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Abstract. Incoherent Kondo effects have been observed in Ce,Sijgg—y (x = 18, 53, 66 and

- 87) amorphous alloys produced by sputtering. They show latge enhanceinent of the electronié:
specific-heat coefficient at low temperatures, being classified as heavy-fermion systems. The
magnetic susceptibility reveals a Curie-Weiss law at T > 100 K with an effective Bohr magneton
number of about 2.4545. However, the-electrical resistivity is large, revealing a Kondo-type
logarjthmic temperature dependence. The atomic randomness prohibits the coherent Kondo state
and the formation of a magnetically ordered state in the Ce—Si amorphous alloys.

1. Introduction

Recently a great deal of interest has been centred on héavy-fermion phenomena in cerium,
yttetbium and uranium alloy systems which have f electrons hybridized with conduction
electrons and strongly correlated with each other [1]: These systems show an extremcly large
specific-heat coefficient at low temperatures a trapsition from a Kondo-type logarithmic to
a low-temperature T2 variation in the electrical res1st1v1ty and 2 transition from Curie~Weiss
to enhanced Pauli-paramagnetic behaviour in the magnetic susceptibility. These anomalous
properties have been ascribed to the Fermi-liquid degeneracy in the periodic crystalline
‘systems [2,3]. However, deep understanding of such heavy-fermion systems has been
“hindered by the differences in the crystal structures and limited solution ranges of these
intermetallics.
" For the amorphotus alloys, on the other hand we can study the concentration dependence
of the physical properties without any structure change and elucidate the effect of atomic
* disorder on heavy-fermion systems. In previous papers [4], we have reported the production
of Ce~Cu amborphous alloys and their incoherent Kendo behavicur; the extremely large
electronic spécific-heat coefficient occurs because of the reduction in the Kondo temperature.

The CeSiqzs mtermctalhc compound {5] shows a dense Kondo behaviour w;th a
rather high Ty (~ 20 K). Numerous recent experimental studies have elucidated the
1ow-temperature properties of the CeSi, alloys (1.60 < x <, 2.00) with the o-ThSi,-
type structure. These CeSi, compounds show enhancement of the electronic specific-heat
coefficient y(O) at 0-K from-104 to 240 mJ mol~! K2, a Kondo-type electrical res1st1v1ty
and a non-thagnetic-to-ferromagnetic transition.

Ce-Si amorphous alloys have already beer produced by co-evaporation onto a
liquid-iitrogen-cooled substrate [6], showing a spin-glass-like magnetic transition at low
températures However, no systematic study has been done, probably because of the very
small sizes of specimens produced by co-evaporation. Therefore we have produced bulk
Ce~Si amiorphous alloys by hlgh—rate Sputter deposmon :
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In the previous publications, we have mentioned the basic low-temperature properties
of the Ce,Sijgs—y (x = 18 and 66) amorphous alloys [7] and a comparative study between
amorphous and crystallized CegsSise alloys [8]. These Ce—Si amorphous alloys are also
classified as heavy-fermion systems, because the electronic specific-heat coefficient y is
extremely large in contrast with no enhancement for the y-value of Lags3izy amorphous
alloy with no f electrons. In this report, we deal with the concentration dependence of
low-temperature physical properties of Ce,Siigg—, amerphous alloys.

2, Experimental procedures

Alloy targets were prepared by arc melting in an Ar gas atmosphere using 99% pure
cerium and 99.999% pure silicon. Thin plates of about 300 pm thickness were prepared
on water-cooled Cu substrates in a DC triode sputtering equipment. After elimination of
the Cu substrate by mechanical polishing, the chemical compositions were determined by
gravimetric analysis.

The structure factors S{Q) of the Ce;Sijg-, amorphous alloys were obtained by a
conventional x-ray diffraction technique within a 28 range from 3.5 to 140° using Mo K«
radiation monochromated by curved graphite. The differential scattering calorimetry (DSC)
trace was measured between 400 and 1000 K.

