ignored. Ce-based
bulk metallic glasses (BMGs) have excellent glass-forming
ability, small elastic moduli, and an exceptionally low glass
transition ternperature.gf11 Under high pressure, Ce-based
BMG, unlike other BMGs with normal mode stiffening, ex-
hibits an anomalous softening acoustic modes, i.e., the nega-
tive pressure derivatives of acoustic velocities or elastic
constants.' Zhang et al.'? studied the acoustic Griineisen
parameter by comparing to that of typical oxide glasses, and
concluded that the anomaly in Ce-BMGs is due to the short-
range covalent bonds. By the temperature-dependent acous-
tic properties, Ce-based BMG shows distinct softening lon-
gitudinal acoustic mode by comparing to the isostructural
nonmagnetic La-based BMG." In BMGs which have been

© 2010 American Institute of Physics
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found at present, the acoustic softening behavior is only ob-
served in Ce-based amorphous alloys. The acoustic softening
behavior has been studied well in crystalline alloys or
compounds.1’3‘8 Whether there is same origin for the behav-
ior in both amorphous and crystalline alloys (or compounds)
is important question. In this paper, the temperature-
dependent magnetization, thermal expansion, and specific
heat C, of the Lagg_,CesAlj(CuyyCo, (x=0, 34, and 68)
BMGs is studied. The results indicate that the Ce-based
BMG exhibits valence fluctuation phenomenon, and anoma-
lous thermal expansion and specific heat at low temperatures.
The strong electron—phonon coupling in the BMGs is eluci-
dated by specific heat. And the valence instability is the ori-
gin of the anomalous acoustic and thermal properties in the
Ce-based BMG.

Il. EXPERIMENTAL DETAILS

The Lagg_,Ce,Al;;CuyyCo, (x=0, 34, and 68) BMGs
were prepared and the details of the synthesis were described
in Refs. 9 and 13. The glassy structure is ascertained by
x-ray diffraction (XRD) and differential scanning calorim-
etry (DSC). The linear thermal expansion AL/L(300 K) was
measured using a foil strain gage (KYOWA; model KFL-02-
120-C1). The gauge was bonded with PC-6, and measured
using physical property measurement system (PPMS, Quan-
tum Design Inc.). This method is simple but requires a ma-
terial of known expansion. We used aluminum (purity:
99.99%) and the corresponding thermal expansion data of
pure aluminum to calibrate the gauge.14 Thus, although the
precision of the gauges is better than 1077 strain, the accu-
racy is only about 20%. The C,, measurements (error <2%)
were carried out with PPMS. The dc magnetic susceptibility
was measured using PPMS from 5 to 300 K.

lll. RESULTS AND DISCUSSION
A. Glassy structure

Figure 1(a) shows the XRD patters of the
Lagg_Ce AloCuyyCo, (x=0, 34, and 68) BMGs. The
samples exhibit a broad diffraction maxima characteristic of
metallic glasses characterizing of amorphous structure of al-
loys with the limitation of the XRD. Figure 1(b) shows the
glass transition, the crystallization and the melting process of
the samples by DSC at heating rate of 20 K/min, which also
confirms the glassy state of the Lagg_,Ce,Al;;CuygCo, (x
=0, 34, and 68) BMGs.

B. Magnetic susceptibility

Figure 2 exhibits dc magnetic susceptibility M versus T
for the CeggAl;(Cu,yCo, BMG along with the isostructural
BMG LagAl;(Cu,gCo,. The reference LaggAl;Cu,yCo,
BMG is nonmagnetic and the CeggAl;(Cu,gCo, BMG shows
paramagnetism. The inset of Fig. 2 displays the inverse dc
magnetic  susceptibility 1/M  versus T for the
CeggAl;(Cu,,Co, BMG. The solid lines are the fitting results
by the Curie—Weiss law. In the Ce-based BMG, the Ce ef-
fective magnetic moment at high temperature is 2.89ug by
Curie-Weiss law (shown in the inset of Fig. 2), which is
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FIG. 1. (Color online) (a) XRD patterns for the Lagg_Ce,Al;;Cu,,Co, (x
=0, 34, and 68) BMGs; (b) DSC traces of the alloys showing the glass
transition, crystallization, and the melting process. The scanning rate is 20
K/min.

larger than the value 2.54up of the free-ion Ce**. The large
Ce effective moment maybe is due to the contribution of the
Co and Cu metallic elements. The inverse magnetic suscep-
tibility 1/M gradually deviates Curie—Weiss law below about
80 K. The Ce effective magnetic moment below 10 K is only
1.72ug by Curie-Weiss law (shown in the inset of Fig. 2),
which is much smaller than that of the free-ion Ce**. The
free-ion Ce** is nonmagnetic. The effective magnetic mo-
ment in the BMG interpolates between those of the free-ion
Ce’* and Ce** at low temperature, which shows that the
Ce-based BMG exhibits valence fluctuation phenomena.

