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Mechanical properties such as fracture toughness, crack 
propagation and fatigue properties are strongly dependent on 
the porosity of the material. Chevrel phase materials, there-
fore, can be considered as soft ceramics.

B3.5  Optical Properties

Vibrational Raman spectra have been observed for Cu-, Pb-, 
Ba- and Sn sulphide Chevrel phase compounds in the range 
from 10 meV to 50 meV (Holmgren et al., 1987) as shown in 
Figure B3.9. Such measurements give energies and symmetries 

of the Raman active optical phonons near the Brillouin zero 
centre. Several bands or peaks are independent of the metal 
(M) atom even in the non-stoichiometric Cu-compounds, in 
broad agreement with tunnelling data (Ohtaki et al., 1984). 
Reflectivity measurements and complex magneto-optical 
Kerr-effect measurements have been completed in magnetic 
fields up to 12 T and temperatures down to 0.5 K (Fumagalli 
and Schoenes, 1991).

Figure B3.10 shows that the reflectivity (and optical con-
ductivity spectra) are similar for Eu1-xPbxMo6S8 and Eu1-

xSnxMo6S8-ySey at 300 K. The carrier density was low (~ 6 × 1027 
m−3), the mobility ~ 1 cm2 V−1 s−1 and the effective masses for 
the carriers ~10 me (Fumagalli and Schoenes, 1991).

B3.6  Thermal Properties

The specific heat capacity (CP) of PbMo6S8 has been mea-
sured by a number of authors in high magnetic fields up to 
24 T (Cattani et al., 1988; Cors et al., 1990; van der Meulen et 
al., 1995). The electronic contribution in the normal state is 
~7 mJ K−2 (g-at)−1. In the superconducting state, in addition 
to the BCS exponential gap term, there is also the term linear 
in temperature that accounts for the normal cores of the flux-
ons in the mixed state. At the superconducting jump C/T is 
~ 70 mJ K−2 (g-at)−1, which is relatively high because of the soft 
modes present (Bader et al., 1976), and ΔCe/TC is about 12 mJ 
K−2 (g-at)−1. The effective Debye temperature measured using 
CP measurements changes by a factor of 2 from ~200 K at 4.2 K 
up to ~400 K at room temperature (Fradin et al., 1976).

Measurements and analysis of a large number of Chevrel-
type superconductors have been completed (Lachal et al., 
1984). Figure B3.11 shows a typical Debye plot for a series of 
compounds of the form Pb1-xCu1.8xMo6S8 (Niu et al., 2002). 
Ultrasonic measurements give an average Debye temperature 
of ~245 K (Wolf et al., 1996). Many magnetic Chevrel phase 

FIGURE B3.9  The Raman spectra for BaMo6S8, Cu1.8Mo6S8, 
PbMo6S8 and SnMo6S8 (Holmgren et al., 1987).

FIGURE B3.10  The near-normal reflectivity at room temperature 
of EuMo6S8, PbMo6S8, Pb0.5Eu0.5Mo6S8 and Sn0.25Eu0.75Mo6S7.6Se0.4 
(Fumagalli and Schoenes, 1991).

FIGURE B3.8  The compressibility of five ternary molybdenum 
sulphides MXMo6S8 and the binary compound Mo6Se8 (Webb and 
Shelton, 1978).
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superconductors have also been measured (Fischer and Maple, 
1982a). Such work includes investigating pressure-induced re-
entrant superconductivity (Chen et al., 1993) and the reduc-
tion in ΔCe/TC with increased magnetic doping (Leigh, 2001). 
Nevertheless, there is typically a factor of 2 variation in all the 
parameters derived from specific heat data in the literature 
(N.B. for PbMo6S8, 1 mole = 1037 g = 15 gat.). The differences 
are attributed to the sensitivity of the materials to the fabrica-
tion process.

The consensus on the phonon density of states in Chevrel 
phase materials is good. The weighted phonon density of states 
for PbMo6S8 and SnMo6S8 measured using neutron scattering 
measurements and specific heat measurements is consistent 
with calculations that assume the Mo6S8 clusters are tightly 
bound but only weakly interact with other clusters or the M 
ion. There is a relatively flat dispersion curve and a strong peak 
at about 5 meV, associated with the Einstein mode from the M 
ion. Modes in the energy range up to 18 meV are associated 
with the soft external modes of the Mo6S8 clusters. The hard 
internal modes are responsible for the energy range from 
18 meV to 50 meV (Bader et al., 1976).

B3.7  Normal-State Properties

The normal-state resistive properties of Chevrel phase com-
pounds are rather well described in terms of their chemistry 
and are consistent with band structure calculations (Mattheis 
and Fong, 1977). The dominant carriers are holes associated 
with the 4dx2-y2 states. The three important factors that con-
tribute to the electronic properties are the charge transfer 
from the M cation to the Mo6S8 cluster and the volume and 
structure of the unit cell.

