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The results are reported of measurements of the magnetic susceptibility and of the NMR 
spectra of 95Mo, '19Sn, and 33S in the normal and superconducting states of the compound 
SnMo6S8 which has the Chevrel phase structure. A combined analysis of the results is used to 
separate the contributions made to the magnetic susceptibility and to analyze the nature of the 
electron states near the Fermi level. The possibility of the presence of inequivalent positions of 
the tin atoms in this compound is considered. 

INTRODUCTION 

The compound SnMo6S, belongs to the currently very 
topical class of superconducting ternary molybdenum chal- 
cogenides (TMCs) with the Chevrel phase s t r ~ c t u r e . ' ~ ~  The 
crystal structure of the Chevrel phases is rhombohedra1 (R 3 
symmetry) and can be regarded as consisting of Mo6S8 
blocks with atoms of the third component located in chan- 
nels between these blocks. In the case of SnMo6S8 the rhom- 
bohedral angle a is close to 90" and the tin atoms are located 
at the (0,0,0) positions forming an almost-cubic l a t t i ~ e . ~ , ~  

The temperature of the superconducting transition in 
SnMo6S, reaches 14 K and the derivative of the second criti- 
cal magnetic field near T, is - 37 kOe/K (Ref. 2).  Measure- 
ments of the specific heat have shown that the coefficient y of 
this compound is 84 mJ-mol-'OK-* (Ref. S) ,  indicating 
that the density of states at the Fermi level is high. An esti- 
mate of the density of states can, in principle, be obtained 
also from the magnetic susceptibility X. However, we must 
bear in mind that the susceptibility may include not only the 
Pauli but also other contributions. A correlation between the 
temperature dependences of the Knight shift of 'I9Sn and of 
the magnetic susceptibility of SnMo6S8 is used in Ref. 6 to 
propose the hypothesis that the main contribution to the 
susceptibility of this compound is of the Pauli origin. A de- 
tailed analysis of the contributions made to the magnetic 
susceptibility can be carried out on the basis of a combined 
analysis of the susceptibility data and of the NMR spectra of 

TABLE I. Proverties of investigated samoles. 

the nuclei of the transition element with electron states 
which are assume to make a considerable contribution to the 
density of state N ( 0 )  at the Fermi level. It would be if inter- 
est to carry out also NMR investigations of the nuclei of 
other atoms in this compound in order to identify their role 
in the formation of the density of states at the Fermi level. 
Moreover, such NMR investigations may help in identifying 
features of the structure of this compound. 

We shall report the results of an investigation of the 
magnetic susceptibility, nuclear magnetic resonance, and 
spin-lattice relaxation of the 95Mo, '19Sn, and 33S nuclei in 
SnMo6S8 in the normal and superconducting states. We shall 
discuss the relationship between the results obtained, on the 
one hand, and the electron and structure characteristics of 
the investigated compound, on the other. 

SAMPLES AND INVESTIGATION METHOD 

Samples of ternary tin molybdenum sulfide were pre- 
pared from the three components enriched with the 95Mo, 
'19Sn, and 33S isotopes employing a synthesis technology de- 
scribed in Ref. 5. We used samples A,  B, and C with the 
structure and superconducting characteristics listed in Ta- 
ble I. We also included in Table I the results of an activation 
analysis of the iron content c, in these samples; the influ- 
ence of iron on T, had been investigated in detail earlier.' 
Sample C was prepared from the original sample, with char- 
acteristics similar to those of sample A,  by annealing in a 

Isotopic enrichment I 33s. 85h10. 'I9Sn I I I ~ S I I  I - 

Compound 

Sample 

snn~o,~, 

A I B I C  
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FIG. 1. Temperature dependences of the magnetic susceptibility of 
SnMo,S, characterized by T, = 11.5 K (x,,,,, ), of the magnetic suscepti- 
bility corrected to allow for the concentration of atomic iron in this com- 
pound (x,,, ), and of the Knight shift of 'I9Sn in type A sample. 

hydrogen atmosphere (pH = 760 Torr for 5 h at 
T = 825 + 25 "C). After annealing in this hydrogen atmo- 
sphere the superconducting transition temperature Tc rose 
to 14.1 K, but the width of the superconducting transition 
increased to 0.8 K. 

