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Abstract
A direct observation of the grain-boundary phases for several well-characterized hot-pressed
PbMo₆S₈ samples were made by Auger electron spectroscopy. The surface elemental
concentrations are completely different when compared to its bulk composition. The thickness
of this altered composition is in the range 100–200 Å gradually increasing with increase in
hotpressing temperature. Also, evidence of segregation of impurities, such as carbon and
SiOₓ, to the grain-boundaries were noticed for some of the samples. Calorimetric experiments
show a continuous broadening and a reduction in amplitude of the specific heat anomaly at Tc
. This in terms of superconducting volume fraction indicates a Tc distribution in the range 9–15
K. Such an observation can be related to the local inhomogeneities with respect to the ternary
composition, i.e., a deviation from ideal stoichiometry, PbMo₆S₈. The results are discussed in
conjunction with X-ray diffraction, scanning electron microscope, and energy dispersive X-ray
analysis. By considering the grain-boundary phases and the calorimetric observation of
inhomogeneities, a [...]
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Abstract. A direct observation of the grain-boundary
phases for several well-characterized hot-pressed
PbMo6S 8 samples were made by Auger electron spectroscopy. The surface elemental concentrations are completely different when compared to its bulk composition.
The thickness of this altered composition is in the range
100-200 ~ gradually increasing with increase in hotpressing temperature. Also, evidence of segregation of
impurities, such as carbon and SiOx, to the grain-boundaries were noticed for some of the samples. Calorimetric
experiments show a continuous broadening and a reduction in amplitude of the specific heat anomaly at Tc. This
in terms of superconducting volume fraction indicates
a Tc distribution in the range 9-15 K. Such an observation can be related to the local inhomogeneities with
respect to the ternary composition, i.e., a deviation from
ideal stoichiometry, PbMo6Ss. The results are discussed
in conjunction with X-ray diffraction, scanning electron
microscope, and energy dispersive X-ray analysis. By considering the grain-boundary phases and the calorimetric
observation of inhomogeneities, a plausible explanation is
given for the low critical current densities in these materials.
PACS: 74.60. - w; 74.60.Mj; 74.70. - b; 74.70.Fi

Ternary PbMo6S8 is considered to be one of the promising materials for high-field magnetic applications. It has
been studied extensively since the discovery of its high
upper critical field (Bc~ ~ 60 T) [1, 2]. The need for bulk
materials with higher critical current density, Jc, at fields
in excess of those previously measured, has attracted new
interest and several investigations have exclusively been
devoted to their improvement [3]. Nevertheless, at present, the observed Jc values for the bulk samples are lower
by at least an order of magnitude than those of the
individual grains or those measured on wires and films
[1, 3]. On the other hand, the marginal values exhibited
by bulk samples have been thought to be associated with
the following facts: (i) Synthesis conditions with respect to

material purity, homogeneity, stability and microstructure. This, however, can easily be avoided by adopting
optimized experimental conditions and by using high purity starting materials and stringent measures to prevent
contamination during both preparation and processing
procedures [4, 5]; (ii) intragrain characteristics like structural disorder, phase transitions, and defects. The occurrence of a structural phase transition [6-8] at low temperature could degrade Jc. Such a transition appears to be
suppressed to a considerable extent by alloying [6, 7]; (iii)
intergrain weak-link behavior caused by impurity and
secondary phases, poor intergrain connections, microcracks and/or non-stoichiometry at the interface. In fact,
in the past not much work has been done in this direction.
From a practical viewpoint, the grain-boundary layers
and the interconnectivity of the grains are important and
may constitute the reason for the low Jc's obtained so far
in the bulk conductors. The various physical measurements performed have failed to confirm the nature and the
influence of the grain-boundary phases on the superconducting properties primarily due the lack of a suitable
approach. Thus, we have decided to perform Auger Electron Spectroscopic (AES) and calorimetric experiments on
these samples. The purpose of this study is also to present
surface analysis data for PbMo6S8 at different hot-pressing temperatures and to show how it induces an alteration
with respect to the ternary composition, resulting in an
extended inhomogeneity in the near-surface regions. Preliminary results were presented elsewhere [9].

