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OVERVIEW

Metal-Insulator Transition in the Amorphous Ce,Sijy)-r (4 < x < 83)

Heavy Fermion System

Tetsushi Biwa, Masaaki Yui *, Tsunehiro Takeuchi and Uichiro Mizutani

Department of Crystalline Materials Science, Nagoya University, Nagoya 464-8603, Japan

The electronic structure, magnetic properties and electron transport properties have been studied on amorphous Ce, Sijgo—» (4 < x < 83)
alloys in comparison with non-magnetic amorphous La, Sijgo—x (11 < x < 63) and Ti,Sijoo—x (6 < x < 41) alloys with a particular emphasis
on the formation of the pseudogap at the Fermi level and its effect on the electron transport upon approaching the metal-insulator transition
in the heavy fermion system. It is shown that the interaction between conduction electrons and localized moments leads to an anomalous
enhancement in the temperature dependence of the measured resistivity below 10 K. We also revealed that the amorphous Ce,Sijgo—x alloy
system crosses the metal-insulator transition at about 12 at%Ce and that the marginally metallic Ce;s5Sigs alloy has the resistivity of 1500 pQcm
comparable to those in the non-magnetic reference systems but a large electronic specific heat coefficient y of 22 m)/mol-K2, which is 50 times
as large as the value of 0.4 mJ/mol-K? for the marginally metallic Tij3Sig7 alloy. The set of (p3p0k, Vexp) data fall on an extremely small
diffusion constant line in the p-y diagram. This unique behavior is attributed to the existence of Ce-4f electrons at the Fermi level, which give
rise to a large value of ¥ but are localized and immobile even in the metallic regime.
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1. Introduction

The pseudogap is formed across the Fermi level Er through
different mechanisms. The concept of the pseudogap was
originally introduced by Mott) in relation to the metal-
insulator transition in expanded liquid mercury. Indeed, the
formation of the pseudogap was experimentally confirmed
through measurements of the Hall coefficient and electrical
resistivity upon an expansion of volume at high temperatures
under high pressures in liquid mercury.? In quasicrystals and
their approximants, simultaneous contacts of the Fermi sur-
face with many Brillouin zone planes are responsible for its
formation.> In amorphous M, X go_, alloy systems, where
M and X stand for a metal and metalloid element, respec-
tively, the metal-insulator transition occurs when the con-
centration x of a metallic element M is decreased below
some critical value. Obviously, a finite energy gap exists at
x = 0 corresponding to the pure element X like amorphous
Si or Ge. Hence, the transition from a metal to an insulator
with decreasing the metal content does occur in amorphous
M, X190 alloy systems, which can be viewed as the process
of deepening the pseudogap across Er.

Electron transport properties were systematically studied
together with both atomic and electronic structures across the
metal-insulator transition in amorphous V,Sijgo_, (7 < x <
74)® and Ti,Sijoo-» (6 < x < 41) alloys.” Tanaka ez al.
have also studied the electronic structure near the Fermi level
in amorphous Pd, Sijgo—, alloys over the composition range
covering the metal-insulator transition by means of the pho-
toemission spectroscopy measurements.® In the case of amor-
phous V, Sijg—, alloy system, a decrease in the V concentra-
tion lowers the V-3d density of states at Er and eventually
leads to a semiconducting amorphous Si. Thus, this is typi-
cal of the pseudogap system. The conductivity for alloys with
x > 20 can be well explained in terms of the quantum inter-
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ference effect characteristic of a disordered metallic system
whereas those with x < 15 in terms of the variable-range
hopping model applicable to an insulating regime. Therefore,
the metal-insulator transition in the amorphous V, Sijgo—, al-
loys occurs in the composition range 15-20at%V. Similarly,
the metal-insulator transition is claimed to occur at about
9.5 at%T1 in the amorphous Ti, Sijgo—y alloys.

Mizutani plotted the room temperature resistivity against
the measured electronic specific heat coefficient for a large
number of amorphous alloys and quasicrystals to extract uni-
versal features of the metal-insulator transition in many dif-
ferent systems.” Here the measured electronic specific heat
coefficient is assumed to represent the density of states (DOS)
at Eg, N(FEFg). It was further assumed that, in metallic side of
the metal-insulator transition, all electrons including both sp-
and d-electrons at Ey contribute equally to the electron con-
duction and that the conductivity formula o = %Z—AF veN (Eg)
is applicable to them, where Af is the mean free path of
conduction electrons and vg is the Fermi velocity. Further-
more, conduction electrons near the metal-insulator transi-
tion are assumed to take a minimum diffusion coefficient

Dpin (: Ag“;"{:mn> equal to 0.25 cm?/s, which is simply de-
duced by using AF™ equal to an average atomic distance of
0.3nm and v" equal to one-fourth of the free electron Fermi
velocity, namely, 0.25 x 10% cm/s. Its justification has been
discussed elsewhere.®) A line p = (72/3)(ks/e)*D Ly !
with a slope of —1 can be drawn in the p-y diagram on the
log-log scale. This is called the metal-insulator transition line
(MI-line). Indeed, almost all data for non-magnetic amor-
phous alloys and quasicrystals in metallic regime were found
to fall below the MI-line.”

