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A phenomenological model for understanding the thermopower S and the electrical resistivity p
behavior of Ce-based Kondo-lattice systems is described. In this model, the low-temperature S and p
behavior is critically governed by the position of the 4f density of states near the Fermi level Er. The
peak in the 4f density of states is centered at an energy kz T near Er. In contrast to earlier studies, in
the present model T is temperature dependent and consequently leads to a better understanding of the
low-temperature S behavior in many Kondo-lattice systems.

Ce-based Kondo-lattice (KL) systems have been the
subject of active study' ~% for more than a decade due to
their complex magnetic behavior. These systems are
characterized by the observation of large values of the
coefficient y of the electronic specific heat, the magnetic
susceptibility y, and also of the thermopower S. These
quantities are typically 10-100 times larger than those
for a simple metal like Cu, which indicates the presence
of a large value for the density of states N(Ey) at the Fer-
mi energy Ep. Photoemission spectroscopy (PES) and in-
verse photoemission spectroscopy (IPES) data®’~10 sup-
port this. However, the exact origin for the occurrence
of a large N(Ey) is still largely a matter of debate.”!°
PES studies’ suggest that it can result from the hybridiza-
tion of the 4f and the conduction electrons at Ep even
when the Kondo interaction is not important, whereas
some other reports”!°~1* suggest that Kondo-type pro-
cesses are important. In the Kondo-type models, a sharp
many-body effect, commonly referred to as Abrikosov-
Suhl resonance, arises out of the Kondo interaction of the
conduction electrons with the 4f electrons of the Ce ions.
This resonance peak is located near the Fermi level Ep.
It has a width® of the order of the characteristic Kondo
temperature Tx. Despite the fact that this linewidth, in
many systems, is smaller ( <0.01 eV) than the resolution
limit (0.5 eV) presently achieved by PES and IPES experi-
ments (and therefore cannot be detected directly), in-
direct evidence” 97! does seem to suggest the presence
of such a peak, at Eg, in many Ce, Yb, and U com-
pounds.

Amongst the transport experiments, the S measure-
ment is of particular interest because it is extremely sensi-
tive to any variation of N(E). Typically, the S behavior
of Ce-based KL systems exhibits large values (10-100
uV/K) and extremum features especially at low tempera-
tures. These compounds can be broadly divided into two
categories. In the first category, compounds like
CeCu,Si,, CeAl,;, and CeAl, exhibit>!’ (Fig. 1) a broad
positive maximum S, (=10 pV/K) at temperatures
T max (=100 K), followed by a negative minimum S_;,
(=~—10uV/K) at T;, (=10 K). The electrical resistivi-
ty p curve, on the other hand, shows a precipitous drop
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at still lower temperatures (T < T,;;, ) signifying the onset
of coherence effects. At high temperatures, like S, ..,
Pmax also is usually observed, at T ,, ~200 K, due to
crystal-field (CF) effects. The average separation Acg of
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FIG. 1. S versus T curves for KL systems. Experimental
curves (Refs. 3,15): a,, low-Tx compound CeAl,: a,, high-Tk
compound CeSn;. Simulated S curves: b;, CeAl,; b,, CeSnj.
T, versus T curves: c;, CeAl,; ¢,, CeSn;. W versus T curves:
d,, CeAl,; d,, CeSn,.
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these CF-split levels, for the Ce ions, is of the order of
200-300 K. In the second category, compounds like
CePd;, CeSn;, and Celn; exhibit (Fig. 1) only S ,, at
T ax- No extremum features are observed at low temper-
atures. The p curve also exhibits neither the sharp drop
at low temperatures nor the high-temperature maximum.
It is interesting to note that the first class of compounds
usually have Tx <Acg, and these systems usually exhibit
fixed valency for the Ce ion with heavy-fermion (HF)
behavior, whereas the second class of compounds is
characterized by Tx 2ZAcr and many of them show
mixed-valent (MV) behavior. Though the phenomenon
of Spax at Tpay can be understood!®!” on the basis of a
Kondo-type model with CF excitations, the precise origin
of the negative S, at T, is still not clear. It has been
argued'® that it arises from a Kondo-like process
influenced by intersite effects. There is therefore an ur-
gent need to understand this effect. We have attempted
to understand, on the basis of a phenomenological model,
especially the low-temperature S, ;, and the p behavior in
such KL systems.

