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Hesistivities of thin-film Cs-based alloys prepared by coevaporation at He temperature
reveal charge transfer to high-valence impurities. Percolative transitions to neer dis-
ordered insulating phases occur as the impurity content is increased, Metallic compo-
nents of resistance exceeding 3 && 10 0 are observed near the percolation thresholds.

In this Letter we report the observation of new
disordered insulating phases in Cs-based alloys.
These disordered materials are charge-transfer
insulators, in which charge transfer among dif-
ferent chemical species reduces the conduction-
electron density below that required for percola-
tion. The lack of conduction thus arises from
ionicity rather than covalency. Dilute alloys ex-
hibit charge transfer from the host electron gas
to impurity atoms. With increasing solute con-
tent, the materials undergo percolative transi-
tions to disordered insulating phases associated
with the charge transfer. In the case of Xe, I,
and Te in Cs the percolative transitions occur at
compositions clearly determined by the ionic
forms of these species in Xe', I, and Te' con-
figurations. The precise charge-transfer state
is less evident for Sb and Sn, which fall in the
region intermediate bebveen the charge-transfer
and normal states. Cs-Sn exhibits percolative
transitions to a domain of the charge-transfer
insulator phase bounded on either side by Cs and
Sn metallic conduction in the two cases. We have
observed similar phenomena in Na-based materi-
als. These effects are believed to result from
the low electronegativity of alkali-metal atoms.

The phenomenon of charge transfer to impurities
in alkali alloys was proposed' to explain conduc-
tion-electron spin resonance' and susceptibility'
effects in dilute liquid alkali alloys. For rare-
gas and halogen impurities, the basic charge-
transfer ideas have been confirmed by studies of
the impurity-induced transpor t properties' and
optical excitation spectra. ' High concentrations
of rare gases in solid alkali hosts cause a perco-
lative transition to the expected rare-gas-rich
insulating phase. ' In addition, transport meas-
urements in Bquid alkali alloys reveal striking
anomalies' at concentrations close to those of
intermetallic compounds. Thi s payer reports
a systematic investigation of the electronic struc-
ture and electronic transport in disordered Cs-
based alloys. The properties are rich in novel

effects.
Alloys were prepared by coevaporation onto He-

temperature substrates previously overlaid by a
suitable electrode pattern, as described else-
where. ' Compositions and densities were deter-
mined by means of calibrated quartz crystals
placed in the evaporation streams, and uniformity
of the films was ensured by the evaporation geom-
etry. In the case of halogen impurities, the ap-
propriate Cs halide was usually evaporated as the
second component, but only minor differences
were observed when the molecular halogen was
employed instead. Detailed previous studies of
rare-gas impurities have indicated that these
methods give good random mixtures. ' The ma-
terials are thermally unstable but typically only
decompose above 20 K. Two films were prepared
simultaneously in all cases, one of pure Cs and
one containing the same Cs content together with
the second component. A consistent check on the
Cs deposition was thereby made available.

The variation of resistivity with chemical com-
position for Cs mixed with various second com-
ponents is shown in Figs. 1(a) and 1{b). These
data all pertain to a test temperature of about 5.5
K. Some scatter evident in the data indicates
that sample preparation was reproducible, with
typical compositional uncertainties confined to
the 2%%uo level. Inset in Fig. 2 are resistivities
for dilute Cs-based mixtures, showing the expect-
ed linear variation of resistance with impurity
content. The chosen second components include
a complete row of the periodic table: Ag, Cd,
In, Sn, Sb, Te, I, and Xe; the dilute data there-
fore provide a fairly complete view of scattering
power as a function of impurity species for the
relatively simple host metal Cs. Residual resis-
tances referred to a 1' impurity content, as de-
duced from the linear graphs inset in the figure,
are displayed in the main figure. The composite
data point clearly to charge-transfer effects and
reveal the existence of charge-transfer insulator
phases.
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FIG. 1. Electrical resistance as a function of com-
posi on (at.lo solute) for Cs-based alloys at 5.5 K:
(a) Xe, I, snd Te impurities; (b) Sb, Sn, In, Cd and

Ag impurities.
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Figure 2 shows that the core- and size-differ-
ence scattering is rather large for Aor g isovalent
with Cs). With increasing impurity valence the
residual resistivity increases as expe t d hce, w en

for I
a e p-wave scattering contributes signifi tli ican y

for
n and Sn. The resistivity drops ab tl

or Sb, where charge transfer becomes impor-
tant, and falls off gradually from Te, through I
and Xe, to zero for Cs in Cs. The abrupt drop
in resistance between Sn and Sb is interpreted as

th
mainly due to the loss in core scattering hingw en

e charge-transfer state forms. The P orbitals
o the Sb' ion fall below the band bottom to be
screened by the repulsion of conduction electrons
from the impurity site. This decouples the core
from the conduction band. The remaini
ivities for Te to Xe reflect scattering by the

screened repulsive potential of the particular neg-
ative ion formed by charge transfer from the Cs
conduction band to that impurity.