The low-temperature specific heat was measured between 1.8 and 30 K by a conventional
heat-pulse method with a mechanical heat switch in an adiabatic cell. The magnetic
susceptibility was measured between 5 and 290 K using a torsion balance magnetometer
in a magupetic field of up to 9.5 kOe. The magnetization was also measured at 4.2 and
1.8 K using an extracting magnetometer in a magnetic field of up to 150 kOe. With a
DC four-probe method the electrical resistivity was measured between 2.5 and 300 K. The
magnetoresistance was also measured at 4.2 X in longitudinal magnetic fields up to 140 kQe.

3. Results

Figure 1 shows the total structure factor ${Q) of as-prepared Ce,Sijpo—, alloys observed by
x-ray diffraction, where @ = (47 sin8)/X and A is the wavelength of the Mo Ko radiation.
A halo pattern due to amorphous phase formation is predominant and the vibration amplitude
of §(Q) attenuates in the high-Q region. The DSC trace of the as-sputtered alloys displayed
clear exothermic peaks, indicating crystallization of the amorphous phase. These results
clearly demonstrate that the present alloys are amorphous. The crystallization temperatures
Ty, defined as the starting point of the exothermic peak, are presented in table 1. Tx
increases with decreasing concentration x of Ce. :
Figure 2 shows the specific heat C,, per mole of Ce atoms for the as-sputtered Ce,Siion—x
alloys. C, increases slightly with decreasing temperature below 10 K and reveals a broad
peak at around T = 4 K for Ce;Sijgo—x amorphous alloys with x = 53 and 66. In
order to clarify this anomalous behaviour, Cp/T normalized to a mode of Ce atoms is
plotted as a function of 72 in figure 3. C,/T for all the present alloys rapidly increases
with decreasing temperature below 7 = 10 K, and the C,/T for x = 53 and 66 shows
clear peaks at T = 3.2 K and 2.7 K, respectively, as observed for the crystalline CesSiy
compound [9]. The groound-state electronic specific-heat coefficients estimated by linear
extrapolation to 0 K of C,/T versus T2 plots for T < 5 K are about 1100 mJ mol~! k-2,
450 mI mol™! K~2, 600 mJ mol~! E~2 and 950 mJ mol~! K2 for x = 18, 53, 66 and 87,
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Figure 2. Specific heat C;; at constant pressure normalized to a mole of Ce atoms as a function
of terperature T for Cey Siino— amorphous alloys.

respectively, and are much larger than those of the intermetallic CeSiy g5 [5] and Ce;Sis,
-which are 203 mJ mol~! K2 and 250 mJ mol~! K~2, respectively. Figure 4(a) shows
the apparent electronic specific-heat coefficient y(0) estimated from the high-temperature
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parts of these C‘F /T versus T2 plots for T > 10 K. The y{(0)-values for all the present
alloys increase with increasing x and are much larger than that of La5813 [8]. This clearly
indicates that the present alioys are heavy- ferrmon systems
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Figure 3. C,/T versus T2 plots for Ce,Sijgn—, amorphous alloys.
p .

Figure 5 shows the magnetic susceptibility y and x~! normalized to a mole of Ce atoms
at H = 9.5 kOe as functions of temperature 7. The x~! versus T curves for the present
alloys roughly obey the Curie—Weiss law-between 30 and 300 K. They deviate downwards
from the straight line below 30 K and become nearly constant below 10 K. Figure 4(8)
shows the effective Bohr magneton numbers p.¢ and pjg of Ce atoms estimated from the
Curie-Weiss constant for 100 K < 7 < 300 K and 10 K < T < 30 E, respectively.
Heg is slightly smaller than the theoretical value of 2.54up for Ce*t f! and the results of
(2.6-2.65)up for crystalline CeSiy g compounds, but larger than the result of 2.38up for
the crystalline CesSiz compound. Figure 4(c) shows the ground-state susceptibility x(0)
obtained by extrapolation to 0 K of the y versus T plots for T < 10 K. They are much
larger than that of the crystalline compounds of CeSi; gs, also showing a maximum value
for x = 53. Figure 6 presents the magnetization M versus the magpetic field H curves at
T =4.2 and 1.8 K for the present alloys. M increases non-linearly with increasing H below
100 kOe but shows a linear H dependence above 100 kQe. Figure 4(c) shows the high-
field magnetic susceptibility xur(0) estimated from the linear portion of the M(H) curves
at T = 1.8 K for H > 100 kOe. xgr(0Q) increases with increasing x. Figure 4(a) presents
the relationship between the spontaneous magnetization M;, as found by extrapolating the
slope of T = 1.8 K for the high-field region (& > 100 kOe) to H = 0 and Ce content. M,
also shows a maximum value at x = 53. :
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Figure 4. Relationships between (a2} the electronic specific-heat coefficient y (03, the spontaneous
magnetization Ms, (b) the effective Bohr magneton numbers geg and g, (c) the ground-state
susceptibility x (0) and the hiph-field susceptibility xyr(0), which are given in table 1, and the
Ce content of Ce,Sijpg—, amorphous alloys.