The dominant contribution to the S value arises due to
the scattering between the electrons in the broad 5d-6s
conduction band and those in the narrow Lorentzian-
shaped!® 4f band. The density of states of this band
could be expressed as N(E)=W /(T3+W?), where W
and T, represent the width and the position of the band.
As S is proportional to the energy derivative (of the loga-
rithm) of N(E), the contribution to S from this narrow
band has been taken'® proportional to T,/(T3+ W?).
Therefore the total S could then be expressed'® as

S=C1T+—2——2 , (1)
To+W
where
W=Trexp(—T;/T) . (2)

C, and C, are temperature-independent parameters
which determine the strength of the contributions from
the nonmagnetic and magnetic scattering processes, re-
spectively. T is a temperature-dependent parameter and
is equated!® to the quasielastic linewidth, obtained from
neutron studies, arising from the hybridization between
the 4f electrons (forming a narrow band) and the sur-
rounding conduction electrons (forming a broad band).
W is proportional'® to the number of states in the peak
that would effectively take part in the scattering process.
Thus for T >> T;, W=T, and this indicates that all
those states in the peak near E contribute to the scatter-
ing process, while for T<T; W< T, which implies
that only a fraction of the states contributes to the
scattering process.

In this model,” kp To=(Er—E;), where E is the en-
ergy corresponding to the center of gravity (CG) of the
4f peak in the density of states at Ep. kp is the
Boltzmann constant. Thus T, can be positive or negative
depending on whether E ¢ is less than or greater than Ep,
respectively. We note that in the earlier studies!® T, was
taken to be temperature independent, whereas in our ap-
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proach, the CG of the 4f peak is temperature dependence
and T, now depends on temperature through the follow-
ing equation:

To=A+Bexp(—T,/T). (3)

A, B, and T,, are constants for a given alloy. At low
temperatures (T <<T,,), To~ A [Eq. (3)]. This situation
corresponds to Kondo scattering from the Ce ions in
their low-temperature CF ground state, characterized by
the total angular momentum J=1. At high tempera-
tures (T >>T,, ), T~ A +B. At these temperatures, the
Kondo scattering from the Ce ion occurs from all its pop-
ulated CF-split levels, leading to the full value of J=3.
Thus T,, plays the role of an important characteristic
temperature scale in our model calculations. The ex-
ponential term [Eq. (3)] could thus represent, phenome-
nologically, the gradual filling up of the excited CF levels
with increase of temperature.

The important aspects of our calculations are shown
(Fig. 1) for the case of (1) a typical low-Tx (~ 10 K) com-
pound like CeAl, and (2) a typical high-Tx (~300 K)
MYV compound like CeSn;. The simulated curves (Fig. 1,
curves b; and b,) show close resemblance with their cor-
responding experimental curves'® (Fig. 1, curves a, and
a,). The temperature dependence (Fig. 1, curves c¢; and
¢,) for the parameter T, for the above two classes of
compounds is found to be quite different. A striking ob-
servation (Fig. 1) is that, for a low-Tx compound (like
CeAl,), T and S both change sign (Fig. 1, curves a; and
¢) at approximately the same temperature. It is impor-
tant to note that both the low-temperature S ;. behavior
and the crossover in the sign of the S value can be repro-
duced only by a temperature-dependent T,. This repro-
duction of the low-temperature S, ;, behavior (in low-T
systems) has not been achieved so far in any of the earlier
studies to our knowledge. For the high-Tx compounds
(like CeSn;), on the other hand, where there is neither the
Smin feature nor the crossover in the sign of the S value
with temperature, T, is temperature independent.