An unusually large electronic specific heat coefficient y has
been reported in intermetallic compounds based on rare earth
elements Ce and Yb.>!? They are known as heavy fermion
systems. The 4f-electrons are believed to be not only respon-
sible for the formation of the localized magnetic moment but
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also for the possession of an extremely large value of y. A
large enhancement in y has been observed also in amorphous
Ce,Sijgo—y alloys in the metallic regime.' It is therefore of
great challenge to examine how amorphous Ce, Sijgo—x alloys
enter the metal-insulator transition with decreasing Ce con-
tent on the p-y diagram and to discuss the electron transport
mechanisms by making full use of the p-y diagram thus ob-
tained. The amorphous La, Sijg_, alloys were also synthe-
sized in this experiment to use the data as a reference together
with those for amorphous Ti, Sijgo—x and V,Sijgo—, alloys re-
ported earlier, since they are free from 4f-electrons.

2. Experimental Details

An alloy ingot was prepared in button form, 30 mm in di-
ameter and about 10 mm in thickness by arc melting of ap-
propriate amounts of pure Si (99.999%), pure Ce (99.9%) and
pure La (99.9%). The composition of the ingot was checked
by means of EPMA (electron probe micro-analysis) method.
Even after repeated arc-melting and turning of the ingot, a
small difference in composition was observed between the top
and bottom surfaces in some Ce, Sijgo—, samples. In particu-
lar, the ingots in the vicinity of 30 at%Ce could not be homo-
geneously alloyed and the composition difference exceeded
2 at% between the top and bottom surfaces. Thus, amorphous
samples in the composition range 25 < x < 35 were aban-
doned.

The homogeneously mixed ingot was used as a target for
the triode DC sputtering. The backpressure in the vacuum
chamber was evacuated to 4 x 107> Pa before the introduc-
tion of pure Ar gas. During the deposition, the Ar gas pres-
sure was maintained at 5.3 x 1073 Pa. The distance between
the target and substrate was 25 mm. The sputtering rate was
about several nm-min~!. The film was deposited onto Cu
plate up to about several 10 im in thickness and was mechan-
ically peeled off from the substrate.

The X-ray diffraction spectra were taken with Cu-Ko ra-
diation. The formation of an amorphous single phase was
confirmed by the appearance of a halo pattern without any
Bragg peaks. The composition of the film was studied by the
EPMA and ion-coupled plasma (ICP) methods. The devia-
tion from the nominal composition was found to be within
+1at%. An amorphous single phase was obtained in the
composition ranges 4 < x < 83 and 11 < x < 63 in the
Ce,Sijgo—r and La,Sijgo— systems, respectively. The ther-
mal stability of an amorphous phase was studied by using a
differential scanning calorimeter (DSC) (RIGAKU-8131BH).
Each sample weighing about 10-20 mg, was sealed in a Ag
pan and heated in Ar-gas flowing atmosphere with a heating
speed of 15 K min~! in the temperature range up to 1073 K.

The electrical resistivity was measured by using a four-
probe DC method over the temperature range 1.8-300K in
magnetic fields of 0-9 T (Quantum Design Inc., PPMS-9L).
The magnetic susceptibility was also measured over the tem-
perature range 1.8-300K in magnetic fields 0-7 T (Quantum
Design Inc., MPMS7). The low temperature specific heat was
studied by using the relaxation technique in the temperature
range 0.5-30K in magnetic fields of 0-5T (Oxford Instru-
ments, MLHCO9H). The X-ray photoemission spectroscopy
measurement was carried out at room temperature for a series

of amorphous Ce, Sijgo—» alloys by using the monochromated
Al-Ko radiation (SSI Inc., SSX-100). In addition, high-
resolution ultra-violet photoemission spectrum was measured
at 8 K for the amorphous Ce;sSigs alloy together with pure
Au as a reference, using a Scienta SES2002 hemispherical
analyzer with a Gammadata VUV5010 photon source (hv =
21.218 eV) at the Institute of Solid State Physics, the Univer-
sity of Tokyo. The Seebeck coefficient was measured with a
commercially available apparatus (MMR Technologies, SB-
100) in the temperature range 100400 K.

3. Experimental Results

3.1 Thermal stability of amorphous phase

Figure 1 shows the Ce concentration dependence of the
crystallization temperature 7, for amorphous Ce,Sijgo—» al-
loys. A single-step crystallization into Si crystallites was ob-
served in the Ce concentration range up to 10 at%. When the
Ce concentration exceeds 13 at%, a two-step crystallization
was observed: the higher one into the Si crystallites and the
lower one into the CeSi,-type precipitates. The crystallization
temperature could not be determined for samples containing
more than 30 at%Ce because of rapid oxidation upon heating
in the DSC cell.

3.2 Electrical resistivity measurements

The room temperature conductivity is plotted on the log-
arithmic scale against the solute concentration in Fig. 2 for
a series of amorphous Ce,Sijgo—x and La,Sijgo—x alloys to-
gether with the data for amorphous Ti, Sizgo—, alloys.” Nu-
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Fig. 1 Ce concentration dependence of crystallization temperature in
amorphous Ce, Sijgo— alloys. Symbols (@) and (A) indicate the crys-
tallization into Si- and CeSis-type precipitates, respectively. Symbol (O)
refers to the crystallization temperature of amorphous Si in literature.
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Fig. 2 Metal concentration dependence of conductivity at 300 K in amor-
phous Ce, Sijgo—x (@) and La,Sijgo—, () alloys measured in this exper-
ment together with the data for the amorphous Ti, Sijgo—x () alloys.7)

Table 1 Electronic Properties of amorphous Ce, Sijgo—x alloys.

x P300K y S300K
(at%Ce) (uQ-cm) mY/mol-K2 WV/K)
4 2610000 0.14 —
9 15420 12.0 —55
15 1523 22.5 —
23 — — -25
40 — — -8
51 478 87.6 —
63 289 113.8 -8
83 — — -3

merical data on the room temperature resistivity is listed in
Table 1 together with the electronic specific heat coefficient
and Seebeck coefficient described below. It is clear that the
value of conductivity decreases with decreasing the concen-
tration of the solute M (= Ce, La and Ti) and falls below
100 2~ 'cm™! in the range below about 10 at%, regardless of
whether 4f electrons are involved or not. If we accept the em-
pirical rule that the metal-insulator transition is encountered
when the conductivity is decreased below 100-200 @~ 'em ™!,
then the metal-insulator transition most likely occurs in the Ce
concentration range around 10 at% in amorphous Ce, Sijgo_x
alloy system.

