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A full account of positive-muon spin-rotation (tM SR) studies on the systematics of the magnetic
penetration depth A, in the isotropic Chevrel-phase superconductors SnMo6SS „Se, (x=0,1,4,7) and
PbMo6S8 Se (x=0,4) is presented. The absolute determination of A, from the @SR data necessitates a
careful analysis of the pSR line shape and a comparison with simulated data, taking into account distor-
tions of the Aux-line lattice and a distribution of demagnetization factors in the sintered granular poly-
crystalline probes investigated. A correlation between T, and 1/A, is found which supports a recently
developed quantum percolation model.

I. INTRODUCTION

The ternary molybdenum chalcogenide —so-called
Chevrel-phase —superconductors display, like the high-
temperature oxide superconductors, an extreme type-II
superconductivity. The Ginsburg-Landau parameter sc is
large (=100) and the coherence length g may be ex-
tremely short, i.e., of the order of the lattice parameters.
Correspondingly huge upper critical fields H, 2 are ob-
served and in fact, before the discovery of the high-
temperature oxide superconductors, a record value of
H, 2=60 T was observed in PbMo6S8. '

Recent studies in high-temperature superconductors
have suggested a kind of universal relationship between
the transition temperature T, and the superconducting
charge-carrier density n„which has been interpreted
in terms of a model in which superconductivity is a result
of local pair formation or Bose-Einstein condensation like
in superAuid He. It seems that this picture can be
extended to other systems showing an extreme type-II su-
perconductivity, namely the bismuthates, organic super-
conductors, heavy-fermion compounds, the fullerences,
and the Chevrel-phase superconductors. ' In this con-
tribution we will present a comprehensive analysis of re-
sults obtained by positive-muon spin-rotation (p, +SR)
spectroscopy in solid solutions of Chevrel-phase com-
pounds of the composition SnMo6S8 Se„and
PbMo6S8 Se .

The ternary molybdenum chalcogenides crystallize in a
hexagonal-rhombohedral structure. The composition
MMo+s is obtained for cations M with a large ionic ra-
dius (Pb, Sn, La, rare earth). ' The basic building blocks
are the "molecules" Mo~8 which interact only weakly
with each other. The conduction-electron band derives
from the Mo 4d electrons and is rather narrow due to the
weak overlap of the Mo+s molecular d-electron states. '

Therefore, the superconductivity of Chevrel-phase com-

pounds is primarily a property of the Mo+s clusters.
(Note that the binary Chevrel-phase compound Mo6Ses
also displays superconductivity. ) The superconducting
transition temperature T, differs widely from compound
to compound. It is this property which makes the
Chevrel-phase compounds an interesting object for study,
since it allows one to study the correlation of T, with
other properties of these compounds. The variation of T,
seems to be primarily determined by electronic properties
and does not seem to arise from different phonon spectra.
The effect of the type of cation on T, is thought to arise
from two different sources: (1) the amount of charge
transfer from the cation to the Mo+s cluster determines
sensitively the position of the Fermi level and hence the
Fermi level density of states; (2) the type of cation
modifies the distance between the Mo~s clusters and
therefore the width and position of the narrow conduc-
tion band, affecting again the Fermi level density of
states. Indeed it is found that T, shows a pronounced
correlation with the volume of the hexagonal unit cell"
as well as with the valence electron concentration on the
Mo+s cluster. ' It should be mentioned that the short-
est intracluster Mo-Mo distance is rather insensitive to
the type of cation M and the chalcogen X. ' T, changes
also with the type of chalcogen. For X=Te no supercon-
ductivity is observed (an exception is Mo4Re2Tes). In
solid solutions of the type MMo6SS „Se,T, is observed
to change smoothly with x, displaying a minimum for
x =0.4. ' lt has been suggested that in the solid solutions
the threefold rotational symmetry around the hexagonal
c axis is destroyed, which lifts the degeneracy of certain
cluster d-electron states and results in a general reduction
of the density of states. ' In the case of X=Se, Te the
charge state of these ions seems to be less than —2 (i.e.,
more positive), leading therefore to an increased number
of conduction d electrons per Mo~s cluster and shifting
the Fermi level to a higher value.
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In trying to elucidate the functional dependence of T,
on the density of charge carriers (and in order to under-
stand the mechanism behind this functional dependence),
one encounters the problem of knowing the carrier con-
centration in some reliable way. Hall-effect measure-
ments could, in principle, serve this purpose, but are
plagued by several problems related to the probable pres-
ence of both hole and electron charge carriers. ' The sign
of the Hall coefBcient is generally found to be positive, in-
dicating a dominating inhuence of hole carriers, e.g., be-
cause they possess a larger mobility than the electron car-
riers. Without knowing more about the mobilities it is
not possible to extract the carrier densities unambiguous-
ly. In addition the mobilities are expected to be critically
affected by impurities and/or vacancies and therefore
strong sample-dependent features could be involved if an
excellent control over the sample quality is not achieved.

A more reliable way of determining the charge-carrier
concentration, which we apply in this study, is to mea-
sure the magnetic penetration depth X, which in the clean
limit is related to the superconducting charge-carrier
density n, by the expression'

1/2 1/2
m *c2 m /m0

~L (I)
4vre n, 4mr, n,

where g'o is the intrinsic coherence length. The problem
then is to know the quantity l. As will be discussed in
Sec. V this quantity is usually not very well determined.
But since g'0 is rather small, as pointed out above, the er-
ror in the determination of n, may never be larger than
-40% (i.e., we assume g/I & I ).

