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We report the first low-temperature-irradiation experiment of thin films of the Chevrel-

phase superconductor PbMo6Ss with fast ious (20-MeV sulfur). The films were prepared by

dc magnetron sputtering and had superconducting critical temperatures T, up to 12.85 K
(midpoint) with onsets of superconductivity up to 14.7 K. As a function of fluence, T„ the

initial slope of the upper critical field (dH, 2/dT) T T, the low-temperature resistivity
C

p(16 K), and its temperature dependence p(T) have been measured. The H, 2(T) and p data

indicate a defect-induced reduction of the electronic density of states at the Fermi level

N (EF). This appears to be responsible for the strong decrease of T, which drops below 1.2
K at the comparatively very low fluence of 10' cm . The T, decrease is accompanied by

a change in the behavior of p(T) from metallic with a residual resistance ratio of about two

to less than one at a fluence of only 3.9&(10' cm where T, is still 6.32 K. The resistance

ratio decreases further with irradiation and is less than 0.5 at 6.5X 10' cm . We estimate

the obtained defect concentrations and propose a simple model which could explain the ob-

served experimental results.

I. INTRODUCTION

Ternary molybdenum chalcogenides with the
composition M„Mo+s (M=metal or rare earth,
X=S,Se,Te) show several interesting physical low-

temperature properties and have therefore received
widespread interest since their discovery about a de-
cade ago. ' Since then, almost 100 different so-
called Chevrel phases have been found and about
two-thirds of them are superconducting above 1.5
K. The Chevrel structure is a truly ternary struc-
ture with nonequivalent lattice sites for the three
constituents, and it contains the highest T, 's of all
ternary-structure families with values up to 15.2 K
for PbMosSs. Most striking, however, are the ex-
tremely high critical fields of some of the Chevrel

phases, e.g. , H, 2(0) of Gdp 2PbMosSs is extrapolated
to 600 kOe, and H,'q (dH, old T)r r——of
LaMo6Se8 is 75 kOe/K. '

The main structural building blocks are MO6 oc-
tahedra which form the Chevrel phase with three
different chalcogenides and many different metals
or binary phases are formed without third element
at all. Also Mo itself can at least be partially sub-

stituted by other transition metals such as Re. This
results in the large number of compounds men-
tioned. Most striking is the large variety of physi-
cal properties observed, e.g., high-T, superconduc-
tivity for some compounds such as PbMo6S8 and

SnMosSs, but semiconducting behavior for
BaMo6S8 or the pseudobinary compounds
Mo2Re4Ss or magnetic order in part of the rare-
earth compound series. Reasons for this diversity
are the different electronic properties of the ele-
ments involved, slight variations of the crystal
structure, or the occurrence of low-temperature
phase transitions. ' The Chevrel phases can there-
fore be considered as a very suitable system to study
correlations between structural parameters, trans-
port properties, and superconductivity. An impor-
tant drawback, however, is that in many cases it is
difficult to obtain good quality samples because of
the brittle nature of these substances and the large
differences in the vapor pressures of the consti-
tuents.

It is generally agreed upon that the origin of su-
perconductivity in Chevrel phases is due to the Mo
d electrons which are strongly localized at the Mo6
octahedra because the Mo-Mo intracluster distance
is about 10—20 /o smaller than the Mo-Mo inter-
cluster distance. This gives rise to very narrow
bands and high needle-shaped peaks in the electron-
ic density of states N(E). This qualitative picture is
supported by several band-structure calculations
which also show the common feature that there is a
gap in N(E) corresponding to 24 electrons per Mos
cluster or two electrons per Mo —Mo bond. "
Since the properties of these materials depend so
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sensitively on the structure and electronic properties
of the constituents, it is very interesting to study the
consequences of defects. Owing to problems with
reproducibility and homogeneity, for most Chevrel
phases it appears very difficult to study correlations
between physical properties or their dependence on
structural and electronic changes by alloying and
quenching experiments. However, by means of neu-
tron or ion irradiation the properties of samples can
be changed continuously over a wide range and the
measurements to establish correlations can be per-
formed with the same sample.