The temperature dependences of electrical resistivity for
amorphous Ce, Sijgo—, alloys with x > 23 and x < 15 are
plotted in Figs. 3(a) and (b) over the temperature range 1.8—
300K, respectively. For comparison, the data for the non-
magnetic amorphous La, Sijgp—, alloys are shown in the in-
sets. The temperature coefficient of resistivity defined as
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Fig. 3 Temperature dependence of the electrical resistivity for amorphous
Ce,Sijgo—» alloys with different compositions (a) (@) x = 23, (O)
x =40, (%) x =51, (¥)x =71, (@ x = 83 and (b) (@) x = 4,
M x=6(A)x=8(¥)x=9,(®)x =12and (O) x = 15. Insets
show the data for amorphous La,Sijoo— alloys with different composi-
tions: (Q) x = 19, (+) x = 49, (O) x = 63 in (a) and Lay; Sigg in (b). The
resistivity value is normalized with respect to that at 300 K except for the
data in inset (b).

(1/p) (dp/dT) is negative for all samples except for the
83 at%Ce alloy. A sharp increase in slope is observed be-
low about 10K for amorphous Ce, Sijgy_, alloys with solute
concentrations higher than 20 at%Ce in contrast to its absence
in non-magnetic amorphous La, Sijgo—, alloys. As evidenced
from Figs. 4(a), (b) and (c), a sharp upturn of the resistivity
can be fitted to the logarithmic temperature dependence. Note
that the data in (b) in the composition range 40 < x < 71 de-
viate from the logarithmic dependence below the temperature
marked by an arrow. As will be described below, this occurs
in harmony with the spin-glass transition. The logarithmic
temperature dependence was observed for all the alloys in the
range x > 15 at%Ce. From this we conclude that the conduc-
tion electrons do exist and interact with randomly distributed
magnetic moments associated with the localized Ce-4f elec-
trons to give rise to the phenomenon reminiscent of the well-
known incoherent Kondo effect in crystalline metals. Hence,
amorphous alloys in this concentration range are identified as
being in metallic regime.

The interaction between thermally excited electrons and
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Fig. 4 Logarithmic temperature dependence of the normalized resistivity for amorphous Ce,Sijgo—» alloys with different compositions.
Arrows in (b) indicate the spin-glass transition temperature (see Fig. 10).

magnetic moments should also take place in the insulating
Ce,Sijg- alloy with x < 12. However, its behavior is dif-
ferent from that in the metallic regime. As shown in Fig. 3(b),
the resistivity apparently rises with decreasing temperature
without any indication of a sudden change in slope. In order
to examine the conduction mechanism in insulating materi-
als, it is customary to fit the temperature dependence of the
measured conductivity to the following equation:

o\"
o(T) = opexp {— (7> } s

where n = 1, 1/2 and 1/4 are expected to hold for a system
having a finite energy gap, the system characterized by the so
called Coulomb gap due to the enhanced electron-electron in-
teraction and the system obeying the variable-range hopping
model proposed by Mott.”
Since eq. (1) is rewritten as
d ilnla (T) @
nT

we can experimentally determine the exponent n by plotting
d¢11n1Z(TT) as a function of Ino (T') for the present samples. As
shown in Fig. 5, the exponent » turns out to be almost 1/4 for
x = 4 and 5, to be closer to 1/2 for x = 8 and to unity for
x = 9 and 12. For comparison, the exponent » is found to
be close to 1/2 for the amorphous La;;Sigg alloy. The pos-
session of n = 1 or a hard energy gap for the amorphous
Ce1,Sigg alloy, which is located in the immediate vicinity of
the insulating side of the metal-insulator transition, is a bit

@

=nlnoy—nlno(T),

8 | I | I T |

dlno/dInT

Fig. 5 dlno/dInT againstlno for amorphous CexSijoo—» alloys with dif-
ferent compositions: () x =4, (A)x =5, (®) x =8, (O) x = 9, (®)
x = 12 and (+) amorphous Laj; Sigg alloy. The slopes of n = 1, 0.5 and
0.25 are drawn as a guide to eye.

surprising, since the exponent n = 1/2 is deduced for the
non-magnetic amorphous La;;Sigg alloy. Indeed, as will be
discussed in Section 3.3, the electronic specific heat coeffi-
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cient, which is derived from the specific heat data above 10K,
is still finite for the amorphous Ce;,Sigg alloy. We believe that
this seemingly inconsistent behavior stems from the fact that
the gap opens up below about 10 K where the interaction be-
tween the thermally excited electrons and the localized mag-
netic moment becomes dominant, as will be discussed in the
next Section. Here the energy gap of about 9 K is deduced by
fitting the conductivity data below 8K to eq. (1) withn = 1.

We must admit here that the lowest temperatures for the
data with x = 4, 5, and 8 are limited above 10 K because of
the difficulty in measuring too high resistivities. This made it
difficult for us to extract the effect of localized moments on
the electron transport properties, since such effect becomes
appreciable only below 10K in amorphous Ce-Si alloys as
has been discussed above.