The samples usually had a small excess of tin, so that the 
x-ray diffractograms included weak lines ofp-Sn. The NMR 
signal of this phase was used as a comparison standard in the 
determination of the 'I9Sn signal obtained for SnMo,S,. 

The NMR experiments were carried out in the tempera- 
ture range 4-300 K using an SXP 4-100 spectrometer made 
by Bruker; they were carried out at frequencies of 2.9, 5.64, 
1 3  MHz (95Mo); 5.64 and 32.5 MHz ('I9Sn), and 5.64 MHz 
(33S) employing an electromagnet and a superconducting 
magnetic system. The spin-lattice relaxation time TI was 
measured by recording the amplitude of the spin echo signal 
when the delay T between the saturating sequence and a pair 
of rf pulses forming the echo was varied. Recovery of the 
magnetization M, (T) was described satisfactorily by the de- 
pendence 1 - exp( - r/TI ) with one characteristic time 
(for r > TI ). The amplitude of the circular component of the 
rf field (HI  ) reached 70 Oe. The NMR spectra of 95Mo, 33S, 
and 'I9Sn were recorded by the method of hf phase detection 
of the spin echo signal followed by its analog integration. 
The signal/noise ratio was increased by repeated recording 
of the spectrum and accumulating the results in the memory 
of an Elektronika D3-28 microcomputer. The shifts of the 
resonance lines of 95Mo, 33S, and 'I9Sn were determined em- 
ploying a tracking NMR gaussmeter and the following val- 
ues of the gyromagnetic ratio: ( y / 2 ~ ) ~ ~ , ,  = 277.4 Hz/Oe, 
( y / 2 ~ ) > ~ ,  = 326.54 Hz/Oe, (y/277) = 1586.9 Hz/Oe. 
The shifts of the lines of the tin and sulfur nuclei were de- 
duced from the positions of the maxima of the absorption 
lines. Components of the Knight shift tensor of 95Mo were 
determined from an analysis of the field dependences of the 
profile of the central transition line ( - tt 4) in accor- 
dance with Ref. 8. Since the quadrupole satellite singulari- 
ties were strongly broadened, only an estimate could be ob- 

tained of the quadrupole coupling constant of 95Mo: 
vQ (SnMo6S,) = 1 15 + 10 kHz. 

The magnetic susceptibility was determined by the Far- 
aday comparison method using an electronic microbalance 
with automatic compensation. The error in the relative val- 
ues ofx did not exceed 0.0 1, whereas the error in the absolute 
value was not more than 0 .05~ .  A molybdenum single crys- 
tal, assumed to have the susceptibility ~ ( 3 0 0  
K )  = 82.5 X lop6 cm3/mol, was used as a reference stan- 
dard. 

EXPERIMENTAL RESULTS 

Figure 1 shows the temperature dependence of x for 
sample A with Tc = 11.8 K in which all three nuclei were 
isotopically enriched. The NMR data for this sample were 
used later to analyze the contributions made to the magnetic 
susceptibility. The absolute value o fx  at room temperature 
obtained by us was slightly higher than that given in Ref. 1. 
The observed increase in the slope of the temperature depen- 
dences below 80 K was due to the presence of a small number 
of impurities in the original molybdenum. We therefore 
found 

Xmeas = X T M C ~  Ximp (1)  

The results of the activation analysis (Table I )  showed 
that the concentration of the ion atoms in this sample was 
approximately 0.017 at.%. Bearing in mind that in this 
range or iron concentrations the impurity has a magnetic 
moment ,uFe = 4,uB (Ref. 9), we can subtract the impurity 
contribution x,,, and thus determine more accurately the 
behavior of the susceptibility of the ternary molybdenum 
chalcogenide xTMC at low temperatures (dashed curve in 
Fig. 1 ). This temperature dependence ofx,,, agreed well, 
within the limits of the experimental error of X, with the 
results of Ref. 10. 