Figure 7(a) shows the electrical resistivity o(T) for the present alloys. p(T) is very
Jarge, indicating a very short mean free path of conduction electrons in the amorphous
state. p(T) is insensitive to T for T > 20 K except for x = 18. As shown in figure 7(b),
p(TY/p(300 K) for x = 18, 53 and 66 slightly follows a —logT dependence below
30 K: the incoherent impurity Kondo effect. p(T) for the CeSi; g6 intermetallic compound
gradually decreases with decreasing T down to 50 K, drops rapidly below 50 K and reveals
a T? dependence, indicating the formation of the Kondo lattice. o(7)/p(300 K) for x = 87
is independent of T for the measured temperature range. The temperature dependence
for x = 18, on the other hand, exponentially increases down to 15 K and logarithmically
increases below 15 K being similar to the behaviour in an impurity semiconductor as shown
in figure 8.

Figure 9 shows the magnetoresistance Ap(H)/p(0) as a function of the longitudinal
magnetic field H for the as-sputtered alloys. Here Ap(H) = p(H) — p(0); p(H) is the
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- resistivity at H £.0 and p(Oj is that at H = 0. The Ap(H)/p{(0)-values are about one
" order smaller than those of the crystalline counterparts [10]. For x = 66, Ap(H}/p(0) is
slightly positive below 20 kOe and changes its sign to negative between 20 and 120 kOe
and to positive up to 140 kQe. Ap(H)}/p(0) is negative for x =18 and 53; however, .
Ap{H)Y/p(0) is positive for x = 87.

4. Discussion

The electronic specific-heat coefficients ¥ (0) of Ce,Siig—; amorphous alloys are extremely
large compared with those of transition-metal amorphous alloys. Such high values of the
electronic specific-heat coefficients must originate from the 4f electrons in Ce atoms, because
'no enhancement was observed in the y-value of the sputter-deposited LasSiz amorphous
alloy which has no f electrons [8]. Therefore the electronic density of states is enhanced
~ at the Fermi level due to the Kondo resonance, i.e. the Ce,Sijgp.; amorphous alloys are
classified as heavy-fermion systems. :

~ In‘several Ce intermetallic compounds in which non-magnetic third elements randomly
occupy the Ce atom sites, disordering is introduced around the Ce jons and causes a
variation in RKKY interactions [11]. In such cases, a Schottky-like anomaly appears in
the heat capacity at very low temperatures owing to the splitting of the low-lying crystal-
field levels. They also display a clear peak in x at low temperatures, which can be ascribed
to a spin-glass state origirating from random Ce-Ce exchange interactions. The Cp/T
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Figure 6. Magnetization curves at 42 K and 1.8 K of Ce,S1jgox amorphous alloys.

versus T2 variation in Ce,Sijpo_x (x = 53 and 66) amorphous alloys exhibits clear peaks at
T = 3.2 K and 2.7 K, respectively, where the peak in the C,/T versus T2 plots for x = 66
roughly coincides with that for the crystalline counterpart CesSia. The Ce;Siz compound
has a tetragonal CrsBa-type structure constituted of two Ce atom sites (Cef and Cel!) in
the unit cell. The nearest neighbour of Cel in CesSi; forms a dimer, giving rise to singlet
ground and triplet excited states because 4f electrons of the dimers (which are the ground
doublet state} are coupled to each other by antiferromagnetic exchange [9]. The peak in the
C,/T versus T2 plots has been ascribed to a Schottky-type specific heat due to the splitting
between the singlet and triplet.