3.3 Electron transport measurements in magnetic fields

‘We found in the previous Section that the logarithmic tem-
perature dependence of the resistivity is partly suppressed by
the formation of the spin-glass state. Therefore, it is natu-
rally expected that the external magnetic field will also affect
the electron transport properties. As was discussed in Section
3.2, the amorphous Ce;5Sigs alloy must be marginally metal-
lic. We studied first the effect of magnetic field on the tem-
perature dependence of the resistivity for this sample. The
result is shown in Fig. 6(a). We revealed that the conductiv-
ity data below about 10K are fitted to the logarithmic tem-
perature dependence in the absence of magnetic field but are
better fitted to the /7-dependence when measured in mag-
netic field of 9 T. The +/T-dependence of conductivity below
about 10K is most likely attributed to the enhanced electron-
electron interaction coupled with the weak localization in the
metallic regime.? However, it may be noted here that the
coefficient of the +/T-term thus obtained is extremely large
(~70Q 'em™'K~!/2) in comparison with that observed in
nonmagnetic amorphous alloys. The reason is not clear at the
moment.

The suppression of the logarithmic temperature depen-
dence of resistivity was similarly observed for all amorphous
Ce, Sijgo—x (15 < x < §3) alloys under the magnetic field of
9T. This validates our conjecture that the logarithmic tem-
perature dependence of the resistivity do originate from spin
fluctuations characteristic of the incoherent Kondo effect. As
shown in Fig. 6(b), however, no measurable change in the
temperature dependence of the electrical resistivity was ob-
served in the non-magnetic amorphous La;9Sig; alloy under
the magnetic field of 9 T.

We also studied the effect of magnetic field on the temper-
ature dependence of conductivity for amorphous Ce, Sijgo—x
(4 < x < 12) insulators. As mentioned in Section 3.2, the
exponent n was found to be close to unity for the x = 9 and
12 samples. Figure 7 shows % plotted as a function of
In o (T) for these samples under different magnetic fields. Itis
clear that the exponent n gradually decreases from unity and
approaches 1/2 when the magnetic field is increased to 9 T.
This may be interpreted in the following way. The presence of
a finite value of y in these insulators assures that electrons at
the Fermi level are localized at absolute zero and that the hop-
ping conduction due to thermally excited electrons dominates
at finite temperatures. A hard energy gap with n = 1 would
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Fig. 6 Temperature dependence of electrical resistivity for (a) amorphous
Ce5Sigs and (b) Laj9Sig; alloys under different magnetic fields: (O) 0T,
(A)IT,(+)5Tand (O)9T.

be formed as a result of the formation of a bound state through
the screening of Ce-4f localized moments by these thermally
excited hopping electrons in the manner similar to the Kondo
effect in metallic regime.'? However, an increase in magnetic
field certainly contributes to suppressing spin fluctuations of
Ce-4f localized moments and, hence, the exponent » tends to
decrease to 1/2 due to gradually diminishing energy gap.

3.4 Magnetic measurements

As is clear from the discussion above, the Kondo effect
is found to dominate at low temperatures so that we need
to know how the magnetic state changes as a function of
the Ce concentration in order to deepen the understanding of
the electron transport mechanism across the metal-insulator
transition in this system. Figure 8 depicts the temperature
dependence of (x — x,)~' measured in the applied field of
39.8 kA/m for amorphous Ce,Sijgo—, (x = 4, 15, 51, 63 and
83) alloys, where x is the measured magnetic susceptibility
and y, is the temperature independent term described below.
The data in the temperature range 100-300K are well ap-
proximated by a straight line and, thus, fitted to the following
equation known as the Curie-Weiss law:
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Fig. 7 dlno/dInT against Ino for amorphous (a) CegSig; and (b)
Ce,Sigg alloys measured under different magnetic fields: () OT, (A)
1T, (0)5T and (®) 9T. The slopes of n = 1 and 0.5 are drawn as a guide
to eye.

X = Xo+ (&)

T~0,
where y, is the temperature independent Pauli paramagnetic
susceptibility, C is the Curie constant and 8, is the paramag-
netic Curie temperature. The effective magnetic moment ieg
is calculated from the Curie constant C by using the relation:

_ [3kgC @
Meff = N MUB,

where N is the number of Ce atoms carrying the localized
moment, kg is the Boltzmann constant and g is the Bohr
magneton.

The resulting paramagnetic Curie temperature 6, and ef-
fective magnetic moment L. are plotted in Fig. 9 as a func-
tion of the Ce concentration x. The value of 6, is negative
for all samples, indicating the existence of antiferromagnetic
coupling between the localized moments. Its absolute value
exhibits a minimum in the vicinity of x = 50. On the other
hand, the effective magnetic moment is rather close to the
value of 2.54 for the Ce™ free ion. However, there is a def-
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Fig. 8 Temperature dependence of the inverse of magnetic susceptibility
measured in the applied field of 500 Oe for amorphous Ce, Sijgo—x alloys
with different compositions: (@) x = 4, () x = 15, (A) x = 51, (O)
x =63 and (®) x = 83.

3.0 T T T T 0
r- -y
2.5 F :. ° o ® -1-10
) m] N4
;‘n
420 &
s
o)
=%
41-30 g
H
.9
1402
0.5} o
00 1 | I | _50
0 20 40 60 80 100

Ce Concentration (at%)

Fig. 9 Ce concentration dependence of (@) effective magnetic moment
et and (O) Curie temperature for a series of amorphous CexSijgo—x al-
loys.

inite tendency for the effective moment to decrease with in-
creasing Ce concentration. This might be deeply related to
the manifestation of the enhanced electronic specific heat co-
efficient observed above 10 K, as will be discussed in the next
Section. It is also noted that the antiferromagnetic interaction
between the localized moments becomes weak in the vicinity
of x = 50.

