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We have grown single crystals of the Chevrel-phase compounds Cu;sMoeSs, Cuj;2:MogSs,
PbMoeSs, BaMo0eSs, and SnMoeSs. Vibrational Raman spectra of these crystals were obtained to
determine energies and symmetries of zone-center phonons. Where they overlap, these measured en-
ergies are in agreement with tunnel-junction-measured phonon energies. Covering a higher and wid-
er range of frequencies, the Raman data are complementary to the tunneling data. The energies of
the Raman-active phonons are roughly independent of the particular metal atom in the compound.

I. INTRODUCTION

The Chevrel-phase compounds are ternary molybde-
num chalcogenides, with compositions 4,MogCg, where
A is a metal or rare-earth ion and C is a chalcogen (S, Se,
or Te).'"? These materials have received considerable at-
tention in the last 15 years because of the high values
displayed by some of the compounds for the supercon-
ducting transition temperature 7. and the upper critical
field H.;. The superconducting behavior varies consider-
ably for different atoms A. The electronic and the pho-
non structure of the compounds determine the supercon-
ducting properties.

Much progress has been made towards understanding
the electronic band structure of the Chevrel phases.’™>
The band structure is dominated by effects of the cluster
structure of the compounds. The Mo¢Cy clusters are also
thought to play a very important role in determining the
lattice dynamics of the Chevrel-phase compounds. A
molecular-crystal model has been proposed.® It states
that the normal modes of the unit cell fall into two
categories: the “internal”’ modes, involving only relative
motions of the atoms within the cluster, and ‘“‘external”
modes, involving motions of the quasirigid cluster and the
metal atoms. Heat-capacity,7'8 neutron scattering,"’g’10
and Méssbauer!!"!? measurements are consistent with this
model. Arguments by Bader and Sinha!® indicate that al-
though the molecular-crystal model is not correct in a
rigorous sense, it is useful for gaining insight into the lat-
tice dynamics.

With the exception of Cu;MoeSs and MogSeg acoustic
phonon dispersion data,'® the available neutron scattering
data describe only the phonon density of states. Super-
conducting tunneling measurements have been pub-
lished,'* !> which include phonon structure information.
These data indicate the positions of the lower energy
peaks weighted by the electron-phonon interaction in the
phonon density of states and are in good agreement with
the neutron data. No results have been reported on the
characteristics of individual optical phonons.

In this paper we report the growth of single crystals of
the superconducting Chevrel-phase compounds PbMo¢Ss,
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SnMoeSe, Cuj gMogSg, and Cu; ;MogSg, and the nonsu-
perconducting BaMogSg. We have obtained the vibration-
al Raman spectra of these crystals to determine the ener-
gies and symmetries of zone-center phonons.

II. STRUCTURE AND SYMMETRY

The sulfur Chevrel-phase structure is best described as
being built by the stacking of Mo¢Sg blocks. These clus-
ters consist of sulfur structures which are nearly cubic,
surrounding Mo octahedra. The clusters are arranged on
a rhombohedral lattice and are twisted by about 27°
around the ternary axis. The metal atoms A, of
AxMoeSg go into the roughly cubic cavities formed be-
tween the clusters.

At room temperature, the standard ‘large atom”
Chevrel-phase structure, AMo¢Sg (one metal atom per
unit cell), belongs to the R3 space group. A factor group
analysis reveals that only half of the 42 zone-center opti-
cal modes are Raman active. The Raman active modes
consists of seven doubly degenerate E, and seven A,
modes. Table I lists the atoms of the unit cell by their
site symmetry and their contributions to the Raman active
optical modes.

The metal atom is not involved in any Raman active
modes because of its location at a center of inversion sym-
metry. The sulfur atoms on the ternary axis, referred to
as the axial sulfur atoms, have site symmetry C;. Corre-
lation techniques reveal that the axial S atoms move only
along the ternary axis in 4, modes and only in directions
normal to the ternary axis in E, modes. The remaining
sulfur atoms and the molybdenum atoms contribute to
both the E; and 4, modes and it is impossible to identify
the eigenvectors from a simple group theoretical analysis.