In this work the penetration depth A, is determined
from pSR-spectroscopy measurements. ' Some principal
considerations on the applicability of this method are
presented in the next section. The paper is further organ-
ized as follows. Section III provides experimental details,
including the sample preparation; in Sec. IV the results
are presented and the extraction of A, from the pSR data
is described, the systematics of k and some further conse-
quences are discussed in Sec. V, followed in Sec. VI by a
sumxnary.

This work supersedes a previous preliminary report by
Birrer et al. '

II. ON THK DETERMINATION
OF A, FROM pSR SPECTRA

The internal field distribution h(r) in the mixed state of
an isotropic superconductor can be calculated with the
help of the London equation. ' h(r) is governed by just
the penetration depth I,.

Spin-polarized positive muons (p+ ) implanted ran-
domly into a Type-II superconductor in the mixed state

Here m * is the effective charge-carrier mass and r, is the
classical electron radius. For not so perfect superconduc-
tors with a reduced mean free-electron path I one has to
use instead

1/2

( I+go/I )
4ar, n,

with their spins perpendicular to the average magnetic
fiux Bo=(h(r)) will start to process with frequencies
co(r) =y„h (r). The spectral distribution of the precession
frequencies F(co) follows from the expression

F(co)=y„—f f 5(h —h (r) )d~r,1
(3)

where 5(h —h(r)) denotes the Dirac 5 function and S is
the area of the two-dimensional unit cell of the Aux lat-
tice. If the evolution of the polarization P(t) of the im-
planted p+ ensemble is monitored along the initial polar-
ization P(0)=P„(0)=P(0).xo [P(0) defines the x axis, xo
is a unit vector, 8 defines the z axis], P (t) is given by the
Fourier transform

oo=Re . F(co)e' 'den .
2& 0

oo i (,co—coo) t=Re F co e den cosco0t
2& 0

=G(t)coscoot .

Here ~0 is the average frequency following from

coo —f coF(co )dco = p&BO

(4)

and G(t) is a relaxation function which, due to the com-
plicated form of F(co), has no analytical solution. Never-
theless very often pSR spectra are analyzed by assuming
G(t) to be given by

G(t)=exp( ,'o t )—, — (6)

where o. is identified with the second moment of the dis-
tribution F(co), i.e., '

o =0.0037y„go/A, (7)

for A, &fiux lattice constant (Po= fiux quantum). This
procedure, however, can lead to quite an erroneous deter-
mination of A, , since the Gaussian approximation [Eq. (6)]
is often too crude. This can be seen from Fig. 1. It shows
a plot of X versus o.

G where o.
G is obtained by fitting Eq.

(6) to simulated data (curve labeled 0.00). For more de-
tails on the data simulation see Ref. 20 and Sec. IV. By
comparison the dashed curve represents just Eq. (7). The
difference is obvious.

Besides the field distribution arising from the Aux-line
lattice (assumed to be absolutely regular so far) there may
be other contributions that have to be folded in: (i) nu-
clear dipole fields; the spectral distribution of these is
Gaussian and the width is given by the Van Vleck
second-moment formula or modifications of it. ' This
width, in frequency units, is denoted by cr„. (ii) random
small displacements of the vortices out of their rigid-
lattice positions, due to the unavoidable presence of pin-
ning centers (defects, lattice irregularities, etc.); the fiux-
line lattice created in a field-cooling procedure will never
be perfect. According to Brandt ' this can be approxi-
mately accounted for by convoluting F(co) with a Gauss-
ian distribution of width o, An average displacement of



48 MAGNETIC PENETRATION DEPTH IN THE CHEVREL-PHASE. . . 16 591

30 =

=0.03
20 g'(

10

7

5

Q
C

~~

tD
C

Q 2

1.5

0.2

0.8
0.4

0.00

|.0
FIG. 1. Correlation between the magnetic penetration depth

A, and the Gaussian relaxation rate o.
G obtained by fitting Eq. (6)

to simulated pSR spectra. The value (in ps ') attached to each
curve denotes the width of an additional Gaussian field distribu-
tion with which the field distribution arising from the vortex lat-
tice is convoluted. The dashed curve represents Eq. (7). The
crosses denote results from our measurements.

The three Gaussian distributions discussed above may
be combined to form a single Gaussian distribution with
a width (in frequency units) of

o, =[o„+o,+(y„bN M ) j'

The overall spectral frequency distribution is then ob-
tained by convoluting I'(co) with a Gaussian distribution
of width o, Assuming various values for cr, simulated
data have again been generated and analyzed as described
below in Sec. IV. The resulting X versus o.

G curves are
shown in Fig. 1 as well. The labels represent cr, in ps
If some independent knowledge on o., is available this
graph may help in determining the true A, from a Gauss-
ian fit [Eq. (6)] of p+ relaxation data.

Given all these complications we prefer to analyze the
data in a different way. Our approach, described in detail
in Ref. 20, consists in the comparison of simulated and
measured pSR spectra, in particular Fourier transforms
of original and simulated time spectra. This will be de-
scribed in Sec. IV. Compared to the analysis of pSR data
obtained in granular polycrystalline high-temperature su-
perconductor s, the situation is much simpler in the
present case because of the isotropic properties of the
Chevrel-phase superconductors and the absence of prob-
lems related to the anisotropy of the penetration depth
and the (field-cooled) magnetization.