The position of the Fermi level in the sulphide system 
is strongly related to the charge transfer between the M 
cations and the sulphur anions (Yvon and Paoli, 1977). A 

characteristic of the Mo6S8 cluster is that it is only slightly dis-
torted when filled with 24 electrons and tends to be insulating. 
The electronic configuration of Mo4d55s1 contributes six elec-
trons to the Mo6S8 cluster. Hence with the S in the −2 valence 
state, there are 20 electrons in the Mo6S8 cluster and there 
is hole conduction. Adding Pb or Sn to the structure (both 
have valence +2) increases the number of electrons to 22, 
equivalent to two holes per cluster which produces the highest 
value of TC. For comparison, the valence of the S, Se and Te 
in Mo6S8, Mo6Se8 and Mo6Te8 are −2, −1.75 and −1.33, respec-
tively. Band structure calculations show that in the rhombo-
hedral PbMo6S8, the Fermi energy lies below an energy gap 
about 1 eV wide (Mattheis and Fong, 1977). The states near 
to the Fermi energy are strongly confined within the Mo6S8 
cluster (Bullett, 1977). Indeed there are some broad similari-
ties between Chevrel phase materials and the intercalates of 
TaS2 (Prober et al., 1980) and MoS2 (Woollam and Somoano, 
1976), where there is a hybridisation of the metal d-bands and 
an associated energy gap (Mattheis, 1973). The band structures 
for the Chevrel phase selenides and the telluride have similar 
properties (Bullett, 1977) (Roche et al., 1999), but one of the 
marked differences between them and the sulphides is that 
the density of states at the Fermi energy is higher for trivalent 
ions than for divalent ions. This is supported by the CT  values 
which are higher for the rare-earth selenides than for the sul-
phides as shown in Figure B3.1.

In PbMo6S8 samples, the resistivity (ρ) at room temperature 
is about 100 μΩ cm–1 mΩ cm, and typical values for room 
temperature–resistivity ratio (RRR) are 4 to 6 (Miraglia et al., 
1987; Niu et al., 2002). In the CuxMo6S8 single crystals, ρ is 
similar with a RRR value of about 7 which leads to a scattering 
length (l) of about 20–30 Å (Fischer and Maple, 1982a). In thin 
films, RRR values were found in the range 2–6 and l estimated 
to be ~40 Å (Alterovitz and Woolam, 1978). The temperature 
dependence of ρ(T) is approximately linear up to 50 K but 
shows negative curvature at higher temperatures similar to the 
A15 superconductors. Theories that address the non-linearity 
utilise a strong peak in the density of states (Cohen et al., 1967) 
or a scattering length that is comparable to the lattice spac-
ing (Fisk and Webb, 1976; Sunandana, 1979). Experimental 
data at low temperatures can be misleading, particularly if the 
material includes pure Mo or Mo2S3. Hall effect measurements 
in the (Eu1-x)SnxMo6S8 at room temperature gives Hall coef-
ficients of +0.7 ×10−3 cm3 G−1 confirming a hole carrier con-
centration of ~9 × 1027 m−3 (Meul, 1986) [in agreement with the 
optical measurements and muon measurements (Birrer et al., 
1993)] and implying ~2.5 holes per formula unit. In REMo6S8 
compounds, ρ is typically ~300 μΩ cm and RRR range from 
8 to 34 (Beille et al., 1991), although LuMo6S8 has a resistivity 
at room temperature of only 50 μΩ cm (Geantet et al., 1990). 
Limited thermopower measurements on Cu1.8Mo6S8-xTex have 
also been completed (Kaiser, 1997).

The density of states derived from susceptibility measure-
ments, specific heat measurements and band structure cal-
culations give consistent values. For the Pb- and Sn Chevrel 

FIGURE B3.11  Debye plot (heat capacity)/(temperature) versus 
(temperature)2 for (Pb1-xCu1.8x)Mo6S8 for different values of x (Niu 
et al., 2002).
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phase sulphide compounds, χ is about 3.5 × 10−5 emu (g-at)−1. 
The (phonon-enhanced) density of states calculated from 
CP measurements is about 1 state per (eV-atom-spin). This is 
about twice that found from χ measurements or band struc-
ture calculations which is expected with strong electron–
phonon coupling (Fischer, 1978). In materials with relatively 
high critical temperature PbMo6S8, LaMo6S8 and LaMo6Se8, 
the susceptibility varies by about a factor of 1.5–2 between 
room temperature and 20 K (Peña and Sergent, 1989; Peña 
et al., 1998) and shows an anisotropy (for single crystals) of 
~40%. A strongly temperature-dependent susceptibility has 
also been observed in the high-temperature superconduc-
tors. This is taken to be evidence that the Fermi level is situ-
ated near a peak in the density of states which standard BCS 
theory (Bardeen et al., 1957; Abrikosov, 2000) associates with 
relatively high- CT  values.

B3.8  Superconducting Properties

B3.8.1  Transition Temperature

The BCS theory (Bardeen et al., 1957; Abrikosov, 2000) cur-
rently provides the only generally accepted microscopic expla-
nation for superconductivity. Within this framework, the 
critical temperature is determined by the density of states at 
the Fermi level, the phonon spectrum and the electron–pho-
non coupling. Tunnelling measurements on Cu1.8Mo6S8 and 
PbMo6S8 give the ratio of the gap (Δ) to CT  of ∆ = −k T2 / 4 5B C  
(BCS theory predicts 3.5) showing strong coupling. In the 
pseudobinary Mo6Se8-xSx system, strong coupling in Mo6Se8 
(TC = 6.2 K, coupling constant: λ = 1.25, ∆ =k T2 / 4.2B C ,  
∆ =C C/ 2.25E E ) gives way to weak coupling showing BCS 
behaviour in Mo6Se4S4 ( 1.8 C =T K , λ = 0.6, ∆ =C C/ 1.4E E ) 
(Pobell et al., 1982; Furuyama et al., 1989). Although most of 
the phonon modes associated with the Mo6S8 cluster modes 
contribute to the electron coupling (Poppe and Wuhl, 1981), 
the materials with higher CT  values approaching 16 K have 
large values of λ, which are probably most strongly affected 
by the soft modes (Furuyama et al., 1989). Recent tunnelling 
spectroscopy provides evidence for two-gap superconductiv-
ity in both PbMo6S8 and SnMo6S8 (Dubois et al., 2007; Petrovic 
et al., 2011). The pseudobinary Mo6S6I2 compound has the rela-
tively high CT  of 14 K, which suggests that the superconductiv-
ity in Chevrel phases of highest CT  is fundamentally associated 
with the clusters. In this context, the isotope effect observed 
in Mo6Se8 is consistent with BCS theory and suggests that 
an electron–phonon mechanism operates in Chevrel phase 
materials (Pobell et al., 1982). For a given structure, CT  also 
depends on the volume of the unit cell (Hinks et al., 1984) 
and the valence electron concentration in the Mo6S8 cluster 
(Sergent et al., 1978). The trivalent sulphur-based Chevrel 
phase materials have uniformly low CT  whereas the divalent 
trigonal materials have high CT  (e.g. Sn and Pb). Among the 
trivalent rare-earth ions, there is a correlation between CT  and 
the volume of the unit cell (Fischer, 1978). When the volume 