We report the preparation of thin films of the
Chevrel phase PbMo6S8 and the influence of defects
introduced by low-temperature-irradiation experi-
ments using 20-MeV sulfur ions on the supercon-
ducting properties, electrical resistivity, and x-ray
diffraction data. So far only two irradiation experi-
ments of Chevrel phases are reported in literature.
Both experiments used neutrons and sintered sam-

ples and were not carried out at low temperature; in
one case the irradiation was done at ambient reactor
temperature, ' in the other at low temperature, but
the samples were transferred at room temperature
to another cryostat for the measurements. ' Also in
both cases only T, was measured for a few neutron
fluences.

II. EXPERIMENT

A. Preparation and properties
of PbMo6SS thin films

Thin films were prepared by dc magnetron

sputtering in an ultrahigh vacuum (UHV) system
which is schematically shown in Fig. 1. A disc of
sintered lead molybdenum sulfide was used as a
sputtering target to optimize homogeneity and to
ensure good electrical as well as thermal contact be-
tween target and sputtering cathode. We felt that
this technique is more favorable than using MoS2
partially overlayed by pieces of metal sheets as re-

ported by other authors. ' The target material was
prepared by mixing high-purity molybdenum
powder, which had before been reduced for several
hours at 1000'C in a H2 atmosphere, with lead and
sulfur in the nominal composition PbMo6Ss. The
mixture was pressed into pellets and annealed for 24
h at 1050'C in sealed quartz tubes under a helium
pressure of about 300 Torr. After regrinding and
repressing and a second heat treatment under the
same conditions, the pellets had an inductively mea-
sured T, of 14 K (midpoint) and a transition width

(10—90% of the full superconducting signal) of
less than 1 K. Variations of composition or anneal-

ing conditions did not improve T, . The sintered
lead molybdenum sulfide was pressed into a disc of
3-cm diameter and about 2-mm thickness and
mounted to the water-cooled sputtering cathode of
the UHV system by a thermally and electrically
conducting epoxy resin. The two concentric cobalt
samarium magnets enhanced the sputtering rate

0
from about 2 to 10 A/s. Sapphire substrates were
pressed to the sample holder by a stainless-steel
mask, which ensured a film geometry suitable for
four-probe resistive measurements. The films were
3-mm wide and 12-mm long between the voltage
leads. The temperature of the substrates could be
varied by filling the substrate holder with fluids of
different temperatures, from liquid nitrogen to boil-
ing water. The growth of the films was controlled
by a quartz thickness monitor. The initial pressure
in the system before the beginning of each sputter-
ing process was always lower than 2)(10 Torr.
High-purity 99.9999% argon was used as a sputter-
ing gas. Typical sputtering parameters were an ar-
gon pressure of 3X 10 Torr, a voltage of 700 V,
and a current of 30 mA. Under these conditions
films of about (1—2)-pm thickness were obtained
after twenty minutes. The temperature of the sap-
phire substrates was varied between 77 and 373 K.
After the sputtering process the films were annealed
for 3 h at 1050'C in sealed quartz tubes to obtain
the Chevrel phase. It was found that the substrate
temperature during the sputtering must be kept
below 300 K; otherwise, the films peel completely
off the substrates during the heat treatment.

Without the annealing, the films are amorphous

by x-ray analysis and do not become superconduct-
ing above 4.2 K. As Fig. 2(a) shows, the resistance
of such films increases by a factor of 500 when

cooled from room temperature down to 4.2 K.
From Fig. 2(b), where the logarithm of the resistivi-

ty is plotted versus T ', follows that the tempera-
ture dependence can be well fitted

p( T) -exp(T '~ ). This is indicative of hopping
conductivity. A possible explanation could be that
fragments of the Mo6SS clusters rather than single
atoms are sputtered from the sintered Chevrel phase
sputtering target.