These observations are in exc ll te en agreement
with much earlier structure prediction (for K)
by Flynn and Lipari. ' In absolute magnitude the
resistivities are also consistent with this inter-

has a similar magnitude to that for these ele-
ments in Na; direct phase-shift calculations h
not reproduced these observations well. ' Quanti-

' ns ave

FIG. 2. The resresidual res&stance introduced by 1%
of various impurities in Cs at 5.5 K. The le linear re-

ar&at&on with impurity concentration is
as inset bl th f

ra 1on ls showIl

tative agreement has been established for the re-
sistance of Xe in Cs.' The increase from Xe
through I to Te' is consistent with the increasing
size of the screening hole in the electron gas re-
quired by these negative ions. Sn and Sb clearly
lie in the transitional region of the charge-trans-
fer process. No detailed information about their
structure in Cs is available, although the fo

n charge-transfer configurations has
previously been identified by M k 1 k,i o os o, Rigert,
and Flynn' in liquid NaK hosts.

These systems exhibit novel metal-insulator
transitions. It is known' that X de in uces aper-
colative transition to the insulatin has
semblin t

u a ingp ase re-
ing hat observed in macroscopic mixtures

s. e similari-of insulating and conducting balls " Th
y arises because Xe excludes conduction elec-

trons from its cell., the conduction is associated
wholly with chains of alkali atoms. Figure I
shower s that
purities) at about 45 at.% I. Note that perfect

I
charge transfer between equa/ number f C

atoms eliminates a// conduction electrons. Fig-
ure 1 indicates that a fractional excess of 5/50

s is needed to support percolation.
This compares with about 25 at.% Cs needed for
percolation in Cs-Xe. In Ce-Te allo s 38

e is evidently required to create an insulator
(Fig. 1), as compared to the 33 atVo for perfect
charge transfer. Clearly, the simplest model
has be n toegun o break down for Te, presumabl be-
cause the Te 5P orbitals overlap significantl at

a y e-

high density.
n ya
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FIG. 3. The observed temperature dependence of
conductivity in some Cs-Sn moctures (concentrations
given in at.fo). The broken line is the theoretical limit
for minimum metallic conductivity.
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Sn and Sb display effects having special interest;
Sn, in particular, exhibits a bounded domain of
the charge-transfer insulating phase. The metal-
insulator transition for Sb occurs near that of I
and the transition for Sn occurs near that for Te.
A superficial interpretation would identify the
ions as Sn' and Sb near their respective metal-
insulator transitions. The actual phenomena are
likely to be more complex, perhaps involving a
variety of ionicities. Sn exhibits a second metal-
insulator transition at low Cs content to define a
bounded range of the charge-transfer insulator
phase. These are random materials in which
charge transfer reduces the available conduction-
electron density below the percolation threshold.
The Sn-rich metals show superconductivity with
enhanced transition temperatures at certain com-
positions. No metallic conduction is observed
for pure Sb films, although the crystalline materi-
al is metallic. Amorphous Sb is known to be a
semiconductor. "

The temperature dependence of the observed
conductivities near the transitions reveal further
details of the conduction mechanism. Figure 3
shows how the observed conductivities vary with
T ' for some Cs-Sn conductors. The data are
reproducible under temperature cycling through
the range shown, and therefore identify electronic
processes as distinct from irreversible thermal
evolution of the lattice. At the lowest accessible
temperatures the resistivities in Cs-rich (and

Sn-rich) materials become independent of T ',
thereby establishing that a metallic component
of the conduction exists in the immediate neighbor-
hood of the metal-insulator transition. This pre-
sumably arises from metal-metal links that pass
through the entire material to support percolation.
It is the breaking of these links with changing
composition that destroys conductivity, as sug-
gested previously for Cs-Xe.4 The data in Fig.
3 show, in addition, that the conductivity increas-
es significantly above 10 K, and with a larger
fractional effect evident as the metal-insulator
transition is approached. We interpret this as
hopping charge transport that enhances conduction
by cross linking the percolation chains. A hopping
energy = 1.6 MeV in the cross links accounts for
the observed temperature dependences. Data
taken near the Sn-rich percolation limit also re-
veal new phenomena, with resistivity maxima be-
tween superconductivity at low temperature, and
hopping short circuits at high temperature.

Metallic conduction is expected to disappear
when the mean free path is reduced to the inter-
atomic spacing. This limits metallic conduction
to a resistance of about 3&1040 and, for greater
resistances, hopping conductivity is to be expect-
ed." The argument is insensitive to film thick-
ness. In the present experiments we find evidence
for a metallic component of percolative conduc-
tance corresponding to about 1.4 times this limit-
ing resistance (see, e.g. , Fig. 3). Single conduct-
ing filaments are not limited in quite the same
way, but are also said to have a maximum metal-
lic resistance at low temperatures. " The perco-
lative medium supports conductivity through few
strands near the

transition,

and so may possess
metallic resistances resembling those of single
strands as much as homogeneous sheets. The
precise nature of any resistance limits in these
interesting systems still lacks a detailed theory.