decreases, the intercluster Mo–Mo decreases, so the valence 
bands are expected to broaden, and the density of states and 

CT  to fall (Fischer et al., 1975a). Hydrostatic pressure has been 
used to change the volume of the unit cell, and hence CT , in 
divalent sulphides (Shelton, 1976; Capone II et al., 1984; Hinks 
et al., 1984). The effect of pressure on CT  is about an order of 
magnitude higher than found in elemental superconduc-
tors (Shelton, 1976) / dPCdT  ~ 10−4 (kbar)−1. The difference in 
critical temperature ( CT ) between PbMo6S8 and SnMo6S8 can 
be explained by the difference in the volume of the unit cell 
(Hinks et al., 1984).

The Chevrel phase materials that transform fully from a 
rhombohedral structure at high temperatures to a triclinic 
structure at low temperatures have low electronic density 
of states (Lachal et al., 1983) and are non-superconducting. 
However, the superconductivity can be restored if pressure 
is applied to prevent the triclinic transition occurring. In 
BaMo6S8 for example, applying a pressure of 4 GPa changes the 
material from a triclinic semiconductor to a mixed triclinic–
rhombohedral phase that is metallic with a CT  of 12 K (Yao 
et al., 1988). The structural instabilities in the Chevrel phase 
superconductors may enhance the electron–phonon coupling. 
In Eu1.2Mo6S8 (Chu et al., 1981), (shown in Figure B3.12) super-
conductivity is also close to the metal–insulator transition and 
can be tuned by pressure. In (Sn1-xEuxM)1.2Mo6S8 (Harrison 
et al., 1981), the transition is tuned by Sn content (or carrier 
concentration). These properties are found in other Chevrel 
phase materials and is reminiscent of the HTS materials where 
high C−T  values also occur in materials with relatively low car-
rier concentration that are in proximity to the metal–insulator 
transition. There has been intense research into alternative 

FIGURE B3.12  The resistance versus temperature for Eu1.2Mo6S8 at 
various pressures (Chu et al., 1981).
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microscopic mechanisms for superconductivity following 
the discovery of the high-temperature superconductors in 
the late 1980’s. The Uemura plot provides empirical evidence 
that the cuprate and bismuthate high-temperature super-
conductors, the organic, Chevrel phase and heavy Fermion 
systems all belong to a single class of superconductors where 

CT  is proportional to the (small) ns/m* (carrier density/effec-
tive mass) (Uemura et al., 1991; Harshman and Mills Jr, 1992; 
Uemura, 2004) as shown in Figure B3.13. In the cuprates, the 
high values of CT  and the lack of a clear isotope effect suggest 
a non-phononic mechanism (Batlogg et al., 1987). For Chevrel 
phase materials, the carrier density (ns ~ 2 holes/unit cell) and 
the effective mass (m* ~ me) are rather robust numbers from 
both experiment and theory. Their presence on the Uemura 
plot suggests that Chevrel phase materials, which have a well-
known chemistry and electronic structure, may be model 
systems in which to investigate non-standard mechanisms for 
superconductivity because of the simplifications which follow 
from their (almost) cubic (isotropic) structure.

The simple proportionality and universal behaviour in 
Figure B3.13 provides evidence that a single mechanism may 
produce superconductivity in many different types of super-
conductors including the Chevrel phase materials (Hillier and 
Cywinski, 1997; Sonier et al., 2000; Kiefl et al., 2010). Given 
that over the last 20 years, most classes of new superconduc-
tors appear close to the Universal line in the Uemura plot, 
it no longer makes much sense to describe them as exotic 

superconductors or high-temperature superconductors. 
Nevertheless, the plot does provide a guide as to how to syn-
thesize materials with even higher CT  (Rybicki et al., 2016) and 
insight into the underlying canvas or phase diagram for the 
microscopic details for these materials (Uemura, 2009). Also, 
it naturally opens the questions of how the electrons pair to 
form bosons and whether the bosons are first preformed and 
then condense at CT  (in a similar way to superfluid helium) 
(Dzhumanov et al., 2016). Without a microscopic theory, we 
don’t know whether the temperature at which bosons may 
preform bears any relation at all to the temperature at which 
superconductivity appears (c.f. Figure B3.14). Alternatively, 
akin to the BCS model, the electrons may become pairs and 
condense at the same temperature. One of the central issues 
remains the signature linear temperature dependence found 
for the normal-state resistivity of ‘non-BCS’ superconduc-
tive materials up to temperatures well above the Mott metal–
insulator transition temperature (Gurvitch and Fiory, 1987) 
which has led to the ‘strange metal’ notation. Some authors 
associate the strange metal and the superconductivity (Loram 
et al., 2001; Tallon and Loram, 2001) with the quantum criti-
cal point. Others suggest that the pseudogap competes with 
the superconductivity (Kondo et al., 2009) or that the strange 
metal behaviour can be explained without any ‘exotica’ such 
as the quantum critical point (Anderson, 2006). Were a single 
mechanism able to explain the Universal superconductivity 
behaviour in the Uemura plot, it would clearly simplify things. 
Unfortunately identifying such commonality is not straight-
forward since even in a single material there are contradictory 
results reported. For example in Bi-2212, some authors report 
pseudogap behaviour only in underdoped samples (Ding et al., 
1996; Williams et al., 1997; DeWilde et al., 1998), some that T* 