The temperature dependence of the magnetic susceptibil-
ity for samples in the range 40 < x < 71 was more care-
fully studied by using further lower applied magnetic field of
0.8kA/m. As shown in Fig. 10, we observed the different
temperature dependences below the so called spin freezing
temperature T, depending on the field cooling (FC) or zero-
field cooling (ZFC) modes. This means that the spin-glass
state is stabilized below T;. As mentioned earlier in con-
nection with Fig. 4(b), a change in slope is also observed at
T; in the temperature dependence of the electrical resistivity.
Therefore, we found that the RKKY interaction dominates at
temperatures below Tt in the intermediate concentration range
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40 < x < 70.

Figure 11 shows the Ce concentration dependence of the
spin freezing temperature along with magnetization at 2K
measured under the applied field of 7 T. The spin-glass state
is found in the concentration range centered at x = 50. It
Is interesting to note that the magnetization at 2K shows a
unique Ce concentration dependence: its value is rather large
in the insulating regime, where only thermally excited carriers
are present, and also in the range where the spin-glass state
appears at low temperatures. We may alternatively say that
the magnetization at 2 K is apparently reduced in the concen-
tration range, where the incoherent Kondo effect dominates
down to the lowest temperatures. We consider this behav-
ior to be consistent because the localized moment tends to be
screened by conduction electrons.

3.5 Low temperature specific heat measurement

The specific heat C was measured for amorphous
Ce,Siigo—x (x =4,9, 15, 51 and 63) alloys over the tempera-
ture range 0.5-20 K. As representative we show in Fig. 12 the
temperature dependence of specific heat for the amorphous
Ce,5Sigs alloy. Since the specific heat for the nonmagnetic
metal is well represented by yT + aT?, a broad peak ob-
served at about 2 K is most likely attributable to the anoma-
lous specific heat due to the Ce-4f localized electrons. Here,
y and o represent electronic and lattice specific heat coef-
ficients, respectively. The inset in Fig. 12 shows the same
data in the form of C/T versus T2. A straight line fitting
is possible for high temperature data, as shown in the inset.
The electronic specific heat coefficient and the Debye tem-
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Fig. 11 Ce concentration dependence of the spin freezing temperature ¢
and magnetization at 2 K measured under the applied field of 7 T for amor-
phous Ce, Sijgo—x alloys.
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Fig. 12 Temperature dependence of specific heat C for the amorphous
Ce5Sigs alloy. Inset shows the same data in the form of C/T versus T2,

perature for the x = 15 sample are deduced from its inter-
cept and slope to be 22.5 mJ/mol-K? and 314 K, respectively.
The electronic specific heat thus obtained is about 50 times as
large as the value of 0.4 mJ/mol-K? for the marginally metallic
amorphous Ti;3Sig; alloy. This implies that the contribution
of 4f-electrons to the electronic specific heat is apparently al-
ready significant even above 10 K in amorphous Ce-Si alloys
in metallic regime, as well as below 10 K, where the Schottky-
like specific heat anomaly is superimposed. The electronic
specific heat coefficient for other samples is determined in the
same manner as described above. Numerical data are listed in
Table 1.

In order to gain more insight into the anomalous specific
heat, we measured the specific heat for the two samples with
x = 15 and 51 in the presence of magnetic fields of 1 and
5T. Figure 13 shows the anomalous specific heat AC for
the x = 15 sample after subtracting the normal specific heat
given by the sum of the electronic and lattice specific heats
estimated above. The peak position is found to shift to higher
temperatures with increasing magnetic field. We believe the
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anomalous specific heat to be the phenomenon associated
with the 4f-levels of Ce3t ion, which is responsible for the
occurrence of the logarithmic temperature dependence of re-
sistivity. The Ce** ion is known to possess Kramer’s two-fold
degenerate state as a ground state. We assume that the degen-
erate state is lifted in the crystalline field of the amorphous
matrix and that only the two-level state is responsible for the
observed anomalous specific heat below 10 K. The energy in-
terval § between the two levels expands with increasing mag-
netic field due to the Zeeman splitting and is expressed as

usg S H

kg
where g is the Landé g-factor, J, is the z-component of the
total angular momentum and §y is the energy interval of the
two levels in the absence of magnetic field. The temperature
Tnax corresponding to the peak of the anomalous specific heat
is given by

S(H) = 8y + ®)]

Tinax = 0.428 (6)

in the two-level Schottky model.!® By inserting measured
Timax values and g = 6/7 for the Ce* ion into egs. (5) and
(6), we can easily deduce J, = 2.28 for the Ce?* ion. The J,
value thus obtained is fairly close to J = 5/2 = 2.5 for the
Ce3* free ion, indicating that the present analysis is basically
correct despite that the two-level model may be too simple.