This work was supported in part by the National
Science Foundation under Materials Research
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C. P. Flynn and N, 0. Lipari, Phys. Rev. Lett. 27,
1365 (1971); C. P. Flynn, Phys. Rev. B 9, 1984 (1974).

J.R. Asik, M. A. Ball, and C. P. Slichter, Phys.
Rev. 181, 645 (1969); E. K. Cornell and C. P. Slichter,
Phys. Rev. 180, 358 (1969).

C. P. Flynn and J. A. Rigert, Phys. Rev. B 7, 3656
(1973).

4D. J. Phelps and C. P. Flynn, Phys. Rev. 8 14, 5279
(1976).

430



VOLUME 41, NUMBER 6 PHYSICAL REVIEW LETTERS 7 AUGUsr 1978

B.Avci and C. P. Flynn, Phys. Bev. Lett. 37, 864
(1976).

6H. Scher and R. Zallen, J. Chem. Phys. 53, 3759
(1970). See also Ref. 4.

~Recent work is reviewed in Liquid Metals —1976,
Institute of Physics Conference Series No. 30, edited
by B.Evans and D. A. Greenwood (The Institute of
Physics, London, 19VV), where references to earlier
work will also be found. Relevant articles are K. D.
Kruger, R. Fisher, and R. %. Schmutzler, ibid. ,
p. 480; %'. Freyland and G. Steinleitner, ibid. , p. 488;
and S. M. Granstaff and J. C. Thomson, ibid. , p. 511.

8For example, see M. A. Ball, J. R. Asik, and C. P.
Slichter, Phys. Rev. 181, 662 (1969).

8M. D. Mikolosko, J. A. Rigert, and C. P. Flynn,
Phys. Lett. 38A, 69 (1972).

~ For references, see V. K. S. Shante and S. Kirk-
patrick, Ad. Phys. 20, 325 (1971); S. Kirkpatrick,
Bev. Mod. Phys. 45, 574 (1973).
"J.J. Hauser, Phys. Rev. 8 11, V38 {1975).' N. F. Mott, Philos. Mag. 26, 1015 (1972); R. C.

Dynes, J. P. Garno, and J. M. Bowell, Phys. Bev.
Lett. 40, 479 (1978).
' D. J. Thouless, Phys. Rev. Lett. 39, 1167 (1977).

Electron-Phonon Contribution to Electrical Resistivity and Suyerconducting
"p-%ave" Transition Temperature of Pd

F. J. Pinski and P. B. Allen
DePa&ment of Pkysios, State University of Nefu York, Stony Brook, Nero York 11794

and

W. H. Butler
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

(Received 12 May 1978)

We present first-principles calculations of the electron-phonon parameters which
govern transport and superconductivity in Pd. Our calculated resistivity is in good agree-
ment with experiment. The "s-wave" couplirg constant (or mass enhancement) is 0.41
and the "p-wave" couplirg constant is 0.002, makizg the existence of observable electron-
phonon-induced '$-wave" pairing in Pd very doubtful.

Palladium belongs to the exotic class of d-band
elements which are neither magnetic nor super-
conducting. Its unusual electrical resistivity p(T)
and susceptibility y(T) have long attracted atten-
tion. Mott' proposed the familiar "s-d model" to
explain p, and invoked "Fermi smearing" to ex-
plain the & dependence of both p and g. "Para-
magnons '

have been invoked to exp1ain the large
value of p and the absence of superconductivity.
In recent years the possibility" of superconduc-
tivity with exotic pairing schemes has rekindled
interest in Pd. Fay and Appel's4 analysis of
available data suggests that paramagnon coupling

alone is too weak to produce "P-wave" supercon-
ductivity at a measurable temperature, and that
the possibility of observing exotic pairing hinges
on a significant attractive electron-phonon con-
tribution. In this paper we calculate this contri-
bution from state-of-the-art electronic band theo-
ry and experimental data. The result is a pessi-
mistic conclusion about the possibility of exotic
pairing.

The information about electron-phonon coupling
necessary to calculate superconducting &, and
transport coefficients is conveniently summarized
in a series of generalized electron-phonon spec-
tral functions' o."(~„bob)E(Q) defined as

N, (0)g„,, IM„,"I w. (k, k')6 (Q „Q„,")5(~„)5(e„,)
(k, k')~( .)~(, )

Here M~ " is the matrix element for an electron to scatter from k to &' by a phonon of branch & and
freqnency Q„b~,'. The notation k is shorthand for wave number and band index (k, n) of an electron
state of energy &„and velocity v» Nt(0) is the single-spin density of states at the Fermi energy. The
most familiar spectral function, having weight functions bv, =bob --1, is denoted o"E(Q) and determines
the value of T, for ordinary ("s-wave" or, more properly, &,) pairing. Electrical and thermal resis-
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