Figure 2 shows the temperature dependences of the 
components of the Knight shift tensor of the95Mo nuclei: the 
isotropic (Kiso ) and anisotropic (K,, ) components are giv- 
en for sample A. The Knight shift data differ from those 
given in Ref. 11, where it is reported that the value 
KMo = 1.55% is temperature-independent. The values of 
( TIT) - ' for 95Mo are plotted as a function of temperature in 
Fig. 3. It is worth noting the reduction in the slopes fof the 
temperature dependences of K,, , Kis0 , and ( T,/T) - ' below 

FIG. 2. Temperature dependences of the isotropic (K, , ,  ) and anisotropic 
(K,, ) components of the Knight shift tensor of 95Mo of a sample of type 
A. 
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FIG. 3. Temperature dependence of ( TIT) - obtained for 95Mo in a sam- 
ple of type A. 

100 K. Such weakening of the temperature dependences ap- 
plies also to the Knight shift of '19Sn (Fig. I ) ,  which is re- 
ported in Ref. 6, and to the value of ( TIT)-' (Fig. 4). The 
Korringa ratio T, TK for '19Sn remains practically constant 
in the range of temperatures corresponding to the existence 
of the normal state. 

The transition to the superconducting state reduces the 
Knight shift of '19Sn from 1.72% ( T  = 14 K )  to 1.35% of 
T = Tc /2 = 6 K. This result indicates a nonzero density of 
states of tin at the Fermi level in the investigated ternary 
molybdenum sulfide. A similar conclusion follows also on 
the role of states of the sulfur atoms. The sulfur nuclei are 
characterized by a negative Knight shift KaJS = - 0.2%. 
The rate of relaxation of 33S in the normal state up to T = 60 
K is proportional to temperature, within the limits of the 
experimental error, and it is given by 
( TIT) -' = 0.038 + 0.005 sec- -K- '. An estimate of the 
Korringa ratio gives ( TITK 2)33, = 1 . 4 ~  sec. K. A fin- 
ite density of the tin sulfur states at the Fermi level is mani- 
fested most clearly in the behavior of the rate of the spin- 
relaxation of the 33S and '19Sn nuclei in the superconducting 
state of the compound. The appearance of an energy gap 
should in this case increase exponentially the spin-lattice re- 
laxation time of the nuclei of those atoms which contribute 
electrons to the formation of Cooper pairs. Figure 5 shows 
the dependence of Tl ( T)/T, ( Tc ) on ( Tc /T) for all three 
investigated nuclei. It is clear from this figure that the ex- 
perimental points are described satisfactorily by an exponen- 

FIG. 4. Temperature dependences of (TIT) -' and K 'TIT obtained for 
'I9Sn in a sample of type A. 

FIG. 5. Dependence of TI ( T)/T, ( T, ) on the relative value of the recipro- 
cal of temperature below T, for a sample of type A: 0 )  95Mo; .) l19Sn; 
A )  "S. 

tial dependence. It follows that the main spin-lattice relaxa- 
tion mechanism of all three types of nuclei is associated with 
the appearance of a superconducting gap. The absence of a 
discontinuity of T1 at the point T = Tc is typical of the spin- 
lattice relaxation processes in superconductors in the 
"dirty" limit. An estimate of the energy gap from these data 
gives 2A/k, Tc ~ 4 . 5 ,  which is close to the value obtained 
from an analysis of the specific heat.5 

Evolution of the NMR spectra of '19Sn due to variation 
of the temperature of samples with different values of T, is 
demonstrated in Fig. 6. The NMR spectra of '19Sn of all 
three samples consist of the following three lines: 

1) the strongest line with the behavior of the Knight 
shift and the spin-lattice relaxation discussed above; 

2) a line with a temperature-independent Knight shift 
K = 0.90 f O.Ol%;on transition to the superconducting 
state the shift of this line decreases to 0.86 + 0.03% at T = 6 

FIG. 6. Spectra of l19Sn obtained for SnMo,S, samples with different 
values of T, at the frequency v = 32.703 MHz. 
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FIG. 7. Temperature dependences of the relative intensity of line 2 ob- 
tained for SnMo,S, samples with different values of T,. 