1 Experimental procedures

1.1 Materials preparation and characterization
PbMo6S8 powders were prepared by three different
methods [4, 5, 10]. The experimental details are briefly
summarized in Table 1 along with certain physical characteristics. Note that two different reaction temperatures,
namely 1180 and 1600 ~ were employed for the samples
prepared by method I. Unless otherwise stated, the samples used in this investigation were those prepared at
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Table l. Experimental conditions for the preparation of PbMo6S8 samples. For comparison, some of their properties are included. All the

samples were hot-pressed at 1200~
Method

Matrix

Starting
materials

Reaction
temp.
[~

Density
[%]

Grain
size
[#m]

Lattice
constant
ratio, c/a

I

Molybdenum
crucible
Boron-nitride
crucible
Quartz
tube

Pb,
Mo6S8
Pb, Mo,
MoS2
Pb, Mo,
MoS2

1180
1600
1600

95-99
88-94
85-92

0.5-2.0
5.0-10.0
5.0-10.0

1450

80-90

5.0 10.0

II
III

Tc
[K]

RRR"

Jc at
4.2 K, 9 T
[ x 108Am-2]

1.2491(1) 14.80
1.2494(1) 14.75
1.2495(1) 14.80

3.8
3.8
3.8

1.8-2.2
1.4-1.6
0.4-0.9

1.2435(1) 11.65

2.0

0.08-0.5

aResidual Resistivity Ratio--the ratio of the resistivity at room temperature and the resistivityjust above Tc

1180~ To avoid contamination, powder samples were
manipulated in an argon-filled glove box. Dense bulk
samples were made by hot-pressing the powder samples at
1200~ as per the details outlined previously [5]. In
addition, one of the samples produced by method I was
hot-pressed at different temperatures in the range
1000-1400 ~
All the samples were analyzed by powder X-Ray Diffraction (XRD) technique (Philips automated diffractometer, PW-1710 with a vertical goniometer). The samples were highly crystalline and the peaks were indexed on
the basis of hexagonal unit cell. The lattice constants were
determined by using silicon as the internal standard. The
computed values show consistently high c/a ratio (Table
1), a factor which possibly governs the phase purity with
respect to a plausible oxygen contamination. The lower
c/a values in the case of samples prepared by method III,
are due to a contribution from oxygen substitution in the
lattice, PbMo6Ss-xOx [4].
The T c of the samples was measured inductively with
different ac-field amplitudes typically at 0.6-60 #T and
a frequency of 87 Hz. The transitions are generally sharp
with the exception of one of the samples hot-pressed at
1000 ~ which showed a broad transition characteristic of
granularity [11]. The resistivity was determined by the
four-probe method with a frequency of 87 Hz. All of them
show sharp resistive transition with a typical width of
0.2 K. The inductive flux profile measurement Jc was
carried out by the method proposed by Rollins et al. [12].
The results indicate that the Jc values are primarily dependent on the intergrain connections and the phase purity with respect to the composition [4, 13].
Microstructure analysis was performed on air-fractured samples in a Cambridge instruments (Stereoscan
360) high-resolution Scanning Electron Microscope
(SEM) coupled with Energy Dispersive X-ray (EDX) analysis (Tracor Northern, Series II) system. The micrographs
indicate that the grain size is strongly influenced by the
preparation and processing conditions. EDX analysis revealed the presence of silicon in the oxygen-contaminated
phase. Density measurements were carried out with a picnometer using alcohol as the fluid. As expected, the density varies with the processing temperatures (Table 1)
which in turn has a direct correlation with the porosity
and morphology.

1.2 Auger electron spectroscopy
AES measurements were performed in a VG instruments
ESCALAB Mark I spectrometer equipped with SEM,
scanning Auger microscopy, quadrupole mass spectrometer and Ar + sputtering facilities. The PbMo6S8 samples
were broken in situ in the analysis chamber with a base
pressure of 3 x 10-11 mbar. The system contains a separate preparation chamber, with a base pressure of
1 x 10 - l ~ mbar, where the Ar + facility is installed. The
energy analyser is a 150 ~ spherical sector type. The samples were sputter cleaned by Ar + bombardment at
2 x 10 -6 mbar pressure with a primary beam current of
5 kV and a ion beam current density of 400 gA cm- 2. The
spectra reported here (50-550 eV) were obtained using
a primary beam energy of 10kV with a primary electron
beam current of 200 nA and a modulation energy of 5 V
(peak-to-peak
amplitude). Selected characteristic
transitions, such as sulfur (LMM; 155 eV), molybdenum
(MNN; 190 eV), lead (NO0; 92 eV), carbon (KLL; 270 eV)
and oxygen (KLL; 510 eV) were used to follow the changes in surface concentrations. The surface elemental
compositions were quantified from the signal amplitudes
using standard Auger elemental sensitivity factors [14].