FIGURE B3.13  An Uemura plot – a log–log plot of critical tem-
perature (TC) versus the Fermi temperature (TF) estimated from 
muon spin resonance measurements (combined with the interpla-
nar distance for 2D and the Sommerfeld constant for 3D systems) 
for Cuprates, BKBO, Chevrel phase, BEDT, heavy fermion and some 
elemental superconductors. The solid line and the dashed line show 
when the critical temperature equals the Fermi temperature, TF, and 
the dashed line represents the Bose–Einstein condensation tem-
perature, TB, of the ideal boson gas versus the (Uemura et al., 1991; 
Uemura, 2004).

FIGURE B3.14  A schematic phase diagram for a Bose–Einstein 
type of condensation mechanism for superconductivity that occurs 
near the metal–insulator transition in metals with low carrier den-
sity. In the conducting phase, over a range of carrier concentration, 
the bosons are preformed at higher temperatures and eventually con-
dense into the superconducting phase.
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just gives the temperature scale of the pseudogap (Williams 
et al., 1997), and others that the same generic tunnelling density 
of states, or pseudogap behaviour, occurs in both overdoped 
and underdoped materials (Renner et al., 1998). Although the 
microscopic mechanism for superconductivity in the Chevrel 
phase materials has long been considered to be classic BCS 
because of the isotope effect found in Mo6Se8, and the reason-
able agreement between microscopic normal-state properties 
and the predictions of BCS theory for TC, Figure 13 shows that 
there is some important microscopic Physics that we just have 
not discovered yet – an understanding that will explain why 
superconductors appear together on the Uemura plot. Our 
current understanding is not complete. Indeed some authors 
have even argued that the simple empirical proportionality 
shown in Figure B3.13 does not hold in Chevrel phase mate-
rials (Birrer et al., 1993) but is best described using a rather 
more complex percolation model dependence (Dallacasa 
and Feduzi, 1992). We conclude that we just do not know yet 
whether we should classify Chevrel phase materials as clas-
sic BCS or non-BCS superconductors (Hirsch et al., 2015a; 
Hampshire, 2020).

B3.8.2  Upper Critical Field

Given that the only microscopic theory available to the com-
munity is BCS theory (Bardeen et al., 1957; Abrikosov, 2000), 
and so a large body of research has been described using it, 
we state here that the upper critical field ( C2B ) can be given by:
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where the two terms are the clean and dirty contribution, 
respectively (Decroux et al., 1993; Morley et al., 2001) and 
are consistent with ξ0 ~ l. Both terms contribute to the very 
high upper critical field values in the PbMo6S8 and SnMo6S8 
compounds. The complexity of the intrinsic spin, orbital cou-
pling and spin-orbit coupling must also be included, using 
Werthamer–Helfand–Hohenberg (WHH) theory, to describe 
the temperature dependence of C2 ( )B T  (Werthamer et al., 
1966). However, further theoretical work is still required to 
assess whether the parameters derived are physically signifi-
cant. The anisotropy of C2B  in PbMo6S8, PbMo6Se8 Cu1.8Mo6S8 
and SnMo6Se8 has been found experimentally to be about 
15% (Decroux et al., 1978; Decroux and Fischer, 1982; Pazol 
et al., 1989) (as shown in Figure B3.15) and correlated with the 
rhombohedral angle (c.f. Chapter B3.3.5). There is currently no 
adequate explanation for this, since the band structure calcula-
tions show nearly cubic symmetry and predict low anisotropy.

B3.8.3  Ginzburg–Landau Description

Ginzburg–Landau (G–L) theory provides a self-consistent 
explanation for the properties of metallic superconductors 
in-field (i.e. superconductors that are non-magnetic in the 

normal state). There are only two free parameters, which can 
be taken to be the G–L constant (κ), which is broadly tempera-
ture independent, and C2 ( )B T  (Cave, 1998). The fundamental 
properties of the superconducting state can be determined by 
measuring the reversible magnetisation close to C2B and using 
the G–L relation:

	
2 1

2
2M H H

( )= − −
κ − β









C

A
	 (B3.2)

where C2H  is the critical field strength, H  is the applied field 
strength and Aβ  (≈ 1.16) is the Abrikosov constant (Kleiner 
et al., 1964). Reversible magnetisation measurements similar 
to those shown in Figure B3.16 can be used to obtain values 
for κ and /C2 ( )dB T dT , from which the slopes /C ( )dB T dT  and 

/C1 ( )dB T dT  can be calculated. For high κ materials such as 

FIGURE B3.16  The magnetisation of bulk PbMo6S8 as a func-
tion of field at different temperatures. From the reversible data, 
one can use Ginzburg–Landau theory to calculate the Ginzburg–
Landau parameter and the upper critical field (Zheng et al., 1995; 
Niu et al., 2002).