K, which is considerably less than the corresponding change 
in Knight shift of line 1; 

3) a line with a temperature-independent Knight shift 
K , ,  = 0.72 f 0.01 %, corresponding to metallic 8-Sn. 

Lines 1 and 2 have similar profiles and the same width. 
Moreover, the increase in the line width as a result of cooling 
is the same. The frequency dependence of the line width 
shows the inhomogeneous broadening occurs because of the 
distribution of the Knight shift of the tin nuclei. An addi- 
tional confirmation of the inhomogeneous nature of the 
broadening is the behavior of the spin-lattice relaxation time 
T, of the 'I9Sn nuclei for line 1. At temperatures above 60 K 
the amplitude of the spin echo signal decays exponentially 
with a time constant T2 approaching the spin-lattice relaxa- 
tion time T,. Below 60 K the decay of the echo amplitude 
becomes Gaussian, indicating the appearance of a magnetic 
inequivalence (within the limits of the line width) of the 
nearest tin atoms in the structure of SnMo,S,. The behavior 
of T, for line 2 is qualitatively the same, but the error in the 
time measurements is considerably greater. 

The combined intensity of the first and second lines 
(I, + I,) was determined relative to the intensity of thep-Sn 
line and it was found that it remained constant throughout 
the investigated temperature range within the limits of the 
error ( -0.05). The behavior of the relative intensity of the 
second line I , / ( I ,  + I,) is demonstrated in Fig. 7. It is worth 
noting the parallel shift of the curves representing different 
samples. A redistribution of the line intensities on increase in 
temperature is of the thermally activated type with an acti- 
vation energy E, -- 300 f 50 K. These observations allow us 
to postulate the existence of inequivalent (in the magnetic 
sense) positions of the tin atoms Sn1 and Sn2, and a correla- 
tion of the low-temperature population at the position Sn2 
with the value of Tc. 

DISCUSSION OF RESULTS 

It is known that the magnetic susceptibility of ternary 
molybdenum chalcogenides~,,, can be represented in the 
form of the following contributions: the diamagnetic suscep- 
tibility of the ionic cores x,., the spin susceptibilities of the 
electrons in the d and s bands xd and X, , and the Van Vleck 
susceptibility of the d electrons x,,, : 

The coefficient 2/3 in front o f x  allows for the contribution 
of the Landau diamagnetism to the susceptibility of the s 

electrons. In the case of SnMo,S, we havex,,, = 3 . 6 ~  
cm3/mol (Ref. 12). The other contributions can be separat- 
ed using the data on the magnetic resonance and relaxation 
of the 95Mo nuclei. 

In the tight-binding approximation in the case of the d 
electrons, allowing for the symmetry of the immediate envi- 
ronment C4, of the molybdenum atoms, we find that the 
components of the Knight shift tensor and of ( T, T) & = R 
can be represented similarly in the form of sums of the fol- 
lowing main termsI3: 

where H,, Hd ,  and H,, are the hyperfine fields at the mo- 
lybdenum nuclei created by the spin moment of the electrons 
in the s and d bands, and by the orbital moment of the elec- 
trons from the d band: H, = 2.72 X 10, Oe, H,,, = 0.3 x 10, 
Oe (Ref. 14). The slope of the dependence K,,, (x) gives 
H, = - 2.6X l o w e ,  which is close to that used in Ref. 14 
for metallic molybdenum; N, and N, are the densities of 
states of the Fermi level in the s and d bands. 

The value of R is proportional to the square of the den- 
sity of the states and depends on the ratio of the weights ~ = =;/No) of the d states of different angular symmetries 
at the Fermi level. When an allowance is made for the near- 
est neighbors of the molybdenum atom, the d band can be 
regarded as consisting of four subbands, which are formed 
by the d ,2 (o subband), d,, , d,, (.rr subband), d,, (6, sub- 
band), and d , ~  - ,2 (6, subband) states; the z axis is directed 
along the C4 axis in the local coordinate system linked to the 
molybdenum atom. In this case the coefficients p, q, and r 
allow for the influence of the degree of degeneracy of the 
states in the d band, which can be described as follows: 