C. Thermal expansion

Figure 3(a) displays the thermal expansion
AL/L(300 K) as a function temperature from 5 to 300 K for
both BMGs. The AL/L(300 K) of both BMGs exhibits a

>
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FIG. 2. (Color online) dc magnetic susceptibility M vs T for the
LaggAl;(Cu,yCo, and CeggAl;oCu,yCo, BMGs. Inset: inverse dc magnetic
susceptibility 1/M vs T for the CeggAl;(Cu,gCo, BMG. The solid lines are
the fitting results by the Curie—Weiss law.

Downloaded 05 Dec 2011 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



033525-3 Tang et al.

0.000

T

-0.001

(@)

-0.002F

T

-0.003F

o

AL/L(300K)

o LaGSAIwCuZDCo2

o Ce Al CUZOCO

-0.004F

T

68 10

-0'005AAAAlAAAAlAAAAlAAAAlAAAAlA

2

P SN SN SN S T TSN NS TSN T T ST ST ST SN AT ST SHT ST SO NS SN
0 50 100 150 200 250 300
T (K)

T (K)
0 100 200 300
< 12F
o 8 (c)
S 4
< ot

FIG. 3. (Color online) (a) Thermal expansion of the CeggAl;;Cu,,Co, BMG
along with the isostructural nonmagnetic reference BMG LaggAl;(Cu,,Co,.
(b) Thermal expansion coefficient @ of the CeggAl;CuyCo, and
LaggAl;Cu,y;Co, BMGs. (¢) A vs T.

positive T-coefficient from 5 to 300 K and the effect of the
thermal expansion in the CeggAl;(Cu,gCo, BMG is obvious
comparing to that of the La-based BMG. Figure 3(b) shows
the linear thermal expansion coefficient o
=d[AL/L(300 K)]/dT of the CegAl(Cu,yCo, and
LaggAlCu,yCo, BMGs. We determined the « by fitting the
data in Fig. 3(a) using polynomials and differentiating, as
reported previously.15 The thermal expansion coefficient « of
the La-based BMG increases quickly with increasing tem-
perature at low temperature, and is up to a constant, which is
almost usual in metallic systems. The coefficient « of the
Ce-based BMG is larger than that of the reference La-based
BMG, and changes from 10.52X 10°° K! at 5.26 K to
15.87x 107 K~! at 300 K with an obvious hump near 50 K,
which is like that of the intermediate-valence compound
CeSn3.1 At 300 K, the coefficient « of the La-based BMG is
14.95% 107 K~!, which is close to that of the pure La
(12.1X107% K~'). The coefficient a of the Ce-based BMG
at 300 K is 15.87 X 107% K~!, and is larger than that of the
pure Ce (6.3X107° K™'). Figure 3(c) exhibits Aa
=a(Ce-based BMG)—a(La-based BMG) versus T, which
increases rapidly decreasing temperature, and exhibits a peak
down to 29 K.

D. Heat capacity

The  measured  specific heat C, of the
Lagg_Ce, Al (Cu,yCo, (x=0, 34, and 68) BMGs from 2 to

J. Appl. Phys. 108, 033525 (2010)
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FIG. 4. (Color online) Specific heat C, of the Lagg_,Ce,Al;(Cuy,Co, (x=0,
34, and 68) BMGs in the temperature range from 2 to 300 K. Inset: specific
heat, shown as C,/T vs 7% at low temperature, the solid line is the fitting
result of the specific heat between 2 and 7.5 K using the expression C,/T
=+ BT? for LagAl,,Cu,,Co, BMG.

