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Negative-temperature coefficients of electrical resistivity in amorphous La-based alloys
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A negative-temperature coefficient (a =p 'dp/dT) of electrical resistivity, p(T), has been observed in many
amorphous and disordered metallic conductors. The origin of this anomalous temperature dependence of resistivity
is still unclear. To explain the negative-a anomaly, there are two theoretical approaches (i.e., the Ziman-type theory
and the structural Kondo model) currently discussed in the literature. In an attempt to distinguish between these
two approaches the resistivity of several liquid-quenched amorphous La-based alloy systems containing A1, Au, Ga,
or Ge, has been analyzed as a function of composition and temperature. It is concluded that the resistivity data are
inconsistent with the Ziman-type theory and are in favor of the structural Kondo-type model. This conclusion is
based on the fact that (1) resistivity varies as —1nT (T~ 100 K) in alloys with negative a, and (2) the occurrence
of negative a is independent of the valence of the La-based alloys.

I. INTRODUCTION

A negative-temperature coefficient (n = p 'dp/dT)
of electrical resistivity, p(T), has been observed
in many crystalline, ' amorphous' (solid), and
liquid' metallic conductors. The origin of the
anomalous temperature dependence of resistivity
is a highly controversial topic. In the liquid state,
both negative- and positive-temperature coeffi-
cients of p(T) have been observed. These results
have been rather successfully explained' in terms
of the extended Ziman theory of electrical resisti-
vity for liquid metals. 4 Owing to the liquidlike
structure characteristic of amorphous metallic
alloys, it is natural to apply Ziman's theory or its
variants to explain the behavior of electron trans-
port in the amorphous state. Although this ap-
proach is claimed to be consistent with the experi-
mental results for several alloy systems, ' ' its
apparent success mostly depends on an assumption
that the Ziman condition 2k~ =k~ is satisfied,
where k~ is the Fermi wave vector and k~ the wave
vector corresponding to the first peak in the struc-
ture factor S(k). One should emphasize that this
assumption has not been substantiated directly
by any experiment. Recent results' of low-tem-
perature specific-heat measurement of glassy
metals are not consistent with the hypothesis of a
minimum in the density of states at the Fermi lev-
el for easy glass formation. These results also
indirectly cast doubts about the interpretation of
the negative a in terms of the Ziman theory.

On the other hand, there are several alternative
theoretical approaches to this problem. Of parti-
cular interest is the possibility that the origin of
the negative a is an attractive exchange interaction
between conduction electrons and the localized ex-
citations associated with the structural indetermin-
acy in the atomic arrangement. ' In essence, this
is a structural analog of the Kondo effect. Recent-

ly, the thermoelectric power of an amorphous al-
loy of Be4,Ti„Zr„has been measured up to the
crystallization temperature (600 K).' The results
are claimed to be incompatible with a Kondo
model.

From the discussion above, it is clear that the
dispute about the origin of the negative n centers
around experiments of indirect nature such as the
specific-heat and thermoelectric-power measure-
ments. In this paper, we choose to deal with the
temperature dependence of electrical resistivity,
p(T), directly, in an attempt to differentiate be-
tween the extended Ziman theory and the struc-
tural Kondo model. For this purpose, results of
electrical resistivity measurements for several
amorphous La-based alloy systems as a function
of temperature will be presented and discussed in
terms of the extended Ziman theory and the struc-
tural Kondo model.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The amorphous state of the La-based alloys
(La, „M„, M =-Al, Ge, or Au, x & 0.2) was achieved
by rapid cooling from the liquid state with the
piston-and-anvil technique in a vacuum of -10 '
Torr. The details of alloy preparation have been
reported elsewhere. " The resulting liquid-
quenched samples were foils of irregular shape
and approximately 2-3 cm in diameter and 40-50
p. m in thickness. The structure of the samples
was checked by x-ray diffraction which showed only
broad peaks characteristic of a liquid structure.
Since these amorphous alloys are also supercon-
ductors with transition temperatures ~ 4 K, the
sharpness and the shape of the resistive super-
conductive transition were used as a supplemen-
tary criterion to eliminate samples containing
small amounts of a second phase which could not
be detected by x-ray diffraction. " Alloy compo-
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FIG. 1. Temperature dependence of electrical resis-
tivity for several liquid-quenched La-Al alloys.
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sition was checked by electron-microprobe anal-
ysis and found to be within + 1/0 of the nominal