We used the above assumptions in estimating the contribu- 
tions made to the magnetic susceptibility of the compound 
SnMo,S,. The various contributions were found by succes- 
sive approximations. We first estimated X, from the rela- 
tionship R ,,,,, = R, . We then used Eqs. (2)  and ( 3 )  for 
selected values of Hd and H,,, and found the orbital and 
spin contributions of the d electrons, and finally obtained a 
more accurate value of the spin susceptibility of the s-band 
electrons using the dependence R (x: ). Table I1 gives the 
results of our separation of the contributions to the magnetic 
susceptibility and the Knight shift at T = 80 K, where the 
impurity contribution  to^,,,, is small. The change in x,,, 
as a result of cooling from 80 K to Tc is slight, so that the 
values given in Table I1 reflect the ratio of the contributions 
also at lower temperatures. The main error in this procedure 
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TABLE 11. Results of separation of contributions to magnetic susceptibility of SnMo,S, sample 
A ( T ,  = 11.5K) at T = 8 0 K .  

I I I 

of separation of the contributions comes from some indeter- 
minacy of the selection of H,,, , the values of which depend 
on the spatial extent of the d orbitals in the compound. The 
field H,,, = 300 kOe is taken from the paper of Narath and 
Alderman14 and it applies to metallic molybdenum. Follow- 
ing Ref. 14, we can assume that the change in H,,, in the 
compound does not exceed a factor of 2 and this determines 
the error in the estimates ofx,,, andx, listed in Table 11. 

The main contribution to the magnetic susceptibility of 
SnMo,S, comes from the spin paramagnetism of the 4d elec- 
trons of molybdenum. The orbital contribution is largely 
compensated by the diamagnetism of the compound, as as- 
sumed in Ref. 6. The result can be regarded as justification 
for the estimates of the density of states in ternary molyb- 
denum chalcogenides based on the measured value of the 
magnetic susceptibility. 

If the density of states is high, then an estimate of N(0) 
from X, must allow for the exchange enhancement: 

where J is the exchange intergral. The exchange integral of 
the Chevrel phases used in Ref. 15 is J = 0.54 eV and it is 
obtained by calculation from metallic molybdenum. An esti- 
mate of the one-particle density obtained using this value of J 
is N(0) = 0.8 + 0.2 eV-' (Mo atom)-'.spinp' and it is in 
satisfactory agreement with an estimate deduced from mea- 
surements of the specific heat allowing for the electron- 
phonon interaction constant of SnMo6S8 (Ref. 5).  

The correlation between the temperature dependences 
of the Knight shift of '19Sn and of the magnetic susceptibility 
and the behavior of the Knight shift of 'I9Sn and of the spin- 
lattice relaxation times of '19Sn and 33S in the superconduct- 
ing state suggests that a nonzero density of the electron 
states of tin and sulfur may exist at the Fermi level. One of 
the possible reasons for this may be hybridization of the elec- 
tron states of molybdenum with the states of tin and sulfur 
near the Fermi level. This is not in conflict with the results of 
calculations of the electron spectrum from first principles.16 
The conclusions reached in the cited papers on the nature of 
states of the sulfur and tin atoms at the Fermi level are in 
qualitative agreement with our results. 

We can estimate the exchange integral J from our val- 
ues of the Korringa ratio for tin and sulfur on the assumption 
that the Knight shift and the spin-lattice relaxation of the 
nuclei are of spin origin. The most probable reason for the 
discrepancy between the experimental and theoretical val- 
ues of the Korringa ratio is the influence of the collective 

electron effects on the Knight shift and on the spin-lattice 
relaxation rate: 

T,TX' = ( 2 n ~ s l ' h k ~  ) 
411HZ 

{ R  [ JN(O) I ) - I .  (8) 

In the case of a free electron gas we have k = 1. An increase 
in the influence of the collective effects reduces k[JN(O) ] 
and increases the observed Korringa ratio. We can estimate 
integral J using the expression for k [JN(O) ] obtained in the 
Ferini-liquid approximation for a near-spherical Fermi sur- 
face.I3 It follows from the data for 'I9Sn that J = 0.45 + 0.07 
eV, whereas the data for 33S give the exchange integral 
J = 0.43 f 0.1 eV, which is close to the value used above for 
metallic molybdenum. These values improve the agreement 
between the estimates of N(0)  deduced from the NMR data 
and those given in Ref. 5. 