The electrical resistivity of Ce,Sijgg.., amorphous alloys is very large as it is due
to defect and disorder scattering, which is characteristic for amorphous alloys. It
logarithmically increases at low temperatures, indicating an impurity Kondo system. This
logarithmic dependence in p(T) can be observed at lower temperatures with increasing
x, and p(T) for x = 87 reveals no logarithmic dependence. Moreover, o(T) of the
present alloys does not display a T2-dependence down to 2.5 K, indicating no Kondo lattice
formation.

In ion-irradiated CeCu,Si;, CeCug and UPts [12], the temperature T at which o(T)
reveals a low-temperature maximum is depressed by several lattice defects. Since the
2(T) of the present amorphous alloy is consistent with this phenomenon, Tk of the present
amorphous alloys shifts to Jow temperatures in comparison with those for their crystalline
counterparts, because the laftice disordering causes destruction of coherence in the quasi-
particle state and a localization effect.



Kondo beh;zviaur in Ce-Si amorphous alloys ' . . 8433

B —T T T *
goof . . S a) -
~ : _ X=18
=600 . —
5 7 - :
. N : _ X=53
G 400t - Ty
= | | X=66
a — : -—
200k | X=87 -
e — ] ] X : 1 1 R
0 - 100 200 300
1.3— T —
1.2}  X=18 J
=) X=53
81.1 ) _‘.‘.""?lm;h“"'-?"%b_ o ' ]
= b i o) Q'M
Z1.of X608
Qs X=87 ’ -
0.9_-! . ’ .
- a-CeySijgq.x
0.8;— &'6{'&" 3

10 : 100
T(K)

Figure 7. (z;) Temperature dependence of the electrical resistivity p(7") and (B) relative change
p(T)/p(300 K} in the electrical resistivity as a function of log T for Ce,Sijp—, amorphous
alloys. .

Measurement of the magnetoresistance Ap(H)/p(0) is also important because it reflects
the transition between incoherent and coherent‘s,cattering in heavy-fermion systems [2, 13].
In an incoherent Kondo system [14], a magnetically ordered system [15] and a spin-glass
state [16], Ap(H)/p(0) is negative because the magnetic moments are aligned by the
magnetic field, reducing electron scattering. In a coherent Kondo system, on the other hand,
the skew scattering of conduction electrons is enhanced at low magnetic fields showing a
positive Ap(H)/p(0) as in simple metals. 7

The variations in Ap(H)/p(0) for the present Ce,Sijg—, amorphous alloys are very
small compared with the crystalline counterparts [10]. It is reasonable to suppose that
Ap(H)/p(0) for an amorphous alloy is smaller than that for the crystalline counterpart
because it has a large residual resistivity and the Fermi surface is more isotropic than that
for a crystalline. alloy [17]. The sign of Ap(H)/0e(0) is negative for x = 18, 53 and 66,
but positive for x = 87 at 4.2 K. When these results are combined with the temperature
dependence of electrical resistivity, the logarithmic temperature- dependence of o(7) for
x = 18, 53 and 66 is ascribed to incoherent Kondo effect, where the Kondo temperatures



8434 T Hihara et al

T T T — T
-2.78F -
-2.80p -
Ta -2.82 -
&n
S -2.84f -
-2.86F -
-2.88} S S
1 i 1 1 i e
0.00 0.10 0.20 0.30
-1
_ T
Figure 8. Relationship between log p{TY~* and T—! for Te,Sijo0—, amorphous alloys with
x =18
10—
g |-2-CeS oo«
C x=18
6 X  x=53
S 4F T
\-é/- 0 % o “'M-m._
/-l-\ 2 : %w&% '
m = % (:;ﬂm% .
S’ b
& -4 gy,
— ° Rt
-6 e "o, o |
-8
. -10x107°
0 40 80 120

