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the heavier elements of relativistic effects which
we have ignored and which are known to be sig-
nificant in these metals. ' Furthermore, one
would expect band-structure effects to be rela-
tively more important in the case of Cs. Finally,
as a general observation we note that the calcu-
lated Knight shift is very nearly a linear function
of the nuclear charge Z. To the extent that the
experimental values follow this trend it appears
that the Knight shift in simple metals is essen-
tially a local property characteristic of a single
ion screened by an electron gas.

In conclusion, we have demonstrated an effec-
tive method of calculating Knight shifts in simple
metals using a linear-response formulation of
density functional theory. It should be empha-
sized that the main virtue of this approach is that,
by treating core and valence states in the same
way, one can avoid the ambiguous choice of pa-
rameters that tends to plague the pseudopotential
approach. It also indicates the rather delicate
interplay of various important effects, such as
core polarization and achieving self-consistency
for both the charge and spin densities.
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Results of ab initio self-consistent linear muffin-tin orbital energy-band studies for
EuMo6S8, GdMo688, SnMo6S» and SnMo6Ses including all electrons in all 15 atoms/unit
cell are reported. The large charge transfer from both the Eu, Gd, and Sn sites and
from the Mo sites to the chalcogens is shown to be the driving mechanism with which to
explain their unusual magnetic and superconducting properties.

The unusual magnetic and superconducting
properties of the ternary molydenum ehalcogen-
ides have attracted a great amount of experimen-

tal and theoretical interest. ' These Chevrel-
phase compounds, with general formula M„Mo,S,
(or Se,) and x between 1 and 4, occur for a large
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number of metals M including the rare earths.
The numerous experimental observations per-
formed on these materials have far outstripped
theoretical understanding and have generated
many unsolved questions. One area of particular
interest concerns the unusual behavior of rare-
earth (RE) magnetic moments on the supercon-
ductivity of these compounds': Contrary to ob-
servations on all other materials and the theory
of Abrikosov and Gor'kov, ' the superconducting
T, is only weakly depressed (if at all) by the mag-
netic moment through the pair-breaking effect of
the exchange interaction. All the 1V1„Mo,S, (or
M„Mo,Se,), with the exception of Ce and Eu, are
superconducting —some with relatively high
T, 's.' The results for the system Sny 2(y )Eu, -
Mo, »S, are particularly illustrative. As x in-
creases to about 0.5, T, is hardly changed' with
the depression occurring abruptly only at very
high concentrations. The strength of the depair-
ing interaction studied by "'Eu Mossbauer exper-
iments' ' shows (1) a divalent Eu isomer shift
(and hence a large magnetic moment of 7p~) typi-
cal for Eu" in an ionic compound without conduc-
tion-electron contributions and (2) a spin-lattice
relaxation rate which yields the product of the
exchange coupling and density of states

~
V'N(EF)~

to be roughly one order of magnitude smaller' '
than that measured in binary superconductors
like Eu in LaAl, .

From the theoretical side, few, even simpli-
fied non-self-consistent, energy band studies
have been performed mostly because the com-
plexity of the Chevrel phase's crystal structure—15 atoms per unit cell—make such calculations
difficult. For this reason early pioneering model
calculations were carried out non-self-consis-
tently' "to give important qualitative understand-
ing of these materials. This Letter presents re-
sults of the first ab initio self-consistent linear
muffin-tin orbital (LMTO) band studies of SnMo, S„
SnMo, Se„EuMo,S„and GdMo, S, including all
electrons in all 15 atoms in the unit cell. Super-
conductivity is found to be due to the high Mo d-
band density of states (DOS) at E„resulting from
the unusual large charge transfer of Mo electrons
to the chalcogens. There is also a large charge
transfer from the M site to the cluster and this
gives Eu and Gd essentially no occupied conduc-
tion bands and Eu a typically divalent isomer
shift in agreement with experiment. The Eu and
Gd conduction-electron DOS and hence

~
f'N(E~)~

are reduced by an order of magnitude from its
metallic-state value. This results in a very weak

coupling of the 4f electrons to the conduction
electrons and hence only a very weak Ruderman-
Kittel-Kasuya- Yosida (RKKY) interaction leaving
the dominant magnetic interaction to be the weak
dipole-dipole interaction as surmised by. Redi
and Anderson. "

In all our Chevrel-phase calculations, the crys-
tal-structure data of Marezio et al. ' on PbMo, S,
was used for the arrangement of the atoms with-
out distortion of the Mo octahedron, with a rhom-
bohedral angle of 90' and the actual lattice param-
.eters of the different compounds. Further, if
one considers spherically symmetric potentials
around each site, this leaves only four types of
atoms in the structure, whereas including the dis-
tortion would make most of the 15 atoms per cell
inequivalent. In this simplified structure there
is one Sn site, six equivalent Mo sites, but two
types of S sites. The S atoms along the diagonal
(around which the smaller Mo, S, cube is tilted in
the unit-cell cube) have different surroundings
(and potential) than the other six S atoms. The
band calculations were performed with use of the
LMTO method"' " and the Hedin-Lundqvist treat-
ment of exchange and correlation. The charge
densities from the core states as well as from
partly occupied f states were recalculated in
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FIG. 1. Total DOS (in states/cell-Ry-spin) for
EuMo&S8 including a - 7-mRy Gaussian broadening
function. The Fermi energy falls on the peak of 0.405
By.