300 K is shown in Fig. 4. The specific heat of the alloys x
=34 and 68 is larger than that of the alloy x=0 in the tem-
perature range from 2 to 300 K. With the temperature in-
crease, the specific heat C, (molar-atom) gradually reaches a
constant value [27.3 Tmol™! K!, 28.3 Tmol"! K~!, and
28.4 J mol~! K71 at 303 K for Lagg_,Ce,Al;(CuyyCo, (x=0,
34, and 68), respectively], which is larger than the classical
Dulong—Petit value 24.94 J mol™' K™'. The C,/T versus T*
is plotted in the temperature range of 2 and 7.5 K (shown in
the inset in Fig. 4). In the temperature range 12<T7?
<56 K2, the data of La-based BMG is well fitted in a poly-
nomial form C,/T=y+BT* with y=3.24 mJ mol™! K™ and
B=993.6 wJ mol~! K™*. The 6, is derived to be 125 K by
B=(127*R/5)(1/ 013)) (where R is the gas constant), which is
close to that of the LagCuaoNioAl,q BMG.'® And just like
other BMGs,"” in the lower temperature range 4<T>
<12 K23, the data is deviated from the linear behavior. The
deviation in the BMG could be ascribed to the glassy state
effect or tunneling state effect."” Due to the 4f electron ef-
fect, the C,/T versus T? plot at low temperature for the
Lagg_Ce Al ,Cu,qCo, (x=34 and 68) BMGs is obviously
deviated from the linear behavior, which is close to that of
the heavy fermion Ce,Lags_,Al;oCu,oCos (x=0, 10, 20, and
65) BMGs.'®

E. Electron—phonon coupling

The excess specific heat AC,, of the alloys x=34 and 68
is obtained by subtracting the C, of the LaggAl;(CuyyCo,
glass [Fig. 5(a)]. The excess specific heat AC,, of both alloys
x=34 and 68 shows a peak near 100 K, and increases rapidly
decreasing temperature at low temperature. The simple ex-
trapolation in the glasses is made by drawing straight lines
from the lowest temperature data point to 7=0, AC,=0. The
entropy of the excess specific heat for both alloys x=34 and
68 can be got by AS:f;m?X(ACp/T)dT, and is exhibited in
Fig. 5(b). In the measurelamtemperature range, AS is about
10.1 J/mol Ce/K and 10.3 J/mol Ce/K for both alloys x
=34 and 68, respectively. The total magnetic entropy of Ce**
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FIG. 5. (Color online) Excess specific heat AC, (a) and entropy AS (b) of
the Lagg_,Ce,Al;(Cu,,Co, (x=34 and 68) BMGs.

ion (sce=1/2) is AS=R In(2s¢.+1)=5.76 J/mol Ce/K, here
R is the gas constant. AS for both samples is thus comparable
to or exceeds the total available from cerium moments and is
only a lower limit. Data below the lowest temperature data
point would clearly contribute to significantly more entropy.
The fact that the lower limit set on the total AS is greater
than R In(2sc.+ 1) suggests that there is the contribution of
strong electron—phonon coupling.

Figure 6(a) shows AC,/T versus T for the
CeggAl oCu,ygCo, BMG at low temperature. In the tempera-
ture range from 2.5 to 8 K, In(AC,/T) is linear with In(7),
which is shown by solid line in Fig. 6(a). Below 10 K, the 4f
magnetic electron contributes mainly to specific heat due to
the heavy fermion effect, and the electron—phonon coupling
contributes weakly to specific heat. So the linear behavior in
In(AC,/T) versus In(7) at low temperature is mainly due to
the 4f electron contribution. The f electron’s specific heat in
the measured temperature range is got by simple extrapola-
tion of the linear behavior, which is exhibited in Fig. 6(b).
After subtracting the 4f electron’s contribution from the total
excess specific heat AC,, the residual specific heat of the
alloy should be the contribution of the electron—phonon cou-
pling, which is also shown in Fig. 6(b). By the calculating
results, the effect of the electron—phonon coupling is strong
near 100 K.

The entropy of f electron and electron—phonon coupling
for the CeggAl;(Cu,gCo, BMG is got by the specific heat of
f electron and electron—phonon coupling, respectively, and is
exhibited in Fig. 7. With the temperature increase, the en-
tropy of f electron increases rapidly below about 15 K, and
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FIG. 6. (Color online) (a) AC,/T vs T for the CeggAl;(Cu,Co, BMG at low
temperature; the solid line is the fitting result. (b) Specific heat of f electron
and electron—phonon coupling for the CeggAl;Cu,,Co, BMG.

gradually reaches a constant value of 5.33 J/mol Ce/K at 303
K, which is close to the total magnetic entropy of Ce** ion
5.76 J/mol Ce/K in Fig. 7. The entropy of electron—phonon
coupling is weak at low temperature, and increases gradually
above about 10 K.