H ( kOe)

Figure 9. Magnemre.sistaﬁce Ap(HY/ p(0) as a function of applied longitudinal magnetic field
H at 4.2 X for Ce,Siipp—» amorphous alloys. '




Kondo behaviour in Ce—Si amorphous alloys : 8435

become lower than that of the crystalline counterpart.. The logarithmic temperature
- dependence of po(T) at low temperatures is not observed for x = 87, probably because
the Kondo temperature is lower than the observed temperature range. This behaviour is
consistent with its positive magnetoresistance at 4.2 K; the metallic contribution (positive)
dominates the incoherent Kondo contribution {negative) in the temperature range. which
is higher than the Kondo temperature. With increasing x, Tx becomes lower and ¥(0)
Jincreases, where () is inversely proportional to the Tk [3]. However, it is plausible that
the Ce;3Sigy amorphous alloy is like a semiconductor, because the temperature coefficient of
resistivity is large and negative. As shown in figure 8 (In ™! versus 7-! curve: an Arrhenius
plot), the gap energy of the Ce;3Sig; amorphous alloy is estimated to be 1 x 107% eV for
T > 50K, and 2 x 10~3 eV for T < 10 K. These values are much smaller than the gap of
pure Si (1.14 V).

A relationship (Wilson ratio) between the zero-temperature susceptibility x(0) and the
linear coefficient ¥ (0) of the specific heat has been derived for heavy-fermion systems [18]:

R = n2&x(0)/uly @ o o M

where kg is the Boltzmann constant, In an impurity Kondo systern with spm s R=2
while, for a heavy-fermion system, it varies from magnetic (R = 0.8-1.2) through non-
magnetic (R = 0.56-0.75) to superconducting (R < 0.52). In the present Ce,Sijgo—, alloys
however, the concentration dependence of the x(0)-values conflicts with that of the y(0)-
values, probably owing to the abnormal behaviour of magnetic susceptibility, and the ratio
R is abnormally large (R = 10-40). The rapid rise in x(T) towards low temperatures can
be attributed to the presence of the Ce atoms which do not contribute to the Kondo effect,
e.g. Ce** ions [19,20]. The yup(0)-values estimated from the slopes of the magnetization
curves at high magnetic fields are not appreciably different for measurements at 1.8 K and
4.2 K. So we assume that the high-field magnetic susceptibility yur(0) is intrinsic. The
Wilson ratio R estimated from the yup(0)-values has reasonable values as shown in table 1.
In this context, we can estimate the concentration of Ce* ions carrying a magnetic moment
from the spontaneous magnetization M, obtained by extrapolating the slope at high fields to
H =.0 kOe. The M;-value of 0.6up implies that the present amorphous alloys have about
 30% Ce®* even at 4.2 K.

5. Conclusion -

All the present Ce,Sijg—, amorphous alloys show an extremely large electronic specific-
heat coefficient at low temperatures, and are classified as heavy-fermion systems. The x !
versus T curves roughly obey the Curie—~Weiss law with an effective Bohr magneton number
of about 2.45up between 30 and 300 K. They deviate downwards from the straight line
below 30 K and become nearly constant below 10 K. However, their electrical resistivities
are dominated by disorder scattering, revealing a Kondo-type logarithmic temperature
dependence. The atomic randomness suppresses the hybridization of 4f and conduction
electrons and decreases the Kondo temperature, where about 30% of 4f electrons still have
magnetic moments at low temperatures. The coherently ordered state such as a degenerate
Fermi liquid and the magnetic ordered state observed in the crystalline counterparts are
completely suppressed by the atomic randomness. In order to understand the detailed
electronic structure, we are now carrying out an X-ray photoemission spectroscopy study.
These results will be published elsewhere.
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