FIGURE B3.15  The anisotropy of the upper critical field of SnMo6S8 
at 4.2 K (Decroux et al., 1978). The angle is measured between the ter-
nary axis and the magnetic field.

BK-TandF-CARDWELL_9781439817322-200435-Chp21.indd   12 28/01/21   12:18 PM



13Chevrel Phases

the Chevrel phase superconductors, it is best not to calculate 
the critical fields at low temperatures using the G–L relations 
directly, since G–L theory is strictly only valid close to CT . 
In order to calculate 0C2 ( )B , the WHH relation can be used 
where:

	 0 0.72
2B T dB

dT
( ) = −C C

C

TC

	 (B3.3)

0C ( )B  can be calculated using the BCS expression

	 1.74 0 1B T B T
T

( ) ( )= −



C C

C
	 (B3.4)

and 0C1 ( )B  can be calculated using the Gorter–Casimir 
(Gorter and Casimir, 1934) two-fluid empirical relation:
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Note that this approach does mean that the G–L relations do 
not hold at low temperatures (Zheng et al., 1995) – for exam-
ple 0 / 2 0C2 0 G L

2( ) ( )≠ ϕ πξ −B . However, more reliable values for 
the critical fields are found at low temperatures using this 
procedure. The critical parameters for PbMo6S8 are shown 
in Table B3.3. The penetration depth has been measured in 
SnMo6S8-xSex and PbMo6S8-xSex (Birrer et al., 1993) using both 
magnetic and muon measurements and reasonably good 
agreement found.

B3.8.4  Irreversibility Field

The concept of the irreversibility field ( IRRB ) is well docu-
mented in the literature both in the high-temperature and 
low-temperature superconductors (Rossel et al., 1991; Youwen 
and Suenaga, 1991). IRRB  is the magnetic field (below C2B ) at 
which the critical current density falls to zero. An important 
experimental problem is that measurements can only deter-
mine the field at which CJ  drops below a minimum detection 
level. For practical purposes, a number of techniques are used, 
although the best procedure to measure IRRB  has not been gen-
erally agreed.

Vibrating sample magnetometry (VSM) can determine the 
field which delineates the hysteretic and reversible magnetic 
properties of a material and hence IRRB  directly (Cave, 1998). 
Such measurements have been performed on PbMo6S8. In bulk 
PbMo6S8, it was found that 63 1 /IRR C

1.46( )= −B T T  (Zheng et al., 

1995). A similar power law has been observed in single crys-
tals (Rossel et al., 1991) and derived theoretically using a ther-
mally activated flux-creep model (Yeshurun and Malozemoff, 
1988). Measurements have also been completed on (Pb1-xGdx)
Mo6S8 that demonstrate IRRB  decreased with increased Gd 
content (Zheng and Hampshire, 1997). However, one should 
be very careful interpreting such data, since the hysteresis in 
magnetisation found in VSM measurements can only be sim-
ply related to CJ  using Bean’s model (Bean, 1962) if the field 
applied to the sample is uniform (c.f. Figures B3.17 and B3.18). 
Consider a typical material in which CJ  reduces as the applied 
magnetic field increases and approaches c2B . In general, the 
hysteresis collapses to zero when the variation in applied field 

TABLE B3.3  The Values of the Fundamental Superconducting 
Parameters of PbMo6S8 Derived from Reversible Magnetisation Data 
(Zheng et al., 1995)a.

CT κ 0C2 ( )B 0C1 ( )B 0C ( )B 0GL ( )λ 0GL ( )ξ

13.7 K 130 56 T 6.4 mT 250 mT 230 nm 2.0 nm
a	The h, k and l values are provided for the hexagonal structure.

FIGURE B3.17  The magnetisation of bulk PbMo6S8 as a function 
of field at different temperatures (Niu et al., 2002). From the magni-
tude of the hysteresis, one can calculate the critical current density 
using Bean’s model (Bean, 1962).

FIGURE B3.18  The critical current density of bulk PbMo6S8 as a 
function of field at different temperatures calculated using the data 
from the magnetisation data in Figure B3.17 and Bean’s critical state 
model (Niu et al., 2002).
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the sample experiences while oscillating is equal to the self-
field of the sample and not when CJ  is zero. For example in 
Figure B3.16, although the hysteresis falls dramatically at 12.8 K 
when the applied field reaches 0.5 T, it is associated with the 
inhomogeneity of the applied field and not related to IRRB  at all 
(Daniel and Hampshire, 2000). In such cases, any compari-
son of such field values with theoretical calculations of IRRB  
is compromised, although one can say that the comparisons 
are useful to assess practical limits for high-field applications.

Flux penetration measurements and transport measure-
ments offer alternative means to measure the critical current 
density (Ramsbottom and Hampshire, 1999). A type of irre-
versibility field can be determined by extrapolating the func-
tional form of CJ  to zero using a Kramer extrapolation (Kramer, 
1973). In PbMo6S8, the irreversibility field has been improved 
from ~22 T up to nearly 40 T at 4.2 K by fabricating the mate-
rial using hot isostatic pressing (Ramsbottom and Hampshire, 
1997). IRRB  values of 35.4 T at 4.2 K have been achieved in high 

CJ  (Pb,Sn)Mo6S8 wires (Cheggour et al., 1998). Standard resis-
tance or susceptibility measurements can also be used to deter-
mine IRRB  (Nakamura et al., 1997). However, values obtained 
using different techniques can differ markedly. For example, 
increasing the Gd content in (Pb,Gd)Mo6S8 increases the irre-
versibility field in high fields measured using the onset of the 
resistive transition but shows a decrease using the onset of the 
susceptibility transition (Ramsbottom and Hampshire, 1999).