3% will lead to a width of o, =y„0.2M, where M is the
magnetization of the sample in the mixed state. ' (iii) In
the case of granular polycrystalline samples (as in our
case) a distribution in demagnetization factors may be ex-
pected which manifests itself via the average field inside a
grain:

Bo =B,„, N, M, +Nh—M, +(4' Ng )M—
Here M is the negative (Meissner) magnetization of a
single grain due to the diamagnetism in the supercon-
ducting state after cooling in a nonzero external field 8,„,
through T, (field cooling) and M, is the total negative
magnetization of the whole sample (per unit volume).
M and M, are related to each other via M, =pg/p, M
(pz is the crystalline density, p, is the effective sample
density). The various terms have the following meaning:—N, M, is the global demagnetization field arising from
the whole sample, N& M, is the field associated with the
hole that would emerge when the p+ containing grain is
removed, —N M is the demagnetization field associat-
ed with this grain, 4aM is the field inside this grain due
to the diamagnetic response. N„N&, Ng are the demag-
netization factors of the whole sample, the holes and the
individual grains, respectively. Since each grain has a
difFerent Ns (but M is supposed to be the same in all
grains), an additional broadening of the overall field dis-
tribution is to be expected. For simplicity we assume
that N is Gaussian distributed with a width of hN -M
Also N& may vary, but perhaps less than Ng does. In any
case we exclude Nh =N in view of the noncompact pack-
ing of grains. On average we assume
(NI, ) = (Ns ) =4m/3, i.e., it is assumed that the granular
structure has no effect on the overall average Bo.

III. EXPERIMENTAL DETAILS

A. Samples

All samples (SnMo6Ss Se„, x =0, 1,4, 7;
PbMo&Ss „Se„, x =0,4) were prepared in the
Departement de Physique de la Matiere Condensee of the
University of Geneva. In a first step the MoSz, MozSe3,
PbS, and SnS precursors are synthesized by a solid-state
reaction of the appropriate amount of each element. The
reaction is carried out in an evacuated quartz tube at
900'C for 48 h. In a second step the Chevrel phase is
synthesized by reacting the needed quantity of each pre-
cursor. The reaction is carried out either in an evacuated
quartz tube for 60 h at 1150 C or in a boron nitride cru-
cible sealed by thermal compression and heated at
1600 C for 2 h. The latter process yielded rather per-
fect crystalline materials as evidenced by the sharpness of
the x-ray-diffraction patterns. Furthermore, this process
avoids oxygen contamination inherently present when
quartz tubes are used at temperatures exceeding 1000'C.

In a third step the powder is sintered in a furnace by
pressing it for 90 min with 0.2 kbar at a temperature of
1230 C. The samples produced in this way possessed the
form of Hat discs with 14 mm diam and 2.3 mm thick-
ness. The effective density corresponded to 70—80% of
the maximum possible value. SnMo6S4Se4 and
PbMo6S4Se4 were prepared by following in the second
step the first approach and the other samples by follow-
ing the second approach.

X-ray analysis was used to search for foreign phases in
the final samples. Only the samples which showed no
sign for the presence of foreign phases ( (5%, limit of
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sensitivity in the x-ray analysis) were used in the further
study.

The transition temperature T, into the superconduct-
ing phase was determined from low-field ac susceptibility
(y„) measurements. As an example Fig. 2 displays the
results obtained in SnMo6Ss Se„(x=0,1,7). The
different shapes of y„(T) are related to the grain sizes
and the intergrain couplings. The fast initial decrease
of y„below T, seen in Fig. 2(a) is associated with in-
tragrain currents, while the slower decrease at lower tem-
peratures is associated with intergrain currents. In Table
I we quote both the onset of superconductivity tempera-
ture T, o, determined by the first sign of a decrease of y„,
and the temperature T, ,O% at which Iy„I has reached
10% of its low-temperature saturation value. In addition
Table I includes critical temperatures following from the
pSR data (see Sec. IV). Average temperatures T, are list-
ed in Table II.

Magnetization measurements with a superconducting
quantum interference device (SQUID) magnetometer
were performed on the SnMo6S8 sample. From these
measurements H, j was determined to be H, &=—110 Oe.

TABLE I. List of transition temperatures T, o, T, &o%, and
T, »R of the samples investigated. Also listed are the o.(0) fol-
lowing from the fit of Eq. (13) to o z( T).

Sample Tc,o {K) Tc, lo% {K) Tc,psR (K) o(0) (ps )

SnMo6S&Se7
SnMo6S4Se4

SnMo6S7Se&
SnMo6S8
PbMo6S4Se4
PbMo6S8

3.6{1)
5.25(10)
8.1(1)

14.0(1)
4.45(10)

14.7(1)

3.50(5)
5.05{5)
7.90(5)

13.85(5)
4.45(5)

14.55(S)

4.3(2)
4.7(1)
7.02(3)

13.81(1)
4.5(3)

14.41(1)

0.081(4)
0.089(2)
0.181(1)
0.748(2}
0.060(5)
0.725(2)

For comparison with pSR data the magnetization was
also measured during a field-cooling scan in an applied
field of 0.3 T. The results are shown in Fig. 5.