After the heat treatment the best films had resis-
tively measured T, 's up to 12.85 K (midpoint),
which is comparable with the highest values ever
published for PbMo6S8 thin films, and a transition
width of about 0.7 K. The onset of the resistive
transition of good samples was higher than 14 K
and in some cases as high as 14.7 K. In fields up to
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FIG. 2. (a) Temperature dependence of the electrical
resistivity of a film sputtered from a sintered PbMo6SS
target onto a sapphire substrate held at room tempera-
ture before heat treatment. Note the logarithmic resis-
tivity scale. (b) Same as in (a), but plotted vs T
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variation of the electrical resistivity have been ob-
served for PbMo6Ss single crystals. ' Therefore, the
measured values given can only be considered as an
upper limit for the true resistivity of the Chevrel
phase. The temperature dependence of the resistivi-
ty of a representative selection of films, normalized
to the room-temperature value, is shown in Fig. 3.
From a comparison with data published for single
crystals we conclude that the positive curvatures in
the low-temperature range up to about 50 K might
be due to impurity phases. From this we conclude
that high resistance ratios are not necessarily an in-
dication of good PbMo6Ss films. Figure 4, which
contains the T, and resistance ratio data of all films
prepared, shows that the resistance ratio of the good
samples (T, & 12 K) can vary between 1.4 and 1.9.
However, the data of Fig. 4 also show that there ex-
ists a trend, though not a close correlation, where
high T, is accompanied by a comparatively high
resistance ratio.

o

ps'
0.8- Og

~
0'

8
~Q

I4

pb ~06ss
I

o¹2
a ¹ 3o¹40¹5

0.5 -,
0 50 250 300

7 (K)

FIG. 3. Typical temperature dependences of the elec-
trical resistivity of PbMo6S8 thin films.
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B. Analysis of structure and stoichiometry

The Chevrel phase structure of the reacted films
was established by x-ray diffraction using CuK~I

FIG. 4. Variation of T, vs residual resistance ratio for
PbMo6S8 thin films. The bars indicate the transition
width defined by 10 to 90% of the normal-state resistivi-
ty.

radiation in Seemann-Bohlin geometry. A typical
diffraction spectrum is shown in Fig. 5. From this

0
we find hexagonal lattice parameters a=9.21 A and
c=11.46 A in agreement with values published for
bulk material. ' For most samples the x-ray data
showed a small amount of free molybdenum es-
timated to be less than 5%, and in some cases traces
of MozSq were found. Few films were pure Chevrel
phase judging from the x-ray data. The thickness
and the relative compositions of the sputtered films
were determined by elastic backscattering of 12.2-
MeV n particles. Figure 6 shows the relevant part
of a typical spectrum of backscattered u particles.
The strong variation of the sulfur signal originates
from the energy dependence of the scattering cross
section which was therefore determined in an in-
dependent experiment. For the films investigated,
which had T, 's between 10.9 and 12.75 K, varia-
tions of the lead content between 0.76 and 0.86 and
of the sulfur content between 6.3 and 7.6 normal-
ized to Mo6 were determined. This means the sam-
ples contain excess molybdenum compared to the
usual stoichiometry PbMo6S8 in agreement with the
x-ray data. Nevertheless, this nominal formula will
be used throughout the paper to address the films.
As for the backscattering data and T, 's, no convinc-
ing correlation could be detected. The attempt to
increase the lead content of the sputtered films by
adding small amounts of lead in the quartz tubes
during annealing resulted in very high resistance ra-
tios, but did not influence T, . The resistance
behavior appeared to be modified due to a lead
overlayer on the films, not by an actual change of
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FIG. 5. X-ray diffraction pattern of a Chevrel phase PbMo6S& thin film taken with Cuba radiation at room
temperature. Hexagonal indices are used to identify the lines.

the Chevrel phase. The thickness of the films usu-

ally controlled by a quartz monitor was verified by
the backscattering experiments to be between 0.5
and 2.5 pm.
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FIG. 6. Relevant part of a typical backscattering
spectrum using 12.2-MeV a particles.

C. Low-temperature ion irradiation experiment

For the irradiation experiments, films with T, 's

between 12.3 and 12.7 K and a thickness between 1

and 2 pm were selected. The experiments were car-
ried out at the low-temperature-irradiation facility
of the Erlangen Van de Graaf Tandem accelerator
using 20-MeV sulfur ions. The focus of the ion
beam was formed into a vertical ellipse by a quad-
rupole magnet and in the horizontal direction swept
electrostatically over the length of the films by a tri-
angular shaped voltage at a rate of about 200 cps.
The mean range of the projectiles in PbMo6S8 is
about 6 pm, much larger than the film thickness.

Therefore, no projectiles were implanted in the film
and homogeneous damage was achieved. During ir-
radiation the sample temperature was below 20 K;
for measurements between irradiations the lowest
obtainable temperature was 1.2 K. The cryostat in-
sert could be lifted to locate the sample holder in
the center of a 6-T NbTi superconducting solenoid.
Further details of the facility are given in Ref. 20.
For annealing studies the temperature of the sample
holder can be raised quickly and controlled up to
300 K.