179



VOLUME 44, NUMBER 3 PHYSICAL REVIEW LETTERS 21 JANUARY 1980

each iteration by using the actual MT potential.
The sharp structure in the total DOS shown in

Fig. 1 for EuMo, S, arises from the very flat na-
ture of the energy-band structure. [Very similar
results were also found for the other compounds. ]
The DOS shown was calculated from the band
structure fixed by Fourier series and found to
agree very well with a direct 41-k-point histo-
gram calculation. Because of the limited num-
ber of k points used, only the main features
should be taken seriously. The flat bands yield
low electron velocities at E„and thus an unusual-
ly high contribution to the upper critical field
from orbital effects, H„*(0); they also explain
why a molecular-cluster approach with its result-
ing discrete eigenvalues is not so poor a first
approximation. " There is a distinct gap in the
DOS just above EF which falls in the middle of
the Mo d bands and a smaller band gap between
the Mo d. and S p states as was also inferred or
seen in the earlier calculations. ' " In the "di-
valent" Sn and Eu compounds, EF falls just two
electrons below the middle of the bonding-anti-
bonding "gap" of the metal d states. (This ex-
plains why the ternaries Mo, Re~S„which have
two more electrons per cluster, are semiconduc-
tors. ') The additional electron contributed by Gd,

in GdMo, S„raises EF by one electron towards
the gap and results in a. reduced K(EF), as shown

in Table I.
The considerable structure in the total DOS,

particularly around EF, arises from the Mo 4d

electrons. Usually for Mo compounds, the d
bands are occupied up to the "gap" region where
the DOS is low, but in the Chevrel compounds a
la.rge charge transfer from Mo to S (about one
electron per Mo atom) was found to occur and EF
falls in a high-DOS region below the "gap". A

partial DOS calculation (cf. Table I) shows that
there is a high 4d DOS at E F which is favorable
for superconductivity. Indeed, the DOS per tran-
sition-metal atom at E F in the divalent systems
is about 75% of that for the best superconducting
A. 15 compounds. " Fradin et al." showed that the
electron-phonon coupling parameter g is propor-
tional to N(EF ) in a number of Chevrel compounds;
the results of Table I follow the observed trend
in T, for the superconductors. Estimates of x
and g (the electronic part of x) made using the
band results in the rigid-ion approximation" and

strong-coupling theory" are shown in Table I.
As expected from the above, the dominant con-
tribution to q comes from the Mo d band (60%%uo

from p-d and 30%%u& from d-f scattering) with only

TABLE I. Partial and total density-of-state va1ues at the Fermi energy
(with 8-mRy resolution) for the different compounds in states per cell per
Rydberg along with calculated q and experimental T, values.

Density of States (per Ry-cell)
s P d f total g (eV/A ) T,(expt)

SnMo6S8
Sn
Moe

S6

S2

SnMo6Se8
Sn
Mo6
Se6
Se2

GdMo 688
Gd

Moe

S,
S~

EuMoeS8
Eu
Mo6

S,
S~

1.0
0.9
0.6
0.07

0.7
0.7
0.6
0.05

0.11
0.7
0 4
0.03

0.08
0.9
0.7
0.3

1.3
5.8

14.5
2.4

1.8
5.3

14.3
3.1

0.2
4.2

10.2
1.3

0.3
4.0

10.6
3.5

0.4
114.2
13.3
3.1

0.5
102.4
10.7
2.5

1.3
83.1
9.9
2.8

0.6
93.4
10.1
2.5

0.2
4 9
6.1
1.9

0.2
4 7
5.6
2.0

3.7
4.6
1.3

3.8
5.1
2.0

171

124

141

3.7

3.4

2.7

2.7

14.2

6.8

1.4
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small contributions from the 1Vi and chalcogen
sites. [The f DOS given in Table I, calculated as
a tail contribution, gives reasonably good results
for non-f -electron elements. For Gd and Eu
which have their f charge treated as a core state,
the tail analysis does not give good values for the

f DOS and hence those values are not given. ] The
trend in q also follows the observed trend in T,
as expected if the phonon spectra in the different
compounds are similar. Our calculated g values
are twice that of Andersen, Klose, and Nohl. "
Estimates of x, with use of the site-decomposed
(ur') phonon data of Bader and Sinha" for the Sn

compounds, give the correct relative trend for
the T, 's but the wrong magnitude (too small by a
factor of 2-3). About 90%%up of the total contribu-
tion to X comes from the Mo sites. Although
clearly questionable, if one assumes the approx-
imate validity of the theory"" for such complex
systems as the Chevrel ternaries, agreement
with experimental T, 's would be obtained if one
further assumes the existence of low-frequency
modes, such as the breathing and rocking modes
proposed earlier. ""The much reduced T, val-
ues for the trivalent rare earths compared with
those for the Sn (and Pb) and the divalent Yb com-
pounds [T,(YbMo, S,) = 9.1 K] is seen as a natural
consequence of the reduced N(E ~), both total and
Mo 4d, seen for Gd in Table I.