composition.
Resistivity measurements were made by a stan-

dard dc four-point method as a function of temper-
ature in the range of 4.2 to 300 K. The absolute
error in these resistivity measurements was esti-
mated to be + 10%, mainly due to the uncertainty
in measuring the sample dimensions. The relative
accuracy in resistivity was better than 0.1%. The
temperature of the samples was measured with
-0.1 K accuracy by using a calibrated Ge re-
sistance thermometer (4.2 to 100 K) and a copper-
constant thermocouple (for 80 to 800 K).

In order to discuss the resistivity results in

terms of the Ziman theory, k p was determined
from the x-ray diffraction pattern by using the fol-
lowing formula:

k~= 4p sing~/X,

where 20~ is the Bragg angle corresponding to the
first peak in the structure factor S(k). The elec-
trical resistivity as a function of temperature for
several La-Al alloys is shown in Fig. 1. It is in-
teresting to note that all amorphous La-Al alloys
exhibit relatively high resistivity and a zero- or
negative-temperature coefficient (o). This is in
contrast to the alloys containing relatively smaller
amounts of Al (&18 at. /o) which are crystalline af-
ter quenching. Only the positive-temperature co-
efficient of p was observed in these alloys. The
value of electrical resistivity at 293 K increases
with Al concentration as shown in Fig. 2. The
sign of n is negative and essentially independent of
Al content for x&22 at. /o Al (Fig. 2). We also
have preliminary results on the resistivity of
amorphous La„, Pu„alloys. The results are sim-
ilar to those found in amorphous La-Al alloys.

FIG. 2. Electrical resistivity and its temperature co-
efficient (at 293 K) for amorphous La-Al alloys obtained
by liquid quenching.

From the value of the ratio of resistances at T
= 300 and 4.2 K, the sign of a in La-Au alloys is
found to be negative for x~ 20 in good agreement
with previous reports by Johnson et +/. "-"
negative e has been also reported by Manning and
Bris ceo'4 for amorphous La-Au films (a'24 at.%
Au) obtained by vapor condensation at 4.2 K. The
temperature dependence of resistivity of amor-
phous La,« „Ga„alloys has been studied recently
by Shull et a/. " Their results again show that n
is negative for all of the alloys studied with x& 20,
but for alloys with x = 16 and 18, n is positive.
Our results on amorphous La„, „Ge„also indicate
a is positive for x= 16 and 18. It appears that the
negative-0. anomaly is quite general in nature and
has been observed in all amorphous Laypp M alloy
systems studied so far, where x & 20 and M can be
Au, Al, or Ga.

III. DISCUSSION

As mentioned in Sec. I, there are several theo-
retical models capable of explaining negative
values for n. These models, however, represent
fundamentally different approaches to electron
transport in amorphous metals. In fact, these
models predict different temperature dependence
of resistivity at relatively high temperatures
(T 2 e~, e~ is the Debye temperature) This fact.
has been often neglected, in the literature, in
discussing the resistivity data of metallic glasses.
In the following, the resistivity data of various
amorphous La-based alloys (especially the La-A1,
La-Au alloy systems) will be discussed in terms
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of the Ziman theory and the Kondo-like structural
model in an attempt to distinguish between these
two different approaches.

p(T) =, '&, Jl 'S(k, T)
i
V(k) i'k'dk, (2)

where 0 is the atomic volume, UF the Fermi velo-
city, S(k, T) the structure factor, and V(k) the
form factor (pseudopotential for simple metals,
t-matrix element for transition metals).