The excess entropy due to the Schottky specific heat is cal-
culated as

T AC
AS(T) = /0 TdT, )

where AC is the anomalous specific heat discussed above.
The temperature dependence of the excess entropy is shown
in Fig. 14 for the two samples with x = 15 and 51. Since
there exist the two-level states in this temperature range, the
excess entropy should approach the value of R In 2, where R
is the gas constant. The saturated value of AS is only 56
and 47% of the theoretical value of R In2. This implies that

2.0

Yot
w

AC /mJ-Ce-mol-1-K-1
o =

o 2 4 6 8 10 12
Temperature, T/K

Fig. 13 Temperature dependence of anomalous specific heat AC for the
amorphous Ce;s5Sigs alloy under different magnetic fields: (O) 0T, (A)
1T and () 5T. Note that the specific heat is now in the units of
mJ/Ce-mol-K.

almost half of Ce atoms bear the localized moment of 2.5 ug
and that the Ce-4f electrons donated by remaining half Ce
atoms contribute to the y T' term responsible for the enhanced
electronic specific heat coefficient discussed above.

It is worthwhile mentioning at this stage that the specific
heat data demonstrating only one half of Ce atoms to bear the
localized magnetic moments, are seemingly inconsistent with
the magnetic data discussed in Section 3.4, where all Ce3*
ions are claimed to possess the magnetic moment of 2.54 up.
Note here that the specific heat data represent the Ce-4f states
below 20 K whereas the Curie-Weiss fitting is applicable only
in the temperature range 100-300 K. In summary, all the ex-
perimental data so far presented lead us to conclude that the
interaction of the magnetic moment due to Ce*>* ion with con-
duction electrons is less important above 100K but becomes
crucially important below about 20 K.

3.6 Photoemission spectroscopy measurement

We have also studied the valence band structure by means
of the X-ray photoemission spectroscopy (XPS) measure-
ments for amorphous Ce, Sijgo_, (x = 9, 18, 52, 63, 85 and
100) alloys including pure Ce. The XPS spectra were mea-
sured over binding energies up to 28 eV and background con-
tributions were properly subtracted. As shown in Fig. 15(a),
the peak area due to localized Ce-4d states centered at about
18 eV is reasonably assumed to be proportional to the Ce con-
centration. Now the valence band spectra are normalized with
respect to the Ce concentration by using the peak area of Ce-
4d states and are shown in Fig. 15(b) over binding energies
up to SeV. The density of states at the Fermi level is clearly
found to decrease with decreasing Ce concentration. The
Fermi cut-off is clearly seen in amorphous Ce;3Sig, sample
but is apparently absent in the insulating CegSig; sample.

The high-resolution ultra-violet photoemission spectrum
was measured at 8K by using the Hel excitation energy

6 T T T T

-1

AS /x103 mJ-Ce-mol-1-

1 | |

0 5 10 15 20
Temperarture, T/K

Fig. 14 Temperature dependence of the excess entropy associated with the
two-level Schottky anomaly for the amorphous Ce;sSigs and Ces; Sigg al-
loys. (O, @) 0T, (A) 1T and (<, €) 5T. The line of R In 2 represents the
theoretical limit of the excess entropy in the two-level system.
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Fig. 15 XPS spectra in binding energies up to (a) 28 and (b) 5 eV for amor-
phous Ce,Sijgo— alloys with different compositions: () x = 9, ()
x =18, (@) x =52, (A) x =63, (+) x = 85 and (—) pure Ce.

(hv = 21.218¢V) for the amorphous Ce;sSigs sample to-
gether with pure Au as a reference. The spectrum is shown
in Fig. 16. One can clearly see a sharp Fermi-cutoff, being
well consistent with our conclusion that this alloy is indeed
in metallic regime. However, sharp peaks or their tail asso-
ciated with 4f-electrons'® are not visible, at least, within the
measured energy range of 160 meV from the Fermi level. In
order to ascertain if the localized 4f-states remain immedi-
ately below the Fermi level or not, we consider it necessary
to perform the photoemission measurement over binding en-
ergies down to 1eV by using the He II radiation, since the
ratio of the 4f- over spd-electron cross sections increases by a
factor of 10 when the excitation energy increases from 21 to
42eV.

3.7 Thermoelectric properties

The Seebeck coefficient was measured over the tempera-
ture range 100-400K for amorphous Ce,Sijgo_, (x = 9,
23, 40, 63 and 83) alloys. The temperature dependence is
roughly linear in temperature in metallic regime. As shown in
Fig. 17, the Seebeck coefficient at 300 K increases in a nega-
tive direction with approaching the metal-insulator transition
from a metallic side and the largest value of —55uV/K is
achieved for the x = 9 insulator. Unfortunately, we could not
obtain the Seebeck coefficient exceeding 100 uV/K like in
many thermoelectric materials even in the composition range,
where the Fermi level falls in the pseudogap, i.e., in the metal-

T T T T
Au-reference

Intensity (arb. units)

1 1 i

015 010 0.05 Er  -005
Binding Energy, E/eV

R

-0.10

Fig. 16 UPS valence band spectrum for the amorphous Ce;5Sigs alloy in
binding energies within 0.1 eV from the Fermi level measured at 8 K. Note
the presence of a sharp Fermi cut-off and smallness of thermal energies of
only 0.002eV.
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| | | |
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Fig. 17 Ce concentration dependence of the Seebeck coefficient at 300 K
for amorphous Ce, Sijgo—x alloys.

lic side near the metal-insulator transition. The Seebeck co-
efficient is known to be enhanced near the Kondo tempera-
ture in heavy fermion systems due to the interaction between
the conduction electrons and localized moments.!> Unfortu-
nately, we could not observe any anomalous enhancement due
presumably to the limited measuring temperature range down
to 100 K. We expect an enhancement in the Seebeck coef-
ficient in the present Ce-Si alloys to occur at further lower
temperatures, say, below 20K, where the interaction of the
conduction electrons and localized moment becomes strong.
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Fig. 18 Metal concentration dependence of (a) electrical resistivity at 300 K and (b) electronic specific heat coefficient for amorphous

(®) Ce, Sigo—x and () TixSiroo—x alloys.