The Ce-based amorphous alloy shows the valence insta-
bility by the low temperature physical properties, which was
expected to result in a wealth of phonon anomalies because
of the large volume difference between two different valence
states.' If the volume fluctuation of the rare-earth atoms oc-
curs on a time scale comparable with typical lattice response
times, an influence on the phonon system like the damping of
certain phonon modes may be e:xpected.3‘8 As a result, one
would expect rather strong electron—phonon coupling that
affect the phonon frequencies in the intermediate-valence
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FIG. 7. (Color online) Entropy of f electron and electron—phonon coupling
for the CeggAl;(Cu,yCo, BMG.
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compounds. The frequency distribution or the density of
phonon modes determines the specific heat. In the Ce-based
alloys, the electron—phonon coupling is enough strong to af-
fect the behavior of the specific heat obviously. So specific
heat is another method to elucidate the strong electron—
phonon coupling mechanism.

F. Griineisen parameter

Griineisen parameter is an important parameter for de-
scribing anharmonic properties of solids. The thermal Grii-
neisen parameter can be obtained directly from the thermal
expansivity «, the bulk modulus B, the unit-cell volume V,,
and the heat capacity C, as follows: (;=3aBV,/C,. The
temperature-dependent bulk modulus B and the unit-cell vol-
ume V,, at room temperature of the La-based and Ce-based
BMG has been measured."® The thermal Griineisen param-
eter (07 of both BMGs from 90 to 300 K is shown in Fig. 8.
The values of ), for both BMGs are positive. At 300 K, the
value of 7 is 1.087 and 0.844 for the La-based and Ce-
based BMG, respectively. The thermal Griineisen parameter
of both BMGs shows different temperature-dependent be-
havior, negative for the Ce-based BMG and positive for La-
based BMG, respectively. By the temperature-dependent
acoustic velocity in both BMGs,"” the longitudinal acoustic
velocity shows greatly different behavior. The softening lon-
gitudinal acoustic mode maybe induces the difference of the
thermal Griineisen parameter in the La-based and Ce-based
BMGs.

The Griineisen parameter can be approximately deter-
mined by elastic data,19 which is acoustic Griineisen param-
eter. The acoustic Griineisen parameter is not available for
our specimens. The acoustic Griineisen parameter has been
measured for a material of composition (Ce;(Al;(Ni;oCuq
BMG) close to that of the present work. Like oxide glasses,
the value of the acoustic Griineisen parameter is negative
(—0.23) at room temperature, which is greatly different from
that of other BMGs.'? Due to the transverse acoustic mode
softening under pressure in the oxide glasses, the transverse
vibration is the source of the anomalous elastic properties.20

J. Appl. Phys. 108, 033525 (2010)

But in Ce;pAl;oNi;¢Cu;y BMG, both of the transverse and
longitudinal acoustic modes soften under pressure,12 which
induces the negative acoustic Griineisen parameter. The
acoustic softening behavior maybe plays an important role in
the difference between the thermal (0.844) and acoustic
(—0.23) Griineisen parameters in Ce-based BMGs at room
temperature.

IV. CONCLUSIONS

We find that the Lagg_Ce Al;(CuyyCo, (x=34 and 68)
BMGs exhibit valence fluctuation phenomenon and strong
electron—phonon coupling at low temperatures. The thermal
expansion coefficient a of the CeggAl;(Cu,yCo, BMG is
larger than that of the LaggAl;(Cu,,Co, metallic glass. The
Ce-based BMG exhibits anomalous specific heat behavior,
which suggests the existence of the strong electron—phonon
coupling in the BMGs. Comparing to the thermal Griineisen
parameter, the anomalous acoustic Griineisen parameter is
due to the acoustic modes softening. The anomalous acoustic
and thermal properties may be attributed to the valence in-
stability in the Ce-based BMG, which is important to under-
stand the origin of the acoustic softening behavior in amor-
phous and crystalline alloys or compounds.
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