1.3 Calorimetry
Absolute values of the specific heat were obtained by
means of a thermal relaxation technique [15]. All the
samples exhibit a well-defined specific heat jump at Tc
with a transition widths of 0.4-0.8 K [4, 5, 10]. The Tc
distribution in the sample was obtained by a careful analysis of the electronic specific heat [16]. The findings are
significant and important with respect to the improvement of the sample quality.
2 Results and discussion

Both fractured and sputtered surfaces of PbMo6S8 show
significant differences in the surface and bulk compositions. The former is rich in sulfur and deficient in molybdenum as compared to the latter. This could be attributed
to the presence of sulfur-excess binary phases, such as
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M o S 2 a n d / o r M o z S 3 at the interface. At some grainboundaries, the sulfur enrichment is high enough to suggest that the near boundary phase consists of PbS, as
observed by a simultaneous enrichment of lead on the
fractured samples E4, 5]. It is also evident that the Ar +
bombardment causes a drastic change in the relative peak
intensities of sulfur and molybdenum. Such an effect on
a compound material is quite understandable in view of
the fact that the masses of elemental sulfur and argon are
closely matched, while those of molybdenum and argon
are very different. Even more important is that the sputtering yield of molybdenum appears to depend strongly
on the chemical environment [173.
Surprisingly, the samples prepared by method III
show prominent peaks of silicon, carbon and oxygen
transitions while only weak signals are present for sulfur
and molybdenum. The peak at 83 eV is characteristic of
silicon suboxide, SiOx (x < 2) which lies between metallic
silicon and Si02 respectively at 92 and 78 eV [4, 18]. SiOx
appears as a consequence of the reaction between the
container (quartz tube) and the sample resulting in the
formation of pseudo-ternary PbMo6Sa-xOx. This is well
supported by XRD data [4, 193. Additional evidence for
the SiOx phase was obtained from EDX analysis (Fig. 1).
It was, however, impossible to distinguish and quantify
the oxygen content of PbMo6Ss_xOx and SiO~ by AES,
even after prolonged sputtering, as the latter diffuses very
rapidly and covers completely the surface (Fig. 2) in contrast to the deliberately oxygenated samples [43.
A fairly large carbon peak was observed on the fractured surface of the oxygen contaminated sample. This is
due to hydrocarbon contamination [17], typically detected on the air-exposed samples, as these samples were
handled in air prior to Auger measurements. However, it
is interesting to note that upon sputtering, the carbon
peak diminishes along with silicon and oxygen peaks.
Nevertheless, they reappear and gradually grow with time.
In fact, the spectrum recorded after an hour of sputtering
closely resembles that of the fractured one indicating
interdiffusion of the impurities. This evolution is represented in Fig. 2. A similar trend is observed even after
prolonged sputtering. However, very little carbon is detected on the samples prepared by the methods I and II. This
can be correlated to the relative porosity of the samples
which is in accordance with the SEM results (Fig. 3).
Density measurements further support this idea. For
example, the oxygenated sample has a density of about
80% of the theoretical value while the others have much
higher densities (95% or above), see Table 1.
Irrespective of the method of preparation, the surface
compositions (S/Mo ratio) estimated from the fractured
and sputtered specimens are respectively in the range
2.5 -t- 0.2 and 1.25 • 0.1. The observed sulfur enrichment
on the fi'actured surface of PbMo6S8, compared to the
ideal composition; S/Mo ratio = 1.33 (ca. 8/6), indicate
a quite different behavior at the interface. As indicated
earlier, this deviation from the stoichiometric value is due
to the presence of sulfur excess phases at the grain-boundaries. Unlike the carbon and SiOx, there is no observable
diffusion/segregation of the constituent elements, namely
lead, sulfur and molybdenum. A representative example is
shown in Fig. 4.
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Fig. 2. Diffusion of impurities at the grain boundaries of sputtered
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2.1 Effect of hot-pressing temperature
In terms of production of a smaller grain size and a favorable synthesis condition (1180~ for 2 h) of PbMo6Ss,
method I emerges as promising (Table 1). Hence, these
samples were further studied in detail with respect to
varying hot-pressing temperatures (1000 1400~
at
a constant pressure of 2 kbar for 1 h. This was done to
optimize the processing temperature so as to achieve
a higher density and better intergrain connection.
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Fig. 3a-e. SEM of PbMo6S8 prepared by differentmethods.All the
samples were hot-pressed at 1200~
The measured densities of the samples hot-pressed at
three different temperatures, viz 1000, 1100 and 1200~
are respectively 70, 80, and 95%. As expected a significant
amount of carbon is observed on the fractured surface.
The high porosity of the samples allow the atmosphere to
percolate through and provides a means by which a large