B. Data acquisition

The transverse field pSR measurements were per-
formed on the surface muon beam line ~M3 of the pro-
ton accelerator at the Paul Scherrer Institute in Villigen,
Switzerland, using a standard @SR spectrometer
equipped with a He-How cryostat. This spectrometer
allows the application of fields up to 0.3 T parallel to the
momentum of the incoming p+. A spin rotator in the
beam line turns the p+ polarization from parallel to ap-
proximately perpendicular to the beam line, thus facili-
tating the observation of the p+ Larmor precession. Pos-
itrons from the p+ decay were recorded in four tele-
scopes placed in a plane perpendicular to the field and the
incoming p+ momentum. As usual the positron rate was
measured and histogrammed as a function of elapsed p+
lifetime. The rate can be represented by the expression'

dX +
=Noe ~I1+ AoP(t) roI (BG--

dt

=Noe "Il+A (Gt)c so(co to+/)I+BG, (10)
~~
~~
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FIG. 2. Temperature dependence of ac susceptibility g„ in
(a) SnMo6SS, (b) SnMo6S7Se, and (c) SnMo6S&Se7.

where ro is a unit vector pointing along the axis of one of
the positron telescopes, P is a phase given by the angle
between P(0) and ro, r„ is the average p+ lifetime (2.2
ps), and BG is a time-independent background due to ac-
cidental decay events. G(t) follows from Eq. (4) whereby
it is understood that F(co) is now representing the
effective spectral distribution including all possible con-
tributions as discussed in Sec. II.

The sample disks were oriented perpendicularly to the
incoming p+ momentum and the magnetic field. The
demagnetization factor X, /4~ for the disc in this orienta-
tion was estimated to amount to 0.75, using tabulated
values for cylinders given in Ref. 27. The incoming p+
beam was collirnated so well that practically all p+
stopped in the sample and no background signal from the
sample holder and/or cryostat walls could be detected.

All measurements were performed in the field-cooling
mode, i.e., the external field was set at a temperature
above T, and the temperature was then lowered through
T, down to the base temperature of about 2.2 K. The
external field was generally set to 0.3 T, but a few mea-
surements were also performed in smaller fields.
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TABLE II. List of "best" A. and o., values from a comparison of simulated and measured data.
o.„„„„is calculated from A, with Eq. (7). T „, is the temperature at which the analyzed spectra were
measured. T, is an average transition temperature from Table I. + =o.„.
Compound

SnMo6S&Se7
SnMo6S4Se4

SnMo6S7Se&
SnMo6Ss
PbMo6S4Se4
PbMo6S8

T „, (K)

2.25
2.3
2.4
5
2.32
3.0

3.8
5.0
7.6

13.9
4.5

14.5

A, (A)

10900(600)
10400(500)
6 500(600)
2 400(250)

12 300(600)
2 400(250)

o-„.„,„(Is-')

0.090
0.100
0.254
1.862
0.071
1.862

o.. (ps ')

0.03*
0.03*
0.1

0.40(10)
0.03*
0.40(10)

As an example Fig. 3(a) shows the Fourier transform
(real amplitude) obtained from a @SR signal taken in
SnMo6S8 at 5 K and 0.3 T. Its shape reflects quite well
the original shape of F(co) in the mixed state of a type-II
superconductor. It has a maximum (logarithmic singu-
larity) at the saddle-point field h, and a long tail to higher
frequencies which ends at the maximum field h,„associ-
ated with the center of a vortex. The tail on the low-
frequency side is much shorter and ends at the minimum
field h;„, associated with the midposition between a tri-
angle of vortices.

IV. RESULTS

A. Temperature scans

Simple Gaussian fits served to monitor the general
trends of the average frequency coo, the effective relaxa-
tion rate o.G, and the signal amplitude Ao as the temper-
ature is lowered through T, . Figure 4 displays results ob-
tained for the sample SnMo6S8 at 0.3 T. As can be seen
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FIG. 3. Fourier transforms of measured and simulated pSR
spectra: (a) from data taken at 5 K after field cooling in a field

of 3 kG in SnMo6S8,' (b) from simulated data generated with
A, =2400 A and o, =0.4 ps ' (dotted curve) superimposed on
the same experimental curve as in (a); (c) from simulated data

0
generated with A, =2400 A and o., =0-. Note the perfect agree-
ment in shape and amplitude of the two curves in (b).

FIG. 4. Temperature dependence of (a) o.G, (b) pression fre-
quency v~, and (c) signal amplitude Ao in SnMo6S8 obtained
from a field-cooling scan in B,„,=3 kG. The parameters result
from fits of Eq. (10) to the pSR spectra assuming G(t) to be
given by Eq. (6)~ This assumption is strictly valid above T, and
breaks down below T, as can be seen from the apparent de-
crease of Ao ( Ao is an instrumental parameter independent of
temperature).
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all three parameters change abruptly when the tempera-
ture is lowered below T, . The decrease of Ao is an ar-
tifact of the fit and rejects the fact that a Gaussian func-
tion does not properly account for the true relaxation
function G (t) in the mixed state.

The decrease of the frequency below T, rejects the di-
amagnetism of the sample in the superconducting state.
According to Eq. (8) the average coo is given by

~0 Yp~ 0 ~grains

=y„B„,+ -- —X, M + M4~ 8m

3

The increase of the relaxation rate o.
& below T, rejects

the formation of the Aux-line lattice and mirrors the in-
creasing internal field spread associated with it. To a cer-
tain extent (see Fig. 1), o G will be proportional to the
"rms" width of F(co), i.e., o G ~o [Eq. (7)] ~ I/)~, . The
increase of o.