The temperature dependence (Fig. 1, curves d; and d,)
of W for the above class of compounds is, however, not
so different from that found for T,. The W curves
display a monotonic increase with temperature. For
computing the value of W, the values of T, have been
taken equal to the quasielastic linewidths (for
4.2 < T <300 K) obtained?*~?* from neutron studies. For
CeAl,, T, has a monotonically increasing temperature
dependence,?’”2* whereas for CeSn; T, is temperature
independent and is equal to 300 K.

At low temperatures (7 <50 K), the S behavior is
mainly influenced by the second term in Eq. (1). At the
lowest temperatures (T —0), W << T, T, ~ A, and hence
we have S < T/ A [from Egs. (1)-(3)]. Thus in our model
the value of 4 has been determined by the initial slope of
the experimental S curve. At higher temperatures
(T >50 K), both 4 and the exponential term [of Eq. (3)]
contribute to Ty. In this temperature range, the simulat-
ed S curves match the experimental curves by appropri-
ate choice of B and T,,. The S, (Fig. 1) at T, (~150
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TABLE 1. Various parameters obtained from the simulation studies. The references to experiments
of different authors are indicated. The experiments on the Ce(Cu;_,Ni, ),Si, system pertain to the

present work.

C, c, T, 4 B T, Po a E

Compound (uV/K?) (uV/K) (K)  (K) (K) (K) (uQcm) (uQcm/K) (uQ2cmK)
CeAl,® —0.05 39.8 99 —88 11.8
CeSn;* —0.07 37.8 0 83.0 83
Ce(Cu,_,Ni, ),Si,
x=0 —0.15 23.5 230 —10.0 160 72.83 0.12 1138
0.03 —0.06 133 200 —8.0 150 98.74 0.08 1618
0.07 —0.13 20.5 200 0.5 140 92.35 0.02 1924
0.10 —0.11 42.5 30 100 52 101.2 0.01 4518
0.15 —0.26 42.8 20 11.0 50 176.0 0.01 3129
0.4 —0.17 40.5 0 35.0 35 205.6 0.02 6184
0.65 —0.12 45.0 0 130.0 130 158.5 0.25 3337
1 —0.005 15.7 0 150.0 150 68.0 0.22 2956
CePd,Si,’ —0.23 17.0 116 —2.0 89.0
Celn;° —0.17 35.0 0 40.0 40

2Reference 15.
bReference 25.
“Reference 26.

K) occurs when the first term [in Eq. (1)] becomes compa-
rable to the second term and C; and C, have opposite
signs (Table I).

Using the above simulation procedure, we have also in-
vestigated the well-known Ce(Cu,_,Ni, ),Si, series. The
S and p measurements have been carried out by us in the
temperature interval of 1.7 and 300 K. In this series, the
HF phase (low Tx ~10 K) crosses over to the MV phase
(high T =300 K) for x >x.(~0.40). For the x=0 and
x =1 compounds, the temperature dependence of T is
deduced®®~?? from the quasielastic linewidth data. For
the x =0 case (low Tx ~10 K), T is a monotonically in-
creasing function?*~2® of temperature (Ty,=10 K for
T=1.2 K and 70 K for T=300 K), whereas, for the
x =1 case (high T ~300 K), T, is temperature indepen-
dent (T,=300 K). For the other alloys (0<x <1), T, at
any given temperature, is obtained by linearly interpolat-
ing the corresponding T, values for the x =0 and the
x =1 compounds. Our simulation studies [Figs. 2(a) and
2(b)] show that, precisely at x >x_., T, becomes tempera-
ture independent (Table I), whereas, for x <x,,T, is
strongly temperature dependent. This temperature in-
dependence of T, therefore serves as a useful criterion to
distinguish the MV systems from the HF ones. For
x <x,, negative values of T, (Table I) are obtained with
negative values of 4 and positive values of B and T,,.
For example, for the simulated curve of the x =0 sample,
A=—10K, B=160 K, and T,, =230 K. Thus we have
for T=0 Ty= A= —10 K. We note that, for a given al-
loy concentration x, the values of the parameters A4, B,
and T,, all become temperature independent. With the
above combination of 4, B, and T,,, T;~0 at T=40 K.
This is quite close to the temperature (~40 K) where the
S curve changes sign from negative to positive. With
such a choice of parameters, the simulated curves repro-
duce (Fig. 2) the low-temperature negative S, ;, behavior
clearly. At around 200 K, the simulated curve also