To a good approximation, this formula is also
useful for describing the resistivity of alloys with
one element as the major constituent. The temper-
ature dependence of resistivity is then dominated
by that of the structure factor. The sign n will de-
pend on whether the Ziman condition k~-2k~ is
satisfied or not. Although the value of k„can be
determined accurately by an x-ray diffraction ex-
periment, k~ has to be calculated with a free-elec-
tron approximation. In analyzing our resistivity
results, we assume that the numbers of conduction
electronsforA1, Au, andLaare3, 1, and0. 5, re-
spectively. The 0.5-valency value for La is based
pn a recent calculation by Duthie and Pettifor" and
was first used in interpreting the resistivity data
of liquid La by using the Ziman theory. ' It should
be pointed out that this assumption implies that

A. The Ziman-type approach

In view of the fact that the amorphous and liquid
metals are similar in structure, order of mag-
nitude of resistivity, and the temperature coef-
ficient o, it is reasonable to extend the Ziman
theory4 which was originally developed for simple
liquid metals to metallic glasses. Two major
concerns about using the Ziman theory are (1)
the theory may not be appropriate for strong scat-
tering systems" of which most amorphous metals
are; (2) the Ziman condition for negative a has
never been established directly by any experiment.
Usually kz is calculated by assuming certain free-
electron concentration. Unlikely valency such as
5 conduction electrons per phosphorous atom, ' for
example, was used in satisfying the Ziman criteri-
on for amorphous Ni-P alloys. In the following
discussion, it will be demonstrated that there is
no self-consistency in using the Ziman-type theory
to explain the negative-n anomaly observed in
amorphous La-based alloys even when one is wil-
ling to discard the questionable aspects [points (1)
and (2) mentioned abovet of this approach. Accord-
ing to the extended Ziman theory for electron
transport in liquid metals by Evans et al. ,"'"the
temperature dependence and the magnitude of
electrical resistivity can be expressed by the fol-
lowing formula:

6kp

kp
m 2.0— ~2kF(AU)
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FIG. 3. kz (as defined in the text), &kz, and 2k+ as a
function of composition for amorphous La-A1, La-Au
alloys. &k~ indicates the maximum allowable rarge for

. kz for yielding a negative & in terms of the Ziman theo-
ry.

only the s electrons contribute significantly to
electrical conduction. This is, of course, un-
realistic in view of the fact that the s and d bands
of La are highly hybridized. " In the following, it
can be shown that the resistivity data on various
amorphous La-based alloys are not consistent with
the Ziman theory, even under the most favorable
condition as provided by this doubtful assumption
of 0.5 electrons per La atom. In Fig. 3, k„, and
Ak~ (the width of the first peak in the structure
factor at half maximum height) for amorphous
La-Al and La-Au alloys are plotted as a function
of La content. The x-ray diffraction patterns for
all the amorphous La-based alloys studied are re-
markably identical. The calculated values of 2k~
for the La-Al and La-Au alloys are also plotted
in Fig. 3. From this figure, one can see that the
Ziman condition for negative n can be satisfied in
the concentration range of about 15-30 at. % Al
which is roughly consistent with the experimental
data obtained in this study (Sec. II). It should be
mentioned that Delley et al.~ have measured the
p(T) of liquid I a-Sn alloys and found negative a
of p between 30 and 65 at.% Sn in good agreement
with the Ziman theory. On the other hand, as
shown in Fig. 3, the line of 2kF for La-Au alloys
does not intersect with k p except for alloys con-
taining W 70 at.% Au. In terms of the Ziman theo-
ry, this would mean that negative a should not be
observed in amorphous La-Au alloys with concen-
tration in the experimental range. This is, of
course, inconsistent with the experimental results
of this investigation and those reported previously
in the literature. "" One could argue that the La-
Au data simply reflect the possibility that the
valency of La may depend upon the alloying consti-
tuent Al or Au. This is unlikely in view of the
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FIG. 4. Resistivity as a function of temperature for
amorphous La66A134.

highly localized nature of the electronic band
structure of La" and the superconductivity" in a
large number of amorphous and crystalline La-
based alloys and compounds. It is also inconsistent
with the fact that the occurrence of negative e in
amorphous alloys La», „M„depends only on x (i.e.,
x ~ 20) and not on iaaf (~ can be Al, Ga, Au, or Ge,
and possibly Cu, Ag, or Ni)."

Besides the qualitative discussion of the Ziman
criterion for negative e, one can gain some in-
sight to the problem by analyzing the temperature
dependence of resistivity for those alloys with a
negative n.