4. Discussion

Mizutani discussed universal features associated with the
metal-insulator transition in many different systems includ-
ing crystalline compounds, quasicrystals, amorphous alloys
and strongly correlated electron systems by plotting the mea-
sured resistivity p at 300 K against the measured electronic
specific heat coefficient y on the log-log scale.” The resistiv-
ity or conductivity ¢ in the metallic regime was then analyzed
in terms of the Mott conductivity formula given by

o =p ! = g?steeela 1208, (8)

where g is the ratio of the DOS at E over the corresponding
free electron value, SE° is the area of the free electron Fermi
sphere, a is an average atomic distance.” Note that eq. (8)
is derived without taking into account the quantum interfer-
ence effect. Therefore, it should be applied to the pseudogap
system with the g-parameter varying over 0 < g < 1 at tem-
peratures high enough for the weak localization effect to be
ignored. This is the reason why the resistivity at 300 K was
chosen rather than residual resistivity in the p-y diagram. As
mentioned in Introduction, a line p = (2/3) (kg /e)* Dl y~!
with a slope of —1 can be drawn in the p-y diagram, where
Dpiq is set equal to 0.25cm?/s. This is called the metal-
insulator transition line (MI-line), above which insulators
should appear in principle regardless of the magnitude of the
density of states at Eg.

Figure 18 shows the solute concentration dependence of the
resistivity at 300 K and the electronic specific heat coefficient
for amorphous Ce, Sijpo—, alloys in comparison with those
for the amorphous Ti, Sijgo_ alloys.” There is no substan-
tial difference in the resistivity behavior but, instead, a large
discrepancy appears in the behavior of the electronic specific
heat coefficient. It is, therefore, of great interest to examine
how the amorphous Ce, Sijgo—, alloys behave in the p-y dia-
gram.

Figure 19 summarizes the p3p0k-Yexp diagram on log-log
scale, in which the data for different pseudogap systems
are plotted, including those of quasicrystals,® amorphous

V,Sii00-x® and Ti,Sijgo—y " alloys together with the present
amorphous Ce, Sijgo—, alloys. We emphasized in Section 3.5
that the number of Ce ions bearing the localized magnetic
moment of 2.54 up is strongly temperature dependent, indi-
cating that the Ce-4f states at 300 K differ from those at low
temperatures below about 20 K. Therefore, it may not be le-
gitimate to plot p3gox against the value of y determined at
low temperatures in the case of the amorphous Ce-Si alloys.
Fortunately, however, the ratio of psx over p3pox in metallic
regime is at most two even for the marginally metallic sam-
ple with x = 15 so that whether we choose psk or p3pok is
of minor importance on log-log scale for samples in metallic
regime.

First, we briefly discuss the data for quasicrystals and
amorphous V,Sijg_, and Ti,Sijgo—, systems in the metal-
lic regime prior to the discussion of the present system. In the
case of quasicrystals, the resistivity is found to increase with
decreasing the DOS at E and to cross the MI-line in the limit
of vanishing DOS at Eg. Moreover, the data fall on a univer-
sal line with the slope of —2 in agreement with the Mott con-
ductivity formula given by eq. (8). The data for amorphous
V., Sij0o—x alloys with x > 20 also fall on a straight line with
a slope of —2 in excellent agreement with the Mott conduc-
tivity formula. However, we realize that the line, which may
be called the Mott-line, is substantially shifted to the right
relative to the Mott-line for quasicrystals discussed above. In
addition, it should be noted in Fig. 19 that the data points with
x < 14 marked with symbol (V¥), which represent the data in
the insulating regime, deviate substantially from the Mott-line
drawn through the metallic samples. In contrast to the case in
quasicrystals, the amorphous V-Si pseudogap system enters
into an insulating regime by crossing the MI-line at a finite
Yexp vValue on the p-yex, diagram.

The data for amorphous Ti,Sijgo—, alloy system in the
metallic regime also fall on the Mott-line with a slope of —2
but deviate from it when it enters into the insulating regime. It
is noted that the Mott-line apparently shifts more to the right
with increasing the number of d-electrons of the transition
metal element involved. In other words, the Fermi velocity vg
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Fig. 19 Resistivity at 300K against yexp value on the log-log scale for (O, @) amorphous Ce,Sijoo—x alloys, (k) quasicrystals and
approximants®), (V, W) amorphous V,Sijgo_, alloys,® (<, #) amorphous Ti, Sijo0—x alloys,” () Sri_,La,TiO3!0 and (%)
Fe,VAI'?). Open and filled symbols refer to samples characterized as metallic and insulating states, respectively. The data for
amorphous M, Sijpo—x (M = Ti and V) alloys in the metallic regime as well as quasicrystals are fitted to lines with the slope of —2
consistent with the Mott conductivity formula.? The shaded area represents the experimentally determined metallic regime.

in the amorphous M-X alloy system with the transition metal
element M situated to the right in the periodic table is lower
than that in the system with M situated to the left, when a
comparison is made at a given N (Eg) or the electronic spe-
cific heat coefficient. This may be taken as an indication that
3d-electrons at EF are partially localized even in the metal-
lic regime and that their number apparently increases with
increasing the number of d-electrons of the element M in the
amorphous M, Sijg—y alloys.