B3.8.5  Pinning Energy

The apparent pinning energy (U*) of PbMo6S8 has been mea-
sured using the decay of the magnetisation in time (Zheng et 
al., 1995). U* is calculated to vary from about 40 meV at 2 T 
to 15 meV at 12 T at 4.2 K. These values are about double the 
equivalent values found in YBa2Cu3O7 and four times that 
of Tl2Ba2Ca2Cu3010 at low fields. Activation energies derived 
from Arrhenius plots of resistivity give 130 meV at 9 T for 
PbMo6S8 and 186 meV at 9 T and 4.2 K for SnMo6S8 (Gupta 
et al., 1994). Comparisons between equivalent measurement 
techniques suggest that the effect of ‘flux creep’ is more pro-
nounced in PbMo6S8 than in NbTi but less than that in high-
temperature superconductors.

B3.8.6  Microwave Surface Resistance

Very few microwave measurements have been completed 
on Chevrel phase superconductors. For a superconducting 
Cu2Mo6S8 thin film, a surface resistance of 4.5 mΩ at 10 GHz 
and 4.2 K has been obtained (Lemee et al., 1998).

B3.8.7 � Critical Current Versus Field and 
Temperature

The mechanism that determines the critical current den-
sity has long been a topic of theoretical and experimental 
research. CJ  is determined both by the intrinsic fundamental 

superconducting properties and by the extrinsic metallurgi-
cal and microstructural factors such as the grain size of the 
material. Fietz and Webb (Fietz and Webb, 1967) suggested 
parameterising CJ  through a scaling law for the volume pin-
ning force ( P C= ×F J B). The Chevrel phase materials can be 
described using

	 P C
n( ) ( )( )= × = ∝ −1C2

*
1
2 2F J B B T b b 	 (B3.6)

where C2
* ( )B T  is the effective upper critical field, α and n are 

constants and b is the reduced field ( / C2
* ( )B B T ) (Cheggour 

et al., 1998). The index n is typically between 2 and 3 as found 
in many A15 materials (Keys et al., 1999; Keys and Hampshire, 
2003; Taylor and Hampshire, 2005).

In low fields, the parameter α increases as the grain size 
decreases as is also found in low-temperature superconduc-
tors such as Nb3Sn (Schauer and Schelb, 1981). There are many 
different approaches to modelling the pinning including 
that of Kramer after whom the reduced field dependence is 
named but which is probably not correct in detail (Kramer, 
1973; Hampshire et al., 1985). Other pinning models have also 
been suggested that give the Kramer dependence and empha-
sise the importance of the grain boundaries. As yet, however, 
there is no consensus on the nature of the pinning that causes 
the ubiquitous Kramer dependence (Dew-Hughes, 1974; 
Hampshire and Jones, 1987; Gupta et al., 1994).

In materials optimised for high CJ  in high fields, there is a 
much weaker correlation between CJ  and grain size. For exam-
ple, at 4.2 K in SnMo6S8, CJ  is almost independent of grain size 
at fields above 15 T (Bonney et al., 1995). In PbMo6S8, it has 
been reported that CJ  at 6 T saturates for grain sizes below 
0.3 μm, although it must be noted that these samples are not 
fully dense (Karasik et al., 1985). Kramer found a similar satu-
ration (or peak effect) close to C2B  in many low-temperature 
superconductors (Kramer, 1975; Daniel et al., 1997). The value 
of field at which CJ  extrapolates to zero ( C2

* ( )B T ) is strongly 
correlated with the properties of the grain boundaries rather 
than either intragranular properties or the thermodynamic 
upper critical field (Cattani et al., 1991). Hence for high CJ  
materials, the standard grain boundary description may 
not be appropriate in the high-field (or saturation) regime. 
Whether this is because the efficiency of the grain boundaries 
falls or because a different [pinning (Le Lay et al., 1991; Gupta 
et al., 1994) or non-pinning (Hampshire, 1998)] mechanism 
limits CJ  remains unresolved.

There has long been evidence that during dissipation (above 
CJ ) flux flow in Chevrel phase materials can be localised along 

narrow channels (Herrmann et al., 1992). More recent experi-
mental and (time-dependent Ginzburg–Landau) computa-
tional work has shown that the degradation of some critical 
properties at grain boundaries leads to a Kramer dependence 
for the volume pinning force. In such materials, flux pen-
etrates the interior of a polycrystalline superconductor by 
first flowing along grain boundaries (Carty and Hampshire, 
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2008). This approach has opened the possibility that a general 
description of dissipation in many high-field polycrystalline 
superconductors is flux flow along grain boundaries (Carty 
and Hampshire, 2008, 2013; Sunwong et al., 2013).

The influence of neutron irradiation on CJ  of Chevrel phase 
compounds has been investigated and some limited improve-
ments were found (Rossel and Fischer, 1984). The highest CJ  in 
wires is found in the quaternary (Pb,Sn)Mo6S8 for which at 4.2 K 
and 14 T, CJ  is 7 × 108 A m−2 (Cheggour et al., 1997; Cheggour 
et al., 1998) and at 20 T about 2 × 108 A m−2 (Rimikis et al., 1991). 
Although the Pb-based Chevrel phase material has the highest 
critical field, some Sn is often included in bulk materials. This 
addition improves the homogeneity of the bulk (Selvam et al., 
1995) and the interconnectivity between the grains prob-
ably by suppressing formation of MoS2 (Even-Boudjada et al., 
1999). Further improvements in the grain boundaries are still 
required to increase CJ .