Basically, the Ziman-type theory predicts that
the resistivity of an amorphous metal as a function
of temperature should follow directly the temper-
ature dependence of the structure factor. For a
negative-a metal, the resistivity can be expressed
as follows:

p(T)- p, +AS(2k~, T), (3)

where A is a constant.
Based on a Debye approximation, Nagel' has

predicted that the temperature dependence of
S(2k+, T) should be (C, —C,T') for T & 8D and

(C, —C,T) for T &8D, where 8D is the Debye
temperature and C, (i =1-4) are constants. There
are a number of measurements that have confirmed
this prediction. '2 According to Eq. (3), the tem-
perature-dependent part of the resistivity should
vary as (C, —C,T) at relatively high temperature.
In Fig. 4, results of very accurate measurements
on the resistivity as a function of temperature for
amorphous La«A134 are presented. The Debye
temperature of this alloy is about 100 K. From
Fig. 4, one can see that the resistivity curve ex-
hibits a nonlinear temperature dependence which
apparently is not consistent. with the Ziman-type

p(T) = a+ cln(T'+ T,') . (4)

A fitting of this equation with the experimental data
for amorphous La«A134 is demonstrated in Fig. 4
[the solid curve represents Eq. (4) with the fitting
parameter a=219.08 JLt, Qcm, c=-2.34, and T~
= 45.4 K]. The theory and experimental results
are replotted on a logarithmic temperature scale
in Fig. 5. to illustrate the Kondo-type temperature
dependence of resistivity in this amorphous alloy.
It is quite clear from this figure that the experi-
mental data do show a -lnT dependence suggested
by the Kondo-type model as opposed to the (C,
-C,T) behavior predicted by Ziman-type theory.

There is one more experimental result one can
use to differentiate between the Ziman-type and,

B. The Kondo-type approach

The Kondo-type approach to anomalous electrical
conduction in amorphous metals was first sug-
gested by Cochrane et al."to explain the low-tem-
perature (T ~10 K) resistance minima observed in

many glassy metals. The origin of the resistivity-
minimum phenomena is still not clear at the pres-
ent time. There are, however, increasing amounts
of evidence" "to suggest that they are related to
the bona fide Kondo effect which is due to th. e ex-
change interaction between magnetic impurities
and conduction electrons. The structural Kondo
approach can be extended to understand the nega-
tive-n anomaly observed in many disordered and
amorphous metals at relatively high temperatures.
In such an extension, it is important to realize
that a quantum-mechanical tunneling between the
two configurational levels is not essential. As
pointed out before, ' any localized internal degree
of freedom (such as local phonons) which gives
rise to excitations that are degenerate on the scale
of ksT (T & 8n) can lead to a negative o.'through
this structural Kondo mechanism. The orthogonal-
ity condition as defined in Ref. 23 is essential to
assure that the structural Kondo Hamiltonian as
originally proposed by Cochrane et a/. is valid.
This condition is probably satisfied in amorphous
metals with resistivity & 100 p. Qcm which corre-
sponds to an electronic mean free path of the
order of interatomic distance. In this regard, we
note that the resistivity of amorphous La-based
alloys are of the order or larger than 100 IU, Qcm.
In terms of the Kondo-type approach, resistivity as
a function of temperature can be expressed by the

following equation:
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FIG. 5. The same data shown in Fig. 4 except on a
lnT scale, the solid curve represents p(T)=a+ cln(T2
+ T~) with a=219.08 pQ cm. c=-2.34, T~=45.4 K.

Kondo-type approaches. That is the fact that neg-
ative e has been observed in amorphous Layoo M„
alloys only with x & 20, and M = Al, Ga, or Au.
This observation suggests that the negative-a an-
omaly is not related to the valency of the second
element in the alloy. This is inconsistent with the
k~-2k~ condition for negative o. (k~ is found exper-
imentally to be a constant for all these La-based

alloy systems) and lends further evidence against
the Ziman-type approach. On the other hand, it
has been pointed out that amorphous alloys such
as the La-based alloys with x ~ 20 contain certain
structural defects which could be the source of the
structural internal degrees of freedom for the
Kondo-type scatter ing. '

In summary, we have systematically studied the
electrical resistivity of several liquid-quenched
amorphous La-based alloy systems as a function
of temperature and composition. The results are
used to distinguish between the Ziman-type and
the Kondo-type models for the negative-tempera-
ture coefficient of resistivity. The following facts
are inconsistent with the Ziman-type theory and
are in favor of the structural Kondo-type model:
(a) Resistivity varies as -inT in alloys with nega-
tive n (2). The occurrence ot negative o. is inde-
pendent of the valency of the alloys.