III. RESULTS

A. Superconducting critical temperature

The superconducting critical temperature de-
creases rapidly with irradiation Auence as shown in
Fig. 7. At a fiuence of 10' cm, T, has dropped
below our experimental temperature limit of 1.2 K.
The error bars in Fig. 7 show representatively for
one sample the 10 and 90% points of the resistive
transition. It can be seen that the width of the tran-
sition remains approximately constant and that its
asymmetry increases. In a wide fluence range the
T, decrease is roughly linear and no indications for
saturation effects, as we usually found with 315
compounds, are observed. ' It was checked that T,
does not reappear with further irradiation up to a
fluence of 6.5 g 10' cm . The extreme sensitivity
of T, of PbMo6S8 to irradiation is evident from Fig.
8, ~here the T, 's of PbMo6S8 and the 315 com-
pound V3Si normalized to their values before irradi-
ation are plotted versus a logarithmic fiuence scale.
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The results shown were obtained under identical ex-
perimental conditions. In order to achieve a com-
parable reduction in T„ the 315 compound requires
fluences which are about a factor of 20 higher. It is
worthwhile to mention also that the properties of
the ternary rhodium borides exhibit a dependence
on irradiation defects very similar to high-T, A15
compounds. Therefore, the behavior of PbMo6S8
appears to be quite unique. Annealing up to room
temperature has only a slight effect on T, which
further decreases about 0.2 K. The strong T,
depression of Chevrel phases with irradiation was
already known from the neutron experiments, al-

though they found a difference in fluence of about a
factor of 4 compared to the 315's. However, no in-
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FIG. 7. T, of PbMo6S8 vs fluence of 20-MeV sulfur
ions. The bars are representative of the resistive transi-
tion width. The dashed line indicates the experimental
temperature limit of 1.2 K.

formation at all is currently available on any of the
following properties.

B. Initial slope of the upper critical
field near T,

The resistive superconducting transitions of the
films were also measured in constant external fields
up to 60 kOe. Except for the undamaged films, we
always observed a low-field anomaly in the H, z(T)
curves. In order to calculate (dH, z/dT)r r, the

initial slope of H, z(T) near T„we therefore only
used the data taken between 20 and 60 kOe, which
always fell very well on a straight line. The results
of these measurements are plotted in Fig. 9 versus
T„which was reduced by irradiation. From the
surprisingly low (dH, &/dT)T T of 35 kOe/K of
the undamaged films, we calculate the Ginzburg-

0
Landau coherence length go ——33 A. After intro-
ducing very few lattice defects by irradiation (flu-
ence of less than 10' cm ) reducing T, about 1 K,
(dH, qldT)T r is increased by almost a factor of 2

to about 65 kOe/K. We estimate the defect con-
centration (see Sec. IV 8) necessary to raise
(dH, &/d T)T T to 60 kOe/K, corresponding to

T, =11 K, to less than 2&(10 . From this we cal-
culate a mean distance between irradiation-induced

0

defects of about 20 A. In the ftuence region con-
sidered, the low-temperature resistivity p(16 K) is
increased about 40%. Assuming identical scatter-
ing cross sections for all kinds of defects, we calcu-
late a mean distance between defects in the undam-

0

aged films of about 15 A. In order to calculate the
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mean free path of the conduction electrons, the
scattering cross sections of the defects for electrons
is needed. If we assume that a. defect causes a dis-
tortion of the lattice within a sphere with the radius

0

of the rhombohedral lattice parameter ao=6. 5 A,
we obtain an electronic mean free path lo for the

0

undamaged films of about 27 A. Therefore,
PbMo6S8 can be marginally described in the dirty
limit. Although several uncertainties enter the out-
lined estimate of 10, this is an independent possibili-

ty which does not use the absolute value of the elec-
trical resistivity, a quantity at least questionable for
most Chevrel phase materials. Woollam and Al-
terovitz investigated sputtered PbMo6S8 films
with T, =11.5 K and (dH, 2/dT )T r ——60 kOe/K.