reproduces the broad maximum due to CF effects. At
these elevated temperatures, T ~100 K. We note that,
for a given alloy, the total variation of T, with tempera-
ture is approximately about 100 K. This correspond to a
shift of the narrow 4f resonance band (with respect to
E) by about 10 meV. Such small changes in the position
of the narrow 4f band are at present difficult!® to mea-
sure experimentally.

As the value of S ;, approaches zero [Fig. 2(a)] with
increase in x, the value of 4 (Table I) changes (Fig. 3)
from negative (4 =—10 K, x =0) to positive (4 =10 K,
x=0.1). On the other hand, the value of T,, (Table I)
decreases rapidly (Fig. 3) from 230 K (for x =0) to 20 K
(for x=0.15). S;, moves (with increase in x) from a
negative to a positive value and an additional peak is ob-
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FIG. 2. S versus T curves for the Ce(Cu,_,Ni, ),Si, systems.
(a) experimental (this work) and (b) simulated.
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FIG. 3. Plots of 4 and T, versus x for the Ce(Cu,_, Ni, ),Si,
system. The solid lines are hand drawn to guide the eyes.

served experimentally (Fig. 2) for T < T;;,. Such a posi-
tive peak may arise?* due to the formation of a pseudogap
in the 4f density of states. Our simulated curves (Fig. 4)
also reproduce these experimental features quite well. As
mentioned earlier, S < T/ A for T—0. As the value of 4
is positive (Table I) and small, the S curve has a positive
value and increases rather sharply [Fig. 2(b)] as the tem-
perature is increased from 7T'=0. With further increase
of T, the temperature-dependent term [in Eq. (3)] be-
comes comparable to 4 and hence the S value [Eq. (1)]
decreases. Thus the curve goes through a maximum.

For x 2 x_, the S;, feature is no longer observed and
the curve exhibits [Fig. 2(a)] a monotonic temperature
dependence. Such a behavior can be reproduced [Fig.
2(b)] with T,, ~0 (Table 1).

The simulated curves [Fig. 2(b)] thus reproduce the ex-
perimentally observed ones [Fig. 2(a)] for all the values of
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FIG. 4. Expanded plots of the low-temperature S behavior.
(a) experimental (this work) and (b) simulated.
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x in the Ce(Cu,_,Ni, ),Si, series. We observe that the
negative minimum in the simulated curves is relatively
broad compared to that observed experimentally. How-
ever, all the essential features, namely, (a) the negative
minimum at low temperatures, (b) the crossover to posi-
tive values at intermediate temperatures, and (c) the max-
imum at high temperatures, are reproduced in our model
calculations.

The above analysis shows that when Ty is small (=~10
K) then for x <x_, T,, is large and finite, whereas when
T} is large (=~200 K) for x > x., T,, tends to 0. We note
that for low-Tx systems, when the broadening of the
CF-split levels is small, the value of T,, agrees (within a
factor of 2) with Acg=~300 K. In this low-T limit,
where the CF-split levels are sharp, Eq. (3) rightly deter-
mines the gradual population of those states. The value of
T,,(=~Acg) thus serves as an indication for the effective
separation between the CF-split levels. For the high-Tj
systems (x > x_), on the other hand, the CF levels overlap
greatly due to level broadening. By the application of the
above criterion, the value of T,, would tend to zero. As
shown in our analysis, a low value of T,, is indeed
reflected (Table I) for systems in the MV (high-Ty) re-
gime (x >x_). In the MV regime, T,, ~0 and as a conse-
quence the exponential term [Eq. (3)] becomes unity and
therefore T, also becomes temperature independent.
Thus our simulation studies reveal that the magnitude of
T,, also can serve as a useful criterion to distinguish be-
tween the HF and MYV systems. This criterion has been
tested, using this model, to hold good for other HF sys-
tems'®? like CePd,Si, (Tx~10 K, T, =116 K) and
CeAl, (Txy =2 K, T,, =99 K) where T,, turns out to have
a large value (Table I), and MV systems?® like CeSn;,
(T, =300 K, T,,=0) and Celn; (T, ~300 K, T,,=0)
where T, tends to zero (Table I).