A maximum value of CJ  for PbMo6S8 has been estimated at 
1010 A m−2 at 4.2 K and 20 T using a model which assumes ideal 
arrangement of the pinning sites (Rossel et al., 1991). Flux pen-
etration measurements with small AC fields have found that 

CJ  > 1010 A m−2 at 4.2 K and 5 T at the surface of bulk PbMo6S8 
which demonstrates the potential of this material (Kajiyana 
et al., 1985). Very significant improvements in CJ  have been 
achieved in the upper critical field in Chevrel phase materi-
als (Hampshire and Niu, 2005) by making it nanocrystal-
line which suggest we are far from optimum properties for 
polycrystalline materials. Along with most high-field poly-
crystalline superconductors, CJ  in Chevrel phase materials 
is typically three orders of magnitude lower than its depair-
ing current density (Wang et al., 2017) which leaves open the 
possibility of improvements – for example, following those of 
high-temperature superconductors, by fabricating highly tex-
tured (or single-crystalline) Chevrel phase material (Grant, 
1995) and adding localised artificial pinning sites.

To produce magnetic fields above 25 T using supercon-
ductors alone requires rapid quench detection to protect the 
magnet from burn-out. This usually means that good mag-
net protection requires that the superconductor becomes as 
resistive as possible once it is outside its operating tempera-
ture range and a quench has occurred. Rapid quench detec-
tion is currently a problem for some HTS materials because 
the superconductor does not become resistive until it has been 
heated for a comparatively long time. This may be solved using 
better detection systems (Scurty et al., 2016), but if not, Chevrel 
phase materials may become attractive for quench control in 
magnet systems because of their relatively low- CT  values.

B3.9 � The Magnetic Chevrel Phase 
Superconductors

Very small amounts of magnetic impurities at the parts-
per-million level or paramagnetic ions at the 1 at% level 
are known to destroy the superconducting properties of 
most superconductors. Ginzburg observed that among 

the elements of the periodic table, superconductivity and 
magnetism seem to be mutually exclusive (Ginzburg, 1957) 
although clearly with the development of the Fe pnictide 
superconductors this observation is not generally true for 
complex compounds (Kamihara et al., 2008). Early experi-
mental work investigating superconductors with magnetic 
impurities was compromised by uncertainty over whether or 
not the superconductivity and the ferromagnetism coexisted 
in the same region of the sample. Along with Chevrel phase 
superconductors, there are several other classes of supercon-
ductor that have magnetic ions within the superconduct-
ing unit cell. It is important in surveying this literature to 
distinguish magnetic order within the conducting layer and 
magnetic order produced by say magnetic rare-earth ions 
that hardly overlap with the conduction electrons/holes. 
The structure of magnetic Chevrel phase superconductors 
locates the rare-earth element a relatively large distance 
from the Mo atoms. This leads to a weak overlap between 
the 4d-electrons of the Mo and the 4f-electrons of the rare-
earth element. This is similar to the cuprates where the rare-
earth ions also hardly overlap with the conducting carriers. 
In contrast, the 3d-elements in Chevrel phase materials are 
located close to the Mo6S8 cluster, and the superconductivity 
is destroyed.

Susceptibility measurements show that the ternary mag-
netic superconductors with rare-earth elements have an 
effective Bohr magneton number that is close to the theoreti-
cal values for isolated ions at temperature above about 50 K 
(Johnston and Shelton, 1977; Pellizone et al., 1977). At lower 
temperatures, deviations from the Curie–Weiss law occur 
because of crystal field and magnetic correlation effects. There 
are many similarities in the superconducting and magnetic 
properties of the rare-earth Chevrel phase materials and the 
strongly magnetic nickel–boron–carbide materials (Eisaki 
et al., 1994), the rare earth–rhodium–borides and the cuprates 
because of the potential for the spatial separation of the rare-
earth ions and the superelectrons. However, consider the 
properties of GdMo6S8 shown in Figure B3.19 (Fischer and 
Maple, 1982a) (Ishikawa et al., 1982). The re-entrant resis-
tance is correlated with the antiferromagnetic ordering which 
occurs at 0.82 K as shown by the heat capacity measurements 
and neutron scattering measurements (Majkrzak et al., 1979; 
Thomlinson et al., 1981). The nature of the magnetic order-
ing is dependent on the particular rare-earth element in the 
compound and can be antiferromagnetic, ferromagnetic or 
oscillatory. For example in HoMo6S8, tunnelling spectroscopy 
suggests that superconductivity coexists with ferromagne-
tism (Morales et al., 1996). In high fields, so called re-entrant 
superconductivity can occur in some systems (Hampshire, 
2001). It has been suggested that in high fields, the applied 
external field compensates for the negative exchange interac-
tion between the rare-earth ion and the conduction electrons 
so that the material becomes superconducting (Jaccarino and 
Peter, 1962) in a limited part of B–T phase space. The degree 
to which ordering of the ions is exchange driven (Blount and 
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Varma, 1979) and driven by dipolar interactions (Hampshire, 
2001) is still open to discussion.

The range of phenomena of the rare-earth Chevrel phase 
superconductors continues to fascinate the scientific commu-
nity. The complexity arises because in order to understand the 
properties of these materials we must understand how magne-
tism and superconductivity operate at the atomic level.