From our data we conclude that their films have a
slightly higher defect concentration which is in

0

agreement with their estimate of lo ——23 A. The
strong variation of T, and (dH, 2/dT)T r with de-

fect concentration displayed in Fig. 9 appears to be
the origin of the wide spread of experimental data
reported in literature. For sintered bulk PbMo6S8
one usually finds (dH, 2/dT)T r between 50 and

60 kOe/K.

C. Electrical Resistivity

The low-temperature electrical resistivity p(16 K)
shows a complex behavior upon irradiation which is

displayed in Fig. 10. Note that the fluence axis is
almost 1 order of magnitude larger than in Fig. 7.
For P)10' cm, which is the fluence region
where T, drops below 1.2 K, p(16 K) increases by a
factor of 4 to 5 over its initial value. This is very
similar to the behavior usually found for 315 com-
pounds, except for the much smaller fluences re-
quired. However, the occurrence of a maximum

P
Po

5 I I I I I I I I I I I I I I I I I

and the decrease of p(16 K) at high fluences were
unexpected. Owing to the mentioned scatter in p
only normalized variations are meaningful. As the
change in resistivity by irradiation is supposed-. to be
the same for all samples, the differences in the nor-
malized p(16 K) vs P curves can be explained by
different initial resistivities. This can also be seen
in Fig. 11, where the normalized p(16 K) is plotted
versus T„which exhibits a linear correlation be-
tween these two quantities. Extrapolations of the
straight lines intersect the T, axis at approximately
the same point (17.02 and 17.67 K) and show clear-

ly that they only differ by a constant factor due to
different normalization. From this one might
speculate that clean ideally ordered PbMo6S8 would
have a T, as high as 17 K, if it could be prepared.
The extrapolation to T, equal to zero intersects the
resistance axis at a value which roughly corresponds
to the maximum in p(16 K).

Also, the temperature dependence of p measured
after irradiation and annealing at 290 K is quite
unusual compared to the results obtained for other
irradiation-sensitive high-T, compounds like the
A15's or rhodium borides. Generally these materi-
als develop either a temperature coefficient of p
near zero (Nb3A1) or a minimum in p(T) (V3Si,
ErRh4B4) or a small negative temperature coeffi-
cient with the low-temperature value of p typically
a few percent above the room-temperature value

(Nb3Ge, Nb3Sn, LuRh4B4). Furthermore, this well-

known behavior is found after fluences on the order
of 2)&10' cm 20-MeV sulphur ions or 2)(10'
cm 1.8-or 2-MeV a particles where the samples
have been shown to be either x-ray amorphous or
can be estimated to be at least highly disordered. In
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FIG. 10. Low-temperature resistivity p(16 K) normal-
ixed to the value before irradiation vs fluence of 20-MeV
sulfur ions

FIG. 11. Low-temperature resistivity p(16 K) normal-
ized to the value before irradiation as function of T,
which was varied by irradiation. The different slopes of
the straight lines could be an artifact of the normaliza-
tion due to different initial defect concentrations.
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the case of Nb3Ge, the high fluence data of the
low-temperature resistivity and T, versus fluence
and p(T ) are very similar to the irradiation behavior
of cold condensed amorphous Nb75Gezz. ' There-
fore, for these compounds it is reasonable to apply
theories which have been proposed to explain p(T )

of amorphous metals, e.g., the extended Ziman
theory or phonon-assisted conductivity. The com-
pletely different p( T) behavior of disordered
Chevrel phases is shown in Fig. 12. The curves
have been measured after low-temperature irradia-
tion and subsequent annealing at room temperature.
For comparison typical p(T) curves of unirradiated
films are included. Presumably due to the brittle-
ness of the Chevrel phase, the resistance of most
films changed during the experiment once or twice
abruptly which we believe is caused by the oc-
currence of additional cracks. Therefore, in Fig. 12
p(T) of each film is normalized with the new value

p(290 K) obtained after irradiation and annealing at
room temperature. Two of the samples showed

jumps in the resistivity while the p(T} data were
taken and their estimated behavior is therefore only
indicated by the two full lines in Fig. 12. It is evi-
dent that the character of p(T) changes drastically
after irradiation with very small fluences. For in-

stance, the resistance ratio p(290 K)/p(16 K) of
sample 3 is changed from almost 2 before irradia-
tion to 0.9 after a fluence of just 3.9X10' cm
which reduced T, from 12.69 to 6.32 K. For this
fluence we estimate a concentration of displaced
atoms (see Sec. IV B) of about 8&10 3. With fur-
ther irradiation p(16 K)/p(290 K) continues to in-
crease and reaches a value of almost 2.1 after a flu-
ence of 6.4/10' cm . As the resistivity has a
very large negative temperature coefficient at com-
paratively low degrees of disorder, it certainly must
be caused by some mechanisms different from those
proposed for highly disordered metals. Figure 12
also shows that the shape of p(T} of different
PbMo6SS samples can vary significantly depend&ng
on the concentration and also presumably on the
type of defects present.