As discussed above, amorphous Ce, Sijgg—, alloys are char-
acterized as a system where the electronic specific heat co-
efficient is greatly enhanced but the electrical resistivity is
comparable to that found in amorphous Ti,Sijgo—,” alloys
(see Fig. 18). With decreasing Ce concentration, the elec-
tronic specific heat coefficient does decrease down to about
22 mJ/mol-K? before the transition to the insulating regime
at the Ce concentration of about 12 at%. The data for amor-
phous Ce, Sijgo—, alloys are incorporated in Fig. 19, together
with the data from literature.!V It is clear that the p-y data
are located far to the right in the diagram and that the data in
metallic regime fall on a line with a slope of almost —1 in-
stead of —2 arising from the Mott conductivity formula. It is
also seen that the data deviate substantially from the line fitted
to metallic ones when entering into the insulating regime.

In the case of amorphous V-Si and Ti-Si alloys, the num-
ber of electrons at the Fermi level, being mostly composed of

V-3d and Ti-3d electrons, remain finite even in the insulating
regime and these localized electrons give rise to the variable-
range hopping conduction. However, most of these electrons
become mobile and manifest the weak localization effect in
the metallic regime. In the case of amorphous Ce-Si alloys,
the situation is apparently different. Electrons at the Fermi
level are composed of Si-3p, Ce-5d and Ce-6s electrons in
addition to Ce-4f electrons. We may consistently interpret the
unusual location of the p-y data in amorphous Ce-Si alloys,
only if we can assume that the Ce-4f electrons contributing
to the specific heat y T are still immobile even in the metal-
lic regime. This means that the Fermi velocity of these 4f-
electrons should be much smaller and, in turn, the effective
mass is much heavier than that of other electrons at the Fermi
level, thereby 4f-electrons at the Fermi level being essentially
localized and participating in the electron conduction only
via the variable-range hopping mechanism. Of course, the
variable-range hopping conduction in metallic regime with
x > 15 is completely masked by the presence of other mo-
bile electrons at the Fermi level.

All data points marked by open symbols in Fig. 19 have to
be regarded as a metal. The region encompassing open sym-
bols is shown as a shaded area. Thus, the boundary represents
an experimentally determined metal-insulator boundary. We
see that the metallic regime apparently extends well above
the MI-line of Dy, = 0.25 cm?/s, when the value of Yexp bE-
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comes large.

Finally, a brief comment is made on other unique metal-
lic systems, in which the datasets (0300x, Vexp) definitely
fail to obey the Mott conductivity formula. The data for
Sr;_,La,TiOs3,'® being typical of a strongly correlated elec-
tron system, are included in Fig. 19 for the composition range
0.5 < z < 0.95 (see open square). The z = 0.95 sample
is still in the metallic regime while the LaTiO3 with z = 1.0
is an insulator. The marginally metallic z = 0.95 sample
falls slightly above the MI-line of Dy, = 0.25cm?/s in the
300K — Vexp diagram. However, the data points in the metal-
lic regime obviously no longer follow the Mott conductivity
formula (8).

Nishino et al.!”>!® found that the D0s-type Fe, VAl inter-
metallic compound exhibits the semiconductor-like temper-
ature dependence of the electrical resistivity and that its re-
sistivity of 850 u€2-cm at 300K increases to 3000 p2-cm at
4.2 K, though the photoemission spectroscopy measurement
revealed a sharp Fermi cut-off. This system is also classified
as a pseudogap system, since EF is located in a deep pseudo-
gap. Nevertheless, the electronic specific heat coefficient is
deduced to be 14 mJ/mol-K? and its large enhancement is as-
cribed to the spin fluctuations unique to a marginally magnetic
alloy. The set of (0300k, Vexp) data for this compound falls in
the region close to D = 0.1 cm?/s line in the p-yeyx, diagram
again well above the classical MI-line of Dy = 0.25 cm?/s.

5. Conclusion

The electronic structure, magnetism and electron trans-
port properties of the amorphous Ce, Sijgo—x alloys have been
studied over a wide Ce concentration range 4 < x < 83.
Main conclusions are listed below.

(1) The metal-insulator transition is found to occur at
about 12 at%Ce.

(2) The interaction between conduction electrons and lo-
calized moments due to Ce** ions is essentially neglected
above 100 K but becomes substantial below about 20 K, lead-
ing to an anomalous enhancement in the temperature depen-
dence of the resistivity below 10 K.

(3) The successful Curie-Weiss fitting of the magnetic
susceptibility data led us to conclude that all the Ce atoms
bear the localized magnetic moment of 2.54 up above about
100K. However, the coexistence of the Schottky specific
heat and T-linear specific heat confirmed that only half of Ce
atoms remain to bear the localized magnetic moment while
4f-electrons donated by the remaining Ce atoms contribute to
the electronic specific heat y T below about 20 K. This points
to the fact that both electronic structure and magnetism asso-
ciated with Ce-4f states are strongly temperature dependent.

(4) Though the value of p3pk is comparable to those in
the reference systems La—Si and Ti—Si, the value of y of the

marginally metallic Ce5Sigs alloy is 50 times as large as that
for the marginally metallic Ti;3Sig7 alloy. This provided us a
unique opportunity to explore the conduction mechanism of
electrons involving Ce-4f electrons at the Fermi level in the
amorphous Ce, Sijgo_y alloys.

(5) The Ce-4f electrons contributing to the specific heat
y T are found to be essentially localized even in the metallic
regime for the Ce concentration range x > 15. The electron
conduction in the metallic regime is dominated by electrons
arising from the Si-3p, Ce-6s and Ce-5d states at the Fermi
level. This explains well the reason why the data of the amor-
phous Ce, Sijgo—x alloys fall on a diffusion coefficient line of
only D = 0.01 cm?/s in the p3gox — y diagram.
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