Apart from the S behavior, our model can also simu-
late the p data in this class of compounds. Using similar
intuitive arguments as employed for the derivation of S,
the p contribution, arising from the scattering of elec-
trons between the broad conduction band and the narrow
Lorentzian-shaped 4f band, is proportional to
N(Ep)=W/(T3+W?). The total contribution to p
could then be written as!’

W

=pot+al+E—2— .
p=Po T3+ W?

4)

po is the temperature-independent residual resistivity
term and a is a constant which typifies the strength of the
nonmagnetic phonon term. E is another constant which
relates to the strength of the 4f band term. The other
symbols have their meaning as explained earlier. The p
data, exhibiting the low-temperature Kondo minimum
and the sharp coherence drop (7T < Ty) as well as the
high-temperature CF-derived maximum, can all be repro-
duced (Fig. 5) by this model with the same value (Table I)
of the parameters A4, B, and T,, used for the S studies.
The other additional parameters suitably chosen (Table I)
are py, a, and E. The introduction of a temperature-
dependent Ty, with the same value as in the .S simulation
studies, also reproduces both the low- and the high-
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FIG. 5. p versus T curves for the Ce(Cu,;_,Ni, ),Si, system.
(a) experimental (this work) and (b) simulated.

temperature features in the p curves of CeCu,Si, (Fig. 5).
We note that in the earlier study!® the p behavior, at high
temperatures (7> T, ) only, could be reproduced with
a temperature-independent T,,. However, though our
model reproduces the sharp drop in the p curve for
T < Ty, it does not predict the power-law (7'2) behavior

many KL systems.

An important difference between the S and p behavior
is that, while S [Eq. (1)] can take both positive and nega-
tive values, p [Eq. (4)] can take only positive values. We
note that it has been possible to reproduce the change of
sign of the value of S from negative at low temperatures
(T =T,;,) to positive at high temperatures. This is pos-
sible due to the fact that S is an odd function [Eq. (1)] of
T,. We note that the sign of T, essentially indicates the
relative position of the 4f band with respect to Ep. For
example, in the simulation studies of Ce(Cu;_,Ni, ),Si,,
for x <x_, it is found that T, <0 at low temperatures
(I'~T,;,) whereas T,>0 at high temperatures
(T ~ T,y ). The change of the sign of T, occurs (Fig. 1,
curve ¢;) over a narrow temperature range as shown for
the typical case of CeAl,. This shows that with increase
of temperature the 4f band moves from above to below
Eg. This is one of the most important consequences of
these model calculations. Though such a movement of
the 4f band could be predicted from the S studies, the p
studies are incapable of offering this information. This is
because in the expression [Eq. (4)] for p T, appears as an
even power. Thus the p behavior is insensitive to the sign
of T.

In conclusion, all the important experimentally ob-
served features of the S and p curves of the Ce-based KL
compounds could be reproduced in our model. Especial-
ly, the low-temperature S, ;, behavior has been success-
fully reproduced in our model simulations. The tempera-
ture dependence of T is found to be a crucial factor in
determining the low-temperature S behavior of these
compounds. Finally, the values of both T, and T,, are
quite different for the HF and MV compounds and could
thus provide important signatures for the characteriza-
tion of these exotic systems.
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