It is important to point out that only if p(T) of
each sample is normalized to its room-temperature
resistivity after irradiation is the clear fluence
dependence of Fig. 12 obtained with the curves ly-
ing above each other with increasing fluence. Con-
trary to A15 compounds, for example, without this
normalization p(T) curves of samples irradiated
with intermediate fluences lie above p( T) curves of
samples with high fluences or intersect them. In or-
der to clarify the complex resistance behavior of
PbMo6S8 upon irradiation and annealing, Fig. 13
shows a compilation of all resistance data of two
samples which obviously did not change their
geometry relevant to electrical resistivity by addi-
tional cracks during the whole experiment. For
both samples the data have only been normalized
once by dividing by the resistance at 290 K before
irradiation to eliminate different geometry factors.
Figure 13 shows that contrary to T, there are quite
large annealing effects in p(16 K) which always lead
to an increase of p (16 K), independent of whether
the irradiation was terminated at a fluence before or
after the maximum in the p(P }curve.

100 150 200 250
V(K) IV. DISCUSSION

FIG. 12. Temperature dependence of the resistivity
measured after irradiation with different fluences at low
temperature and annealing at 290 K. The p data are
normalized to p(290 K) in order to stress the tempera-
ture dependence. Two samples showed small resistance
jumps during the measurements which are presumably
due to additional cracks in the films and their estimated
behavior is indicated by the full lines. For comparison
p(T)/p(290 K) of two films before irradiation is also
shown.

A. Superconducting properties

As already mentioned, the band-structure calcula-
tions of Chevrel phase compounds show many nar-
row and high peaks in the electronic density of
states N(E) originating from the Mo d electrons
strongly localized at the Mo6 octahedra. In the case
of PbMo6S8, the Fermi energy is situated in a peak
of N(E) and it is generally agreed that the resulting
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rather htgh value of N(EF) is an important reason
for the relatively high T, . Further, it has been
shown that there appears to be a linear correlation
between the electron-phonon coupling parameter A,

and the bare density of states at the Fermi energy
N(EF). For this analysis A, was calculated from T,
using McMillan's equation

A' w 1.04(1+A, )

1.2 A, —p*(1+0.62k, )

with IMP=0. 11 and A'(w)=12 meV for all com-
pounds. The dressed density of states N*(Ez) was
calculated from specific-heat data. In order to
analyze whether a change of N(EF) due to defects
might be responsible for the observed T, depression,
we used a similar approach: Starting with the as-
sumption A, -N(EF) and using in the dirty limit
N*(EF)-H,'2/p, where H,'2 (dH, 2!dT)T T

——and p
are taken from the experiment, to calculate changes
in N~ Ez ——(1 + A,)N(EF), we obtain the following
expression for A, :

1/2

C)
II

I I I I I I 1 I I I 1 I

N O9-
Z

outlined model which can be compared with the ex-
perimental results. From the de goo agreement
shown in Fig. 14 we conclude that a decrease of the
density of states is the main reason for the observed

e ect-induced T, degradation. However, this line
o reasoning is not necessarily conclusive, since one
could argue about the validity for Chevrel phases of
most of the relations used. This begins with the
McMillan equation which has been derived for su-
perconductors with niobium-type Eliashberg func-

cantly. Also the strong variation of N(E) near E~
could have a considerable effect on T, not account-
ed for in McMillan's equation. Another problem is
t at H,'2/p can only be used as a measure for
N~(E & if hF& i t e same electronic band is responsible for
the normal-state resistivity as well as superconduc-
tivity. An experimental indication that this indeed

&(P)=——,+ A,,(1+A. )
H,'pip (P =0)

C4
V Q.Z

0,7—

(2)

where A,o is the value of A, before irradiation
This equation can also be considered to give A, as

McMillan's equation. This finally gives a theoreti-
cal correlation between H,'2/p and T, based on the

Q5-

OA—
I I

0 2 4 6 S 10 12 14
TctK)

FIG. 14. Full &inc represents the calculated correlation
between 0'n,'2/p and T, as obtained under the assumption
outlined in the text. The data points are from the experi-
ment.
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might be true in the case of PbMo6Ss is the fact
that T, and p change on the same fluence scale and
both show this extraordinary sensitivity upon irra-
diation.