G below T„ therefore, arises from the tem-
perature dependence of k. Since it is not the purpose of
this paper to study the temperature dependence of A, we
will not discuss these data in more detail except to men-
tion that they were used to obtain an independent deter-
mination of T, from the onset of the rise of crG(T). To
this end we assumed that A, ( T) follows the usual two-fluid
model formula, e.g.,

=y„.B,„,+
4m. 8m.+ p/p,g S

&( T)=&(0)/~1 —(T/T, ) (12)

and we fitted the relaxation rates a G( T) with the formula

crG(T) o„=o—(0')[1—(T/T, ) ] (13)

40.10
SnMo6S8

Indeed a perfect scaling of hco=coo —y„H,„, with the in-
dependently measured M, (Ref. 25) is obtained as can be
seen in Fig. 5. From this figure follows that (4m /3 N, )—
+(8n/3)p /p, —=2.89. With p /p, =1.25 —1.33, one
then calculates N, =4m /3, which is incompatible with the
shape of the sample. Alternatively using N, =0.75X4~
one obtains p =p, which again is impossible. However,

pg
=p, implies that Bo

=B,„,+(4' N, )M„—which can
be understood if the magnetization is primarily arising
from intergrain currents in agreement with previous in-
vestigations on intra- and intergrain critical currents. In
other words the magnetization of individual grains can be
neglected.

Above T, one observes a generally very small
and temperature independent relaxation rate of
oG=cr„=(0.03—0.04) tus '. The relaxation arises from
the nuclear dipole fields originating mainly from the two
Mo isotopes Mo (abundance 16%) and Mo (abun-
dance 9.5%) and in the Pb compounds from Pb (abun-
dance 22%). The measured relaxation rates are con-
sistent with the p+ being at a site at the center of the
Mo6Xg cluster. However, other sites cannot be excluded.

restricted to the interval where 0.(T))o „. The results on
T, ( = T, „sR) and cr(0) are listed in Table I. Two fits for
compounds with rather diFerent T, are displayed in Figs.
6 and 7.

B. Determination of A.(0)

A, (0) was extracted from the lowest temperature runs
following the procedure described in detail in Ref. 20.
This procedure consists of a comparison of simulated and
measured data. One starts from the London equations,
assuming a certain A, and calculates the resulting F(ro).
In a second step F(co) is convoluted with a Gaussian dis-
tribution with a certain width cr, . Then an artificial pSR
spectrum (histogram) dN,+ /dt is generated from the con-
voluted frequency distribution, taking into account also
the p+ decay and superimposing Gaussian noise, which
now looks like Eq. (10). The spectrum is restricted to the
time range of the measured histograms (8.5 ps). Hence
the analysis of the simulated data involves the same limit-
ed time range as in the experiment. The simulated pSR
spectra can now be Fourier transformed or can be ana-
lyzed by direct fits of Eq. (10) with 6 (t) given by Eq. (6).
Also so-called two-component fits were carried out, in
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FICi. 5. Comparison of temperature dependence of v„and
magnetization M, in SnMo6S8. M, was measured with a
SQUID magnetometer by the same procedure as v~ (field-
cooling scan in B,„,=3 kG). Perfect scaling of v„with M, is ob-
served. The M, data were provided by Schilling (Ref. 25).
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FIG. 6. Temperature dependence of o.
G in SnMo6S8 from a

field-cooling scan at 3 kCz [same as in Fig. 4(al]. The solid line
represents a fit of Eq. (13) to the data with o.„=0.035(1)ps
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which Eq. (4) is approximated by

P (t)= A, exp( —
—,'o, t )cosco, t+ A2exp( —

—,'o2t )coscu2t .

(14)

This formula can account to a certain extent for-the
asymmetric distribution of F(co). Experimental data are
analyzed in the same threefold way. The input parame-
ters A, and o., are now varied until simulated and mea-
sured spectra coincide within their statistical noise. A
particularly sensitive quantity is the maximum amplitude
of the Fourier transform, while its shape is less sensitive
and could be very similar for di6'erent A, , o, pairs. Good
agreement was claimed when Fourier-transform ampli-
tudes and the parameters from one- and two-component
fits agreed within their error bars. As an example Fig. 3
shows (a) the real amplitude of the Fourier transform
from data taken at 5 K and 0.3 T in the SnMo6SS sample,
(b) the same Fourier transform and the "best" Fourier
transform from simulated data with the input values
A, =2400 A and o, =0.4 ps ', and (c) a simulated
Fourier transform with A, =2400 A but cr, =0. Another
example is shown in Fig. 8 for the compound SnMo6S7Se.
Fourier spectra from the compounds SnMo6S4Se4,
SnMo6S, Se7, and PbMo6S4Se4 did not show any visible
broadening exceeding the width given by the minimum
resolution of the fast Fourier-transform routine. In this

0.02—

ppp i I i I ~ I i I ~ I i I i I i I ~ I

0 2 4 6 8 10 12 14 16 18 20

Temperature (K)

FIG. 7. Temperature dependence of o.G in SnMo6S4Se4 from
field-cooling scan at 3 kG. The solid line is a fit of Eq. (13) to
the data with o.„=0.034(2) ps