The observed isolation of the rare-earth mag-
netic moments is clearly understood from the
partial DOS in Table I. The extremely low DOS
conduction-electron contributions in Eu and Gd
arise mostly from the tails of wave functions
penetrating their atomic spheres from neighbor-
ing sites; the conduction-band states (6s-p, 5d)
lie well above EF in both divalent Eu and trivalent
Gd atoms. The resulting DOS contribution at EF
is between one and two orders of magnitude small-
er than in their metallic counterparts and leads
to the observed decrease in the measured''
~
&N(E~)~. The calculated direct exchange contri-

bution to the total exchange interaction, V', be-
tween the Eu 4f and the 6s-p, 5d conduction-elec-
tron wave functions at EF gives a value in close
agreement with earlier reported results for the
metallic state. The very low conduction-elec-
tron DOS for Eu also agrees with the observed
Mossbauer Eu" isomer shift. '

One remaining puzzle, in view of the weak mag-
netic interaction, is the lack of superconductivity
in Eu„Mo,S,. As seen in Table I, its DOS at EF is
large, as is its g value. At the present time, we
do not know whether this apparently anomalous

behavior indicates the possible importance of
magnetic correlations or other many-body ef-
fects including valence fluctuations. One possibly
important feature still missing within the band
model used here is the effect of spin polarization.
In view of the larger N(E~) at the S, sites, as
well as at the Mo sites, in Eu relative to the Gd
compound (cf. Table I) spin-polarized band calcu-
lations within local-spin-density-functional theo-
ry may well reveal a resultingly greater RKKY
interaction path for EuMo, S, and hence a corre-
spondingly greater spin polarization at the Mo
sites. Work on this problem has been initiated.
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Two successive phase separations can exist for an electron-hole system in a semi-
conductor having isoelectronic impurities within a certain density range: One is be-
tween bound excitons and a hole plasma with electrons pinned on the impurities, and the
other one is between this hole plasma and the usual electron-hole plasma.

For some time, it has been speculated that the
electron-hole (e-h) system in pure Ge could ex-
hibit two critical points, one between a high-
density and a low-density e-h plasma and one be-
tween the low-density e -h plasma and the exciton
gas, the second one being induced by the Mott
transition. But no experiment could be made sup-
porting the existence of two such bumps in the
e-h phase diagram. "

The purpose of this Letter is to show for the
first time that two critical points can indeed exist
for an e-h system if isoelectronic impurities are
present in the material: When the density of im-
purities n, lies in a certain range, the e-h sys-
tem can undergo two successive phase separa-
tions, while for very low or very large n, , there
exists only one critical point. When the double
phase separation exists, the first transition is
between the usual electron-hole plasma (EHP)
and a hole plasma (HP) with electrons pinned on
the impurities, if the isoelectronic impurities
are acceptorlike, while the second one is between
this hole plasma and excitons.

Several experiments' ' have been done on
GaP:N but up to now, no satisfactory explanation
has been given of the exact role played by the
impurities, when the density of electrons and
holes is large. The physical picture of this
problem, proposed in this Letter, should induce
some more experimental work in order to prove
the reality of these two critical points. In particu-
lar, arguments'4 have been given against the
existence of a hole plasma in GaP:N on the basis
that an electron is too light to be bound alone to

the impurity; we will show that the answer is not
as simple. First, electrons pinned on impurities
polarize the HP and produce an ionic energy
which increases with n; and can stabilize the elec-
trons enough to make the HP finally more stable
than the EHP; second, the HP might not be the
stablest state at T= 0 but still appears at finite
temperature.

In contrast to what happens for doped semicon-
ductors, isoelectronic impurities will keep an
equal amount of electrons and holes in the plas-
ma as for a pure semiconductor. When a host
atom is replaced by a lighter (heavier) one, there
exists a short-range interaction between the im-
purity and the electron hole. For simplicity, we
will consider only acceptorlike impurities. A
bound exciton (BX) can be seen as an electron
localized on the impurity and a hole bound by the
long-range e-h Coulomb interaction. "When the
impurity density n, increases such that the dis-
tance between bound excitons goes below the
Bohr radius, the exciton can no longer exist.
One possibility is that the hole and the electron
leave the impurity and form an EHP; another is
that the e-h bond breaks but the electron stays
localized on the impurity, the state being in that
ca.se the inverse of a metal: a, hole plasma (HP)
with negative ions.

Let us look at the energies of all these possible
states of an e-h system.

(1) The free-exciton (FX) binding energy is E'Fx
= -me'/4h'e' if e and h have the same mass m.
In the presence of an impurity potential, having
a depth Up &0 and a width d„one can find bound