One also has to consider changes of the phonon
spectrum due to defects to be of importance for the
decrease of T, . It is conceivable that already very
small concentrations of displaced atoms which
might be located in the channels of the structure
could lead to a considerable hardening especially of
the external vibrations. But from tunneling experi-
ments and isotope-effect measurements it has been
concluded that the internal modes are also impor-
tant for superconductivity and these should remain
essentially unchanged at least for undamaged clus-
ters. Therefore, neither the extreme sensitivity of
T, nor especially that of p could be explained by a
change of the phonon spectrum. A further possibil-
ity for the T, decrease, the degradation of the
electron-phonon coupling due to defects, cannot be
ruled out. But also in this case the strong sensitivi-
ty to defects of T, as well as p(16 K) and p(T) ap-
pears to be accidental.

Summarizing this section, the observed behavior
of T„H,'2, and p(16 K) is consistent with a decrease
of N(EF) due to defects. This and the p(16 K) and
p(T) data could be most naturally explained by a
shift of the Fermi level as discussed in the following
section.

B. Irradiation-induced lattice defects

The Chevrel structure is comparatively open.
Owing to the arrangement of the MosSs building
blocks, the structure contains orthogonal channels
with the Pb atoms located at the intersections. In
order to estimate the irradiation-induced defect con-
centrations after the low fluences applied, it is cer-
tainly reasonable to neglect displacements of atoms
which cancel an already existing defect. It is as-
sumed that displaced atoms are situated in the
channels. Therefore, in the case of Chevrel phases,
especially at low fluences, the situation appears to
be much simpler than in the case of dense-packed
ordered compounds like 315's.

An important quantity necessary to calculate de-
fect concentrations is the mean displacement energy
T~ which must be transferred to a target atom to
displace it permanently from its lattice site. Since
for Chevrel phases no experimental displacement
energies are known, we had to use values partly es-
timated from the corresponding elements. In order
to obtain an upper limit for the defect concentra-

A,~=(no~) '=0.56X10

in units of cm, where n is the concentration of tar-
get atoms.

From this follows that a fluence of one sulfur ion
per cm corresponds to 2.5 X 10 ' displacements
per atom (dpa). Therefore, at a fluence of 10'
cm where T, drops below 1.2 K, only a fraction

TABLE I. Maximum transferred energy T,„, mean
transferred energy T, and mean displacement energy Td
for the three different kinds of target atoms Pb, Mo, and
S in case of irradiation with 20-MeV sulfur ions. For
comparison the displacement energies of Pb and Mo in
the pure elements are also given.

Atom

Pb
Mo
S

TmRx

(Mev)

9.3
15.0
20.0

T
(eV)

137
513
76

Td
(eV)

10
40

5

~d, element

(eV)

25
60

tion, we used rather low values for Tq which
nevertheless could be a factor of 2 wrong in both
directions. As shown in Table I we used a mean
displacement energy for lead atoms of 10 eV, con-
siderably less than the value of 25 eV of metallic
lead. The Mo6 octahedra can be considered as parts
of bcc molybdenum metal with each atom having
half the number of covalent bonds. Therefore, a
mean displacement energy of 40 eV compared to 60
eV of the element was taken. The sulfur atoms are
situated at the corners of a Ss cube, and the bonding
to the Mo6 octahedra has ionic character. Since the
sulfur atoms form the mentioned open channels,
very small energy transfers should be sufficient to
displace them. Consequently we used a displace-
ment energy of only 5 eV. A comparison with pure
sulfur is not possible, because there are no experi-
mental data, and would probably be meaningless
anyway. Furthermore, in Table I the maximum
transferred energy T,„and the mean transferred
energy T are given. From these values for the three
different kinds of target atoms we calculated an
average displacement energy T~ and an average.
transferred energy T weighted with the relative con-
centrations and Rutherford displacement cross sec-
tions. Assuming that half of the energy transferred
actually leads to the displacement of atoms, wherea. s
the other half is dissipated in electronic excitations
and lattice vibrations, we find a mean number of 6.5
displaced atoms per primary knock on atom. The
weighted average of the displacement cross sections
is cr~ ——3.34)(10 ' cm . This gives a mean free
path of the 20-MeV sulfur ions as
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of 2.5)&10 of the atoms are displaced. This is
about 1 displaced atom per 3 formula units. Fur-