C. Field dependence of o.(0)

In SnMo6S4Se4 and SnMo6S8 field-cooling temperature
scans were also carried out at fields smaller than 3 kG.
Results on o.(0) are displayed in Figs. 9(a) and 10. A
very strong dependence is observed for fields below -500
G in SnMo6S4Se4 and below 2 kG in SnMo6S8. Interest-
ingly the increase in the relaxation rate is accompanied
by a decrease in the sample magnetization ~M, (T=O)~
extracted from the frequency shift Aco(T=0) [see Fig.
9(b)]. We interpret this as evidence for strong pinning at
moderate fields, where the pinning interactions can be ex-

1.3
1.2 —~
1.1 —o
1.0—
0.9—
0.8—
0.7—
0.6—

SnMo6S8

(a)

I I I I I I I t I I I I I I 1 I I I I l I I I I I I I I I I~a~

case only one- and two-component fits were used in the
determination of A, . Table II lists the results obtained
from the above analysis together with o.„„„calculated
from Eq. (7). The results are also indicated in Fig. 1 by
crosses, where o.

& was determined from Gaussian one-
component fits. It is seen that o„„,„deviates consider-
ably from o (0) in Table I for compounds with the small-
est A, .

The additional broadening of 0.4ps ' for the
(Pb, Sn)Mo6S8 samples is smaller than what could be ex-
pected on the basis of Eq. (9). Neglecting the distribution
in demagnetization factors (i.e., 6%~=0) o, =0.4ps
implies a width b,B =4.7 G=4m(0. 07M, ), which points
to rather small ( —1%) random displacement of the vor-
tices. 61V =0 is consistent with the observation that M,
arises mainly from intergrain currents and that the in-
tragrain magnetization seems to be rather unimportant.
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FIG. 8. Fourier transforms from a measured pSR spectrum
(SnMo6S7Se&) after field cooling to 2.4 K and from a simulated

0
spectrum with X=6500 A and o., =0. 1 ps '. Note again the
perfect agreement.

FIG. 9. Field dependence of (a) o.(0) and (b) magnetization
M, in SnMo6S8. M, was determined from the frequency shift
v„—y/2m XB,„, using Eq. (11) and assuming N, =0.77X4m. and

pg ps.
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4oH„= ln —= 130(25) gauss,
4~X'

(17)

O

it down to 2000 A if we correct the experimental value of
A, listed in Table II with Eq. (2). On the other hand, with
samples having substitutions on the chalcogen sites the
dirty limit is more appropriate, since these types of sub-
stitutions strongly decrease the mean free path.

Our k value (Table II) can be used to calculate H„
from'

07 I I I I I I I I l I I I I I I l & i i i I « i i I « i i I0.
0 1000 2000 3000

Be„,(G)

FIG. 10. Field dependence of o(0) in SnMo6S4Se4.

pected to prevail over the intervortex interaction, due to
the increased distance between vortices. For higher vor-
tex densities the intervortex interaction will become dom-
inant and flux expulsion (leading to the diamagnetism)
will be more efFective. The decrease of a.(0) and the con-
comitant rise in ~M, ~

at very low fields is not understood
at present. It does not seem to be related to H„, since,
due to the demagnetization field, the efFective H, &

is
much smaller [H, i,s=(l N, /4m )H—,i].

The data indicate, however, that at H,„,= 3 kG a rath-
er regular fIux-line lattice is established for which the
internal field distribution width is independent of the
flux-line density.

V. DISCUSSION

A. Penetration depth in SnMo6S8 and PbMo6SS

The actual penetration depth is not only a function of
n, [Eq. (1)], but, depending on the sample purity and
homogeneity, also a function of the electron mean free
path l [Eq. (2)]. The mean free path l can be estimated
from resistivity measurements. Assuming that at room
temperature I is limited by the rhombohedral lattice spac-
ing a& =6.5 A, l at low temperatures is estimated to be

1/3
k~m* m. n,

g2
(19)

assuming that y can be approximated by the free-electron
gas formula. It is hereby assumed that the density of su-
perconducting carriers agrees with the normal-state car-
rier density. y of our SnMo6S8 sample has been mea-
sured by Cors yielding ys„=76.4(1.5) mJ/K mol.
Cors has also measured y of a PbMo6S8 sample which
had been prepared in a similar way as the present one
yielding ypb=97. 5 mJ/K mol. Combining Eq. (1) and
Eq. (19) we arrive at

n, =8.7( 1.3 ) X 10 ' cm

m*/mo=14(4) for SnMo6Ss

and

in good agreement with the value measured by SQUID
on the SnMo6Ss sample (see Sec. III A).

Less consistency is observed when correlating our data
with the thermodynamic critical field H, (0), which in
PbMo6S8 is found to be 2.195 kG. Using the expres-
sion'

H, = 0o
(18)

27r 2 A

and /=24 A, one predicts A, =3300 A; or with 1=2400
A, /=33. 3 A.

In order to determine n, and m independently from
we need more information, which can be obtained

from the electronic specific heat (Sommerfeld constant)

l(T~OK)) P 6.5 A
p(T, +F.)

(15)
n, =-10.5X10 ' cm; m*/mo =—16 for PbMo6S8 .

4O
H, ~

2m
(16)

With H, 2=30 T for SnMo6S8 and 60 T for PbMo6S8 one
gets 24 A&/&34 A, which lead to g/l &0.5. This
shows that these samples are in between the clean and
dirty limit. Therefore the London penetration depth kL
for both samples is ranging from 2400 A in the clean lim-

For SnMo6Ss and PbMo6Ss, p(R T)/p( T, + E) is measured
to amount to typically -6—12 and hence l(0) —=40—60
A. However, since our estimate of the resistivity in-
cludes the intergrain contribution, we believe that the
real intragrain mean free path is larger than this estima-
tion. The Landau-Ginsberg coherence length g can be
obtained from the relation'

The errors on the 1atter values are at least as large as for
SnMo6S8.