B3.10  Concluding Comments

Since their discovery in 1971, Chevrel phase materials have been 
of interest to the whole superconductivity community from 
engineers, who want to make high-field magnets, to physicists, 
who want to understand the microscopic mechanism that causes 
superconductivity, magnetism and coexistence of the two. 
Interest in these materials inevitably waned with the discovery of 
the high-temperature cuprate superconductors. Massive interest 
in HTS materials was driven by the possibility of discovering a 
new mechanism producing superconductivity and the potential 
for new applications operating at liquid nitrogen temperatures. 
Related driving forces are now increasing the research activ-
ity into Chevrel phase superconductors. Fundamental interest 
arises because these materials may offer a model (almost) cubic 
system in which to address non-BCS superconductivity without 
the strong anisotropy or layering present in the HTS materials. 
Furthermore Chevrel phase superconductors have interesting 
fundamental properties that are intermediate between the HTS 
and LTS materials. Technological interest arises because of the 
high values of C2B  in these materials and improvements in cryo-
cooler technology, which facilitates operating very high-field 
magnets at ~ 4 K (Watanabe et al., 1998). Indeed if CJ  in the wires 
of these materials can be improved by say a factor of ~ 8, it will 
open the possibility of using them in the next generation of high-
field magnet systems operating in fields significantly above 25 T.
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Further Reading

There is a very good volume of review articles dedicated to Ted 
Geballe for his 95th birthday – Physica C:514 1 – 444 July 2015 
edited by J E Hirsch, M B Maple and F Marsiglio (Hirsch et al., 
2015b). Relevant articles include:

J. E. Hirsch, M. B. Maple, and F. Marsiglio, 2015. Superconducting 
materials classes: Introduction and overview, Physica C: 
Superconductivity vol. 514, pp. 1−8 (Hirsch et al., 2015a). 
An interesting approach to classifying many of the mate-
rials that appear on the Uemura plot.

Pena O, 2015. Chevrel phases: Past, present and future, Physica 
C – Superconductivity and Its Applications, 514, 95−112. 
DOI: 10.1016/j.physc.2015.02.019. An excellent review of 
the superconductivity properties of Chevrel phase mate-
rials (Pena, 2015).

C. T. Wolowiec, B. D. White, and M. B. Maple, 2015. 
Conventional magnetic superconductors, Physica C: 

FIGURE B3.19  Selected properties of the magnetic rare-earth 
compound GdMo6S8 (Ishikawa et al., 1982).
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Superconductivity, vol. 514, pp. 113−129 (Wolowiec et al., 
2015). An interesting review of conventional magnetic 
superconductors that is focussed on rhodium borides, 
Chevrel phases and nickel-borocarbides.

K. Shimizu, 2015. Superconductivity from insulating elements 
under high pressure, Physica C: Superconductivity, 
vol. 514, pp. 46−49 (Shimizu, 2015). Hamlin, J J 2015. 
Superconductivity in the metallic elements under pres-
sure, 514, 59−76. (Hamlin, 2015) A pair of interesting 
reviews that focus on elements that show a substantial 
increase in critical temeprature with pressure.

W. Chu, P. C. Canfield, R. C. Dynes, Z. Fisk, B. Batlogg, G. 
Deutscher, et al. 2015. Epilogue: Superconducting mate-
rials past, present and future, Physica C, vol. 514, pp. 
437−443 (Chu et al., 2015). Some interesting discussions 
about future materials.

King R B, 1999. Chemical structure and superconductivity, 
Journal of Chemical Information and Computer Science, 
vol. 39, pp. 180−191 (King, 1999). An excellent review of 
structure and superconductivity in Chevrel phase mate-
rials and lanthanide rhodium borides.

Also:

Perrin A and Perrin C, 2012 The molybdenum and rhenium 
octahedral cluster chalcohalides in solid state chemis-
try: from condensed to discrete cluster units, Comptes 
Rendus Chimie, 15, 8125−836. An excellent and detailed 
review of the solid state chemistry of these materials 
(Perrin and Perrin, 2012).

King R B, 1999. Chemical structure and superconductivity. 
Journal of chemical information and computer science, 
39, 180−191. An excellent review of chemical structure in 
superconducting materials (King, 1999).

Evetts J, 1992. Concise Encyclopaedia of Magnetic and 
Superconducting Materials. (Pergamon Press UK). A 
series of compact, introductory articles predominantly 
on the science and technology of magnetic and super-
conducting materials (Evetts, 1992).

PenaO Sergent M, 1989. Rare earth based Chevrel phases 
REMo6X8: Crystal growth, physical and superconduct-
ing properties, Progress in Solid State Chemistry, 19, 
165−281. A very interesting comprehensive review of 
single crystal growth and properties. Great detail is pro-
vided about the chemistry and materials science of rare 
earth materials (Peña and Sergent, 1989).

Fischer Ø and Maple M B, 1982, Superconductivity in Ternary 
Compounds Vol.I – Structural, Electronic and Lattice 
Properties and Vol II – Superconductivity and Magnetism 
(Springer-Verlag Berlin Heidelberg). These two volume 
texts were written by many of the individual research-
ers involved in the intensive research of the seventies. 
The texts include an excellent compendium of many of 
the material properties for Chevrel phase superconduc-
tors – rather than extend our reference list consider-
ably we have quoted these texts as a source rather cite 

the several hundred papers quoted therein (Fischer and 
Maple, 1982a, b).

Fischer Ø, 1978. Chevrel phases: Superconducting and nor-
mal state properties, Applied Physics, 16, 1−28. Excellent 
older review of the properties of Chevrel phase super-
conductors (Fischer, 1978).
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