We have pointed out above (Fig. 2)  that K,, for 95Mo is 
negative. The negative value of K,, for 95Mo [Eqs. (4)  and 
(6)  ] is possible only when the states in the S subbands at the 
Fermi level dominate the total density of states. The spin- 
lattice relaxation data for the 95Mo nuclei can be used to 
obtain a quantitative estimate of the range of possible values 
of the relative contribution of states of this type of symmetry: 

The presence of the two lines Snl and Sn2 in the spec- 
trum of 'I9Sn may be attributed to the existence of inequiva- 
lent positions of tin in the SnMo6S8 structure. However, one 
of the probable reasons for such inequivalence may be the 
presence of oxygen atoms in the SnMo,S8 compound, as dis- 
cussed in Ref. 17. The structure data are used in Ref. 17 to 
conclude that the inequivalent tin positions may appear be- 
cause of the displacement of the Sn atoms along the C3 axis 
toward the oxygen atoms occupying the sulfur positions S2. 
A correlation between the value of T, and the hexagonal 
parameters of the unit cell of SnMo6S8 containing oxygen is 
also established in Ref. 17. Our results also indicate a corre- 
lation between the intensity of the second line, on the one 
hand, and T, and the structure parameters, on the other 
(Table I) .  However, we cannot exclude another probable 
explanation involving possible structure distortions in the 
SnMo6S, lattice. '8.19 Such distortions may be responsible for 
the observed redistribution of the intensities of the Snl and 
Sn2 lines (Fig. 7).  It should be pointed out that the observed 
thermally activated process differs from the usual chemical 
exchange of tin atoms between different positions, as postu- 
lated in Ref. 6 in connection with an analysis of the narrow- 
ing of line 1 on increase in temperature. Clearly, we are deal- 
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ing here with a thermodynamic-equilibrium (at a given 
temperature) ratio of the populations of tin at two inequiva- 
lent positions. 

The fact that the Knight shift of Sn2 is independent of 
temperature and changes only slightly on transition to the 
superconducting state may indicate that the contribution of 
the tin atoms in this position to the density of states at the 
Fermi level is small. However, the true reason for the ap- 
pearance of the Sn2 line will require further studies of the 
structure. 

CONCLUSIONS 

A combined analysis of the temperature dependences of 
the magnetic susceptibility, of the isotropic Knight shift of 
9sMo, and of the rate of the spin-lattice relaxation of 9sMo in 
the compound SnMo6S, is used to estimate the main contri- 
butions to the susceptibility of this compound. The results 
confirm an earlier hypothesis that the susceptibility is domi- 
nated by the Pauli contribution of the 4d electrons of molyb- 
denum. The orbital and diamagnetic contributions largely 
balance out each other. The Pauli contribution including the 
exchange enhancement is used to estimate the density of 
electron states at the Fermi level in the compound SnMo,S,: 
N(0)  = 0.8 & 0.2 e V  (Mo atom) -'.spin-'. The negative 
sign of the anisotropic shift of 9sMo in this compound sug- 
gests that the greatest contribution to N(0) comes evidently 
from the 4d states of molybdenum with the dxZ - ,z and dx, 
symmetries. The temperature dependences of the spin-lat- 
tice relaxation rate obtained for the 9sMo, '19Sn, and 33S 
nuceli below T, gives 2 A / k ,  T, -4.5, confirming the strong 
binding in the SnMo6S, compound in the superconducting 
state. The NMR spectrum of '19Sn in SnMo6S, has an addi- 
tional line which may be attributed to a further inequivalent 
position of tin. A correlation established between the intensi- 
ty of this line and the value of T, shows that one of the 

possible reasons for the appearance of such an equivalent 
position may be the presence of defects in the structure of the 
investigated compound. 
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