These results are in reasonable agreement with
n, =6X10 ' cm and m*/m =8.2 obtained from
magneto-optical studies on PbMo6SS by Fumagalli and
Schoenes. ' Also Hall-efFect measurements in EuMo6S8,
SrMo6Ss, and the series Eu, Sni „Mo6Ss (x=0.6, 0.8,
0.9) at room temperature have led to Hall coefficients
varying between RH ——+0.5 X 10 cm /G and
RH =+0.9X10 crn /6 implying effective carrier con-
centrations of n,s=(7X10 ' —1.24X10 ) cm

This order of magnitude has to be contrasted with pre-
dictions based on electronic structure considerations
which yield an equal number of hole and electron charge
carriers with n =nh, &, =n,&„„,„-1X10' cm . ' Based
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on these numbers the Hall coefficient was explained to
refiect primarily the hole and electron mobilities. The
positive sign of RH indicates in any case that conduction
by holes prevails over conduction by electrons. The close
agreement of n, extracted from A,L and from Ref. 31 with
the efFective charge-carrier concentration extracted from
R~ could indicate that only holes are involved in both
the room-temperature transport and the low-temperature
superconductivity. Taking 280 A for the volume of the
rhombohedral unit cell, the number of hole carriers per
unit cell is of the order of 2.8.

1.0

0.5

B. Correlation of T, and n,

1H2- T, ,
lVF

(2O)

where UF is the Fermi velocity. According to Ref. 32,
H, 2 scales reasonably well with T, which could imply
that l is rather independent of the Se content provided Uz

is independent of x, too. On the basis of this latter argu-
ment we will assume that the increase of A, across the
series MMo6S8 Se refiects mainly the behavior of A,L,
i.e., it reflects the x dependence of n, jm '.

Figures 11 and 12 correlate T, and
o.„„„„~1/A, ~ n, /m * in two diFerent ways. Included in
these plots are two data points (LaMo6Ses, PbMo6Ss) tak-

A straightforward extraction of n, from A, of the Se-
doped samples is hampered by a lack of information on
the electron mean free path I, the coherence length go,
and the Sommerfeld constant y. l is expected to decrease
with increasing Se content (at least up to x=4) and go
may increase, as can be inferred from the decline of H, 2
in the series PbMo6Ss Se (x ~2.5). The increase of
A, in the Se-doped samples may just reAect then the trend
in go jl. In the worst case I could be as small as
a~ =6.5 A, which would imply go/l ~ 2 and hence
A. /A, L ~&3. This could certainly account, at least in
part, for the increase of A, . On the other hand, in the dir-
ty limit, H, 2 can be approximated by'

I l I I

0.5 1.0

en from Uemura et al. We used their o.6 values to esti-
mate o.„„,„with the help of Fig. 1 by assuming that their
data interpolate smoothly our data (crosses in Fig. 1). In
Fig. 11, T, of each sample is plotted versus the corre-
sponding o.„„,„. The double logarithmic plot suggests a
power-law dependence which comes close to T, ~ o.,'„„„,
i.e., it seems to be quite di8'erent from the correlation of
T, and o.

G in the high-temperature superconductors, par-
ticularly in the 1-2-3 compounds. In Fig. 12, following
Ref. 9, we plot t = T, /T, ,„versus s =o „„„„lo„„,„
assuming that T, I» and o.,«„„m,„are given by the re-
sults in the "homogeneous" samples PbMo6Ss ( T, = 14.5

K, cr„„,„,„=1.86 ps ) and SnMo6Ss (T, =13.9 K,
o „„„„,„=l.86 ps '). For LaMo6Ses we assume
T, ,„=—14 K. Surprisingly the data points fall almost on
a circular line, defined by

vortex vortex, max

Tc / Tc,max sus p =~vortex/ vortex, max

(see text for T, ,„and u„„,„,„). The solid line is given by
t +(1—s ) =1 [Eq. (21)], the dotted line by Eq. (24), and the
short dashed line by Eq. (28) (with y = 1}. The long dashed line
represents the original conjecture of Uemura et al. (T, ~n, )

(Ref. 6).

20

14—
10—

t +(1—s) =1

and hence

t =[s(2—s)]'~

or, with Eqs. (1) and (7),
r

ns2—
1/2

(21)

(22)

(23)
+s, max +s, max

I t I i I I I

0.08 0.1 0.2 0.3 0.5 1.0
+vortex (4s )

2.0

FICx. 11. Log-log plot of T, versus cr„„„„[Eq.(7)]. T, is
identified with T, {Table II) and hT, with half the scatter of the
T, values in Table I. Included are two data points from Ref. 6
(g)

assuming that m* is the same for all the present corn-
pounds. For n, /n, ,„((1,t ~ Qn, .

This empirical dependence can now be compared with
several predictions. Schneider and Keller consider a
three-dimensional (3D) extreme type-II superconductor
with very short correlation length and treat the emer-
gence of superconductivity in analogy to superAuidity in
He (formation of local pairs). On the basis of this model
T, is predicted to follow the expression



16 598 P. BIRRER et al.

t=n, /n, ,„(2 —n, /n, ,„) . (24)

This expression is represented by the dotted curve in Fig.
12. It reproduces the data badly.