Fig. 4. Augerelementalcompositionratios of one of the samples

amount of hydrocarbons is entrapped and is best supported by the micrograph (Fig. 5a). The huge carbon peak,
however, was reduced in magnitude to a considerable
extent by sputtering. Nevertheless, after one hour, it has
saturated once again regaining the original carbon signal
amplitude, in an identical fashion to Fig. 2.
On the high density samples (hot-pressed ~> 1200~
the carbon signal is greatly reduced or nearly absent. The
pores are considerably diminished due to better intergrain
connections (Fig. 5c). It is interesting to note that the
samples hot-pressed under identical conditions, at
1200~ but prepared by different methods, show somewhat different behavior towards carbon contamination.
This can be related to their distinct microstructures as
shown in Fig. 3. For example, in the coarser-grained samples (methods II and III; 5-10 gm), a considerable amount
of carbon is detected at a few sites immediately after
fracture in contrast to the fine-grained sample (method I;
0.5-2.0 gin) where most of the areas are free of carbon.
Significant numbers of voids and pores are expected due
to a poor densification of larger grained samples. This
suggests that PbMo6Ss is highly susceptible to atmospheric contamination and is in agreement with the earlier
suggestion of carbon-induced degradation of Jc [20].
Interestingly, there seems to be a notable change in the
S/Mo ratios with the increase of hot-pressing temperature.
As can be seen from Table 2, a variation of surface concentration, on both fractured and sputtered surfaces, is evident. This may well be manifested in a possible initiation
of the alteration of the ternary composition in association
with precipitation of MoS2 at higher temperatures [21].
That is, the heat treatment in vaccum at higher temperatures causes a certain amount of degradation of the
material and becomes pronounced over a period of time,
as in the case of a sample processed at 1250~ This
resulted in progressive broadening and reduction of the
amplitude of the specific heat jumps and therefore the
observed Tc distribution (Fig. 6). The smearing of the
sharp distribution of Tc suggest that a composition variation, a plausible non-stoichiometry, is likely in the nearsurface regions. Two other possible reasons for this observation, namely (i) incomplete reaction [10], and (ii) oxygen contamination [4] can be discarded by considering
the fact that the samples used in the present investigation
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Table 2. Auger elemental concentration ratios of the hot-pressed

PbMo6S8 samples prepared by method (I)

Hot-pressing temperature
(~ at 2 kbar for 1 h)

Sulfur/molybdenum ratio"
In situ
fractured

Sputtered
(100 ~)

1000

2.58 (4)

1.31 (3)

llO0
1200
1250 b
1300
1400

2.65
2.60
2.68
2.66
2.74

1.26
1.20
1.15
1.16
1.13

(5)
(5)
(4)
(4)
(4)

(2)
(3)
(4)
(3)
(4)

Ideal value is 8/6 = 1.33
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Fig. 61, b. The specific heat jump (a), and the Tc distribution (b) of
hot-pressed samples

are highly crystalline and oxygen free. The atomic concentration profile ratio (S/Mo) for one of the samples hotpressed at 1200~ is displayed in Fig. 7. After the initial
variation in the S/Mo ratio, it attains a steady state
around 75-100/~ corresponding to the bulk composition.

However, the extrapolation of this behavior to the surface
leads to a S/Mo ratio very close to the ideal value. As
suggested earlier, the slightly lower values of the S/Mo
ratio are due to preferential sputtering of sulfur. It should
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Fig. 7. Augerdepth profiles of one of the samples
be noted here that the grain-boundary phases extends
over 200 A depth for some of the samples.