2
ther, about —, of the defects should be displaced sul-

1

fur atoms and about —, each displaced molybdenum

and lead atoms. This low defect concentration is
supported by x-ray diffraction data which appear to
remain almost unchanged up to this fluence.

Assuming rigid bands, a Mo6 octahedron sur-

rounded by seven sulfur atoms instead of eight has
24 valence electrons. Also, complete Mo6Sg clusters
with interstitial sulfur atoms in neighboring chan-
nels should have more than 22 valence electrons,
due to the partial saturation of the electronegative
sulfur atoms by the formation of sulfur —sulfur
bonds. Therefore, it is conceivable that the dis-
placement of sulfur atoms leads to a shift of the
Fermi level to higher energies. Since the interaction
between the Mo6Sg octahedra is relatively weak, the
physical properties could depend strongly on the lo-
cal microscopic configuration and therefore also
vary locally. Near clusters with 24 valence elec-
trons the Fermi level could be located in the gap of
the density of states, thus leading to locally semi-
conducting behavior shunted by regions with metal-
lic conductivity. This could explain qualitatively
the observed temperature dependence of the electri-
cal resistivity after irradiation. On the other hand,
displaced atoms could enhance the interaction be-
tween the clusters leading to a reduced localization
of the electrons and. thus to a reduction of the peaks
in X(E). After high fluences (10' cm ) x-ray dif-
fraction data show a significant reduction of the in-
tensities of the Chevrel lines indicating a highly
disordered state. Smearing of X(E) which then
must be expected could reduce the gap in E(E) and
result in the observed decrease of p(16 K).

V. CONCLUSION

Low-temperature irradiation of thin films of the
Chevrel phase PbMo6Sg with 20-MeV sulfur ions
revealed an extreme sensitivity of the superconduct-
ing properties as well as electrical resistivity to lat-
tice defects. T, is reduced to below 1.2 K after flu-
ences, at least 1 order of magnitude lower than in
the case of 315 compounds or ternary rhodium
borides. Simultaneously, p(16 K) increases to al-
most 5 times its initial value, giving a linear T, vs

p(16 K) correlation. This may indicate that the
same electronic band is responsible for supercon-
ductivity as well as normal-state resistivity. The
T„critical field, and resistivity data are consistent
with a defect-induced reduction of the density of
states at the Fermi level. Most striking is the oc-
currence of a minimum in p(T) after the very low
fluence of 8)(10' cm ' . After about 6~10'
cm, the temperature coefficient of p(T) is nega-
tive for T &290 K, and decreases further with irra-
diation, although the x-ray data show almost un-

changed Chevrel line intensities in agreement with
the estimated very low defect concentration of the
order of 10 . From these experimental results and
from a simple model for the production of lattice
defects during ion irradiation, we conclude that the
reason for the reduction of N(E~) is a local varia-
tion of the number of valence electrons per cluster.
According to the proposed model, the most fre-
quent type of defect should be the displacement of
sulfur atoms. As outlined, both the clusters where a
sulfur atom is missing as well as the clusters which
are adjoining to an additional interstitial sulfur
atom should have an increased number of valence
electrons. Since in the case of 24 valence electrons
the Chevrel phase is expected to be semiconducting,
it is reasonable to relate the p(T) behavior after ir-
radiation to locally semiconducting regions shunted
by regions with metallic conductivity. The fact that
changes of the local electronic configuration by de-
fects even at very low concentrations influence so
drastically the physical properties and are not
washed out by averaging over a larger range reflects
the strongly localized character of the Mo d states.
Consequently, the semiconductorlike p( T) behavior
after irradiation should be less pronounced in case
of a Chevrel compound where the Mo d electrons
are less localized, as judged from the electronic
mean free path or the superconducting coherence
length. This is in agreement with our results on
thin films of AgMo6Sg which are planned to be
published in detail elsewhere.
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