Using a quantum percolation model, Dallacasa and
Feduzi derive the expression

the ternary Chevrel-phase compounds, possessing rela-
tively isolated Mo+s building blocks and nearly local-
ized electronic states, may lend itself as a good candidate
for a percolative behavior.

T E,y 1

r
s

ns, c
(25) VI. SUMMARY

where c~ is the Fermi energy, n, , denotes the percolation
threshold and y is a critical exponent. For a three-
dimensional material e~ ~ n, (In. the more 2D high-T,
systems Ez ~ n, ).The maxima of T„T, ,„and of
n„n, ,x is given by

n 2/3 2
Tc,max ns, max 2+ 3g

(26)

and

2
s max 2+3 sc

Hence

C

c,max

42—
2+3y ns, max

L

2/3

4
X 2—

2+ 3X ns max
(28)

The resulting curve for y =1 is also displayed in Fig. 12.
This curve (short dashed line) is quite close to the data.
For quantum percolation in a 3D system a critical ex-
ponent of y= 1 is predicted (y=0.9 in classical percola-
tion). With n, ,„=2 Scarrie. rs per unit cell the percola-
tion threshold would be n, , = 5/2 X n, ,„=7carriers per
unit cell or about one carrier per Mo atom. This is
perhaps a reasonable value. It would be interesting to
find an example where 0.„„„„/o„„„„(T, ,„)) 1 and
T, & T, ,x to test also a regime closer to the percolation
limit. Such a point is indeed quoted in Ref. 6 but the er-
ror involved in estimating o „„,from o.z is so large that
its inclusion in the present discussion is not justified.

Uemura and co-workers ' have argued that the low
carrier density Chevrel-phase compounds follow their
universal T, versus ns curve found for underdoped high-
temperature superconductors. According to their model
T, ~cz~n, /m for a 3D system. The present data,
where T, is correlated with the absolute values of I/A, ,
do certainly not comply with this prediction.

Despite all the uncertainties in trying to correlate T,
with n, (m */m is assumed constant, g/I is assumed to be
roughly independent of x and smaller than 1), the ob-
tained simple empirical relationship is suggestive of a
deeper meaning. By comparison with some theoretical
models it appears as if a quantum percolation model de-
scribes the data most closely, involving moreover reason-
able values for the critical exponent y and the percola-
tion threshold nsc The particular crystal structure of

%e have presented low-temperature results from a sys-
tematic study of the width of the internal field distribu-
tion after field cooling at 3 kG through T, in the mixed
state of several Chevrel-phase superconductors:
PbMo6Ss Se„(x=0,4), SnMo6Ss „Se„(x=0, 1,4, 7).
In order to obtain absolute values of the penetration
depth A. simulated data, generated for a certain A, , were
compared with experimental results. The simulations in-
cluded additional broadening contribution, assumed to be
of Gaussian shape, which were convoluted with the spec-
tral distribution associated with the Aux-line lattice.
Very good agreement could be obtained between mea-
sured and simulated data leading to an unambiguous
determination of the penetration depth X and an addi-
tional Gaussian width o, The magnitude of o., is small-
er than expected and points to the establishment of a
rather regular Aux-line lattice. Even if the residual dis-
tortion should not strictly be accountable for in terms of
a Gaussian distribution, we do not think that the present
Gaussian assumption will effect to any noticeable degree
the extracted A, values. By combining the result
A, =2400A with other known parameters (electron mean
free path, Sommerfeld constant y, H, 2) the density of su-
perconducting carriers n, and the effective mass m*
could be extracted separately with n, =9X10 ' cm and
m *= 1SIo for both SnMo6S8 and PbMo6S8. The
Ginsburg-Landau parameter is determined to be
a=100(10). The carrier density of nearly 10 cm is
consistent with magneto-optical measurements and with
the effective density following from the room-
temperature Hall coef5cient. The latter is positive and
thus points to holes as the charge carriers. The present
value for the density is incompatible with estimates fol-
lowing from band-structure considerations. o.„„„„~1/k
shows an interesting correlation with the critical temper-
ature T, . Assuming a constant m * and negligible effect
of the carrier mean free path I, T, shows a dependence on
n, which comes very close to a prediction based on a
quantum percolation model. A recently suggested
universal T, versus n, curve, based on local pair forma-
tion in analogy to superAuid He, cannot accommodate
the present results. Previous discussions on the nature of
the dependence of T, on the charge-carrier density (see
introduction) have to be looked at from a new perspec-
tive. In particular the change of T, is probably unrelated
to the breakdown of the threefold rotational symmetry
around the hexagonal c axis as the S atoms are substitut-
ed in part by Se atoms.

It is now of highest interest to extend the present stud-
ies to additional Chevrel-phase superconductors, on the
one hand to pin down the n, dependence of T, more



48 MAGNETIC PENETRATION DEPTH IN THE CHEVREL-PHASE . . ~ 16 599

firmly and on the other hand to find out whether there is
a range where T, will decrease, while n, still increases.

Finally, we mention that attempts to measure the
penetration depth also in the compound
Eup 75Snp 25Mo6S7 6Sep 4, which shows field-induced su-
perconductivity in a second field range above H, 2
(Jaccarnio-Peter effect), failed due to the strong magne-
tism of the Eu + ions, which lead to a very rapid depolar-
ization of the transverse field pSR signal.
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