2.2 Critical current limitations

Well connected grains or high density samples are the
essential prerequisite for a reasonable Jc. On the porous
samples the current flows percolatively and there is thus
a reduction in the measured Jc values. As shown in Table
1 and Fig. 3, large grained samples achieve a maximum
density of only about 94% compared with the smaller
grained samples that can nearly be compacted to the
theoretical density. Close to Tc, interpretation of the
ac-susceptibility data is consistent with a granular behavior. The grain-boundary phases, as well as many of the
finely distributed--as yet unidentified--defects at the interface would usually be beneficial by serving as fluxpinning centers. Because of the thicker grain boundaries
(of the order of 100-200/~), compared to the coherence
length (28 ,~) of PbMo6Ss [22], they instead play the role
of weak-links with a devastating effect on the critical
current. However, they can greatly be reduced by incorporation of appropriate elements which stabilize the ternary PbMo6S8 phase. This turns out to be an effective
way to improve the intergrain connection [23] and a successful approach in minimizing the grain-boundary thickness with the simultaneous benefit of achieving excellent
homogeneity [24].
The failure to achieve the expected large critical current densities of PbMo6S8 are partly due to the coexistence of various amounts of triclinic and rhombohedral
phases [6-8]. Such a phase transformation is known to
occur in MMo6S8 (M = Eu, Ba, Sr, Ca) and suppress
superconductivity [25]. The low-temperature triclinic
fraction, however, strongly depends on the grain sizes of
PbMo6Ss, i.e., the smaller the grain, the lesser the transformation [8]. While granularity, grain-boundary phases,
and phase transition all contribute to the weak-link behavior, one another factor, namely the inhomogeneities in
PbMo6S8 may also be equally important. A small change
in the ternary composition may be associated with suppression or loss of superconductivity. The appreciable
width in the calorimetric transitions can be accounted by

considering the possible non-stoichiometric composition
for both sulfur and lead defects in PbxMo6Ss -r. However,
such a compositional dependence has not been determined clearly as yet. The possibility of sulfur deficiency
was, however, checked by synthesizing homogeneous
single-phase samples in a thermo-sealed boron nitride
crucible. Independent of the initial sulfur concentration (PblMo6Ss_ fi y---0.0-0.8), Tc is found to be
optimal (14.5-14.8 K). Furthermore, there is a strong
correlation between the initial sulfur concentration
and the lead or molybdenum impurities in the final
product [10, 15]. In contrast, a narrow homogeneity
range of Pb~Mo6Ss-y (x=0.95-1.05; y=0.2-0.45)
was reported with a Tc values of 8-15 K [26]. Although
it is tempting to relate this observation to our Tc
distribution, it should be noted that such samples were
prepared in quartz tubes. Therefore, one has to make sure
that they are free from a possible oxygen contamination,
which is usually the case [-4], before making any comments. However, independently of the exact mechanism of
the non-stoichiometry, the possible occurrence of inhomogeneities in the samples at the grain-boundaries
affects the Tc. This means that such non-stoichiometric
phases may have a lower critical field, Bt2 , [10, 15] and
hence lower Jc.

3 Conclusion

The accumulated impurities, such as carbon, and SiOx (in
one of the series), in the voids of the fractured PbMo6Ss
diffuse rapidly to surface. The former arises as a result of
atmospheric contamination, and the latter is as a consequence of reaction with the quartz tube used for the
preparation of some of these compounds. This further
induces the formation of the undesired PbMo6Ss-~Ox
phase which is known to possess lower Tc and He2 values
and hence Jc. Segregation of significant amounts of sulfur-rich binary phases, such as MoSe, MoaS3 and PbS
were found at the interface. They extend up to a depth of
75-100/~ or more and act as a barrier to the current flow.
Yet another problem is the inhomogeneity within the
samples resulting in a smearing of Tc down to 9 K and
this is due to the formation of a continuous nonstoichiometric phase in the near-surface region. Even
a subtle compositional inhomogeneity at the grainboundary would certainly influence the electronic structure. Thus, in PbMo6Ss, the presence of impurities, secondary phases, and the inhomogeneity with respect to the
ternary composition, are sufficient to limit the electron
transfer across the boundaries. Hence, they stand as a
likely contributor to the problems of low critical current
densities in these materials in addition to the problems of
granularity and phase transition.
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