ACKNOWLEDGMENTS

The authors wish -to thank A.P. Malozemoff for
a critical reading of the manuscript and S.J. Poon
for communicating his resistivity results on
amorphous La-Au alloys to us.

Present address: Brown Boveri @ Company, Research
Center, 5405 Dattwil/Baden, Switzerland.

TPresent address: Department of Physics, University
of Ghana, Legon, Ghana.

~J. H. Mooij, Phys. Status Solidi A 17, 521 (1973).
C. C. Tsuei, Solid State Commun. 27, 691 (1978).
G. Busch and H.-J. Guntherodt, in Solid State physics,
edited by F. Seitz, D. Turnbull, and H. Ehrenreich
(Academic, New York, 1975), Vol. 29, p. 235.

4J. M, Ziman, Philos. Mag. 6, 1013 (1961).
A. K. Sinha, Phys. Hev. B 1, 4541 (1970).

8S. H. Nagel, Phys. Rev. B 16, 1694 (1977).
~L. V. Meisel and P. J. Cote, Phys. Hev. B15, 2970

O.977).
U. Mizutani, E. T. Hartwig, and T. B. Missalski, Phys.
Hev. Lett. 41, 661 (1978).

SS. R. Nagel, Phys. Hev. B 41, 990 (1978).
~OK. Agyeman, H. MuH, er, and C. C. Tsuei, Phys. Rev.

B 19, 193 (1979).
~~W. L. Johnson, S. J. Poon, and P. E. Duwez, Phys.

Rev. B 11, 150 (1975).
~2S. J. Poon (private communication).
~3S. Nanao, Y. Ohji, J. Sugiura, and H. Ino, in Proceed-

ings of the Third International Conference on Rapidly
Quenched Metals, Brighton, 1978, edited by B.Cantor
(The Metals Society, London, 1978), Vol. 2, p. 48.

~4J. S. Manning and C. V. Briscoe, Phys. Hev. B 18,
1177 (1978).

~5W. H. Shull, D. G. Naugle, S. J. Poon, and W. L.

Johnson, Phys. Hev. B 18, (1978).
~BE. Esposito, H. Ehrenreich, and C. D. Gelatt, Jr.,

Phys. Rev. B 18, 3913 (1978).
~~H. Evans, D. A. Greenwood, and P. Lloyd, Phys. Lett.

A35, 57 (1971); 38, 151 (1972).
~ O. Dreirach, H. Evans, H.-J. Guntherodt, and H. U.

Kiinzi, J. Phys. F 2, 709 (1972).
GJ. C. Duthie and D. G. Pettifor, Phys. Hev. Lett. 38,
564 (1977).
B.Delley, H. Beck, H. U. Kunzi, and H.-J. Gunther-
odt, Phys. Hev. Lett. 40, 193 (1977).

2~D. Glotzel and L. Fritsche, Phys. Status Solidi B 79,
85 0.977).
H. Clarke and S. H. Nagel, Solid State Commun. 27,
215 (1978).
R. W. Cochrane, R. Harris, J. Q. Strom-Olson, and
M. J. Zuckermann, Phys. Rev. Lett. 35, 676 (1975).

24C. C. Tsuei, in &mo~phous Magnetism II, edited by
R. A. Levy and H. Hasegawa (Plenum, New York,
1977), p. 181.

25S. J. Poon, J. Durand, and M. Yung, Solid State
Commun. 22, 475 (1977).
Z. Marohnic, E. Babic, J. Ivkov, and A. Hamzic, in
I'xoceedings of the Third International Canfexence on
Rapidly Quenched Metals, Brighton, 1978, edited by
B. Cantor (The Metals Society, London, 1978), Vol. 2,
p. 149.
S. B. Dierker, H. Gudmudsson, and A. C. Anderson,
Solid State Commun. 29, 767 (1979).