In the Chevrel-phase compounds like Cu; gMogSs, the
metal atoms are displaced from the inversion center, so
modes involving motions of these atoms may be Raman
active. Moreover, the number of metal atoms per unit
cell in these “small atom”? compounds varies throughout
the lattice. This breaking of translational symmetry
might activate phonons throughout the Brillouin zone; no
such effect, however, was observed by us.
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TABLE 1. Atoms of the rhombohedral unit cell listed by site
symmetry. Axial sulfur atoms labeled Sy. Nonaxial sulfur
atoms labeled S;. Third column lists the representations of the
Raman active modes.

Raman active modes

Atom Site symmetry Mode symmetry
2S1 C3 Ag + Eg

6S; C 34, +3E;
6Mo C, 3A4;+3E;

M Cii

III. EXPERIMENT

A. Single-crystal growth

The starting materials for the single crystal growth of
PbMO6Sg, BaMO(,Sg, SHMO()SS, CULSMO(,SS, and
Cus ;Mo6Ss were pure polycrystalline slugs of these ma-
terials with masses of about 1.6 g. These slugs were
prepared with Cu, Mo, S, PbS, and SnS powders. Cu
powder rather than the metal sulfide was chosen because
we could not obtain water-free CuS. Details of the poly-
crystalline sample preparation have been reported else-
where.!617

Each of the polycrystalline sample batches was charac-
terized by powder x-ray diffraction. Filtered Cu Ka radia-
tion was used on a Philips diffractometer. No impurity
phases were detected within a detection limit of about 0.1
wt. %.

Single crystals were prepared by using both vapor
growth and melt techniques. For the former, a 1.55 g sin-
tered slug was sealed in a quartz ampule (8 mm i.d., 10
cm length). The ampule was placed in a three-zone fur-
nace. The end of the ampule containing the slug was held
at 1200°C, and the other end was held at 1100°C. After
approximately 100 hours, cubic crystals, about 0.5 mm on
a side, were found at the cool end.

Larger crystals were grown by melting the slugs. We
constructed and used a pressurized induction furnace
similar to that described by Flukiger et al.'® This furnace
has been described elsewhere.!” In a typical crystal grow-
ing experiment, between 1.5 and 5 g of sintered Chevrel-
phase compound were placed in a cylindrical Al,O3
(Coors) or ZrO, (McDanel) crucible. A conical Al,O; or
ZrO, (McDanel) crucible was used as a tight-fitting cap.
The crucibles were sealed with a high-temperature
zirconia-based cement (Aremco). We found that this pro-
cedure was necessary when melting SnMogSs and
PbMoSg to prevent the loss of Sn and Pb. Alumina cru-
cibles were used when the temperature did not go above
1620°C. (Such crucibles react with the cement at higher
temperatures.) Alumina crucibles could also be used
when melting the Cu,Mo¢Sg samples, as these did not
need to be sealed to prevent loss of Cu. All runs above
1620°C requiring sealed crucibles were performed with
zirconia crucibles.

The crucibles were heated in the furnace under 25 atm
of ultrapure argon to 10 or 20°C above the melting point
and then cooled at a rate of 3°C/min to 1500°C. The rf

power was then turned off, resulting in an initial cooling
rate of about 150°C/min. Melting points for the
Cul.gMO(,Sg, Cu3.2M0653, SHMOGSg, BaMO(,Sg, and
PbMogSs were 1735, 1735, 1625, 1665 and 1595°C, re-
spectively (all temperatures +25 °C).

Using this technique, we prepared crystals ranging in
volume from 1 mm? for the SnMoeSs, BaMogSs, and
PbMogSs to as much as 500 mm?® for the Cu, MogSs. The
larger crystals always had cracks, which were probably
the results of stresses during cooling. Uncracked crystals
were limited in size to about 5 mm?3. For the Raman
measurements we required Cu;, sMogSg crystals that were
cubic in shape and about 1 mm on a side. We found that
extended annealing of our melted slugs at 1200°C pro-
duced such crystals by the separation of crystal grains at
cracks and grain boundaries. This technique is much
easier and less destructive than spark cutting.

B. Raman experiments

Raman spectra were excited with 514-nm or 488-nm
light from an argon ion laser. The linearly polarized laser
light was focused on the sample at an angle of incidence
of approximately 70°, close to the pseudo-Brewster’s an-
gle, in order to maximize transmission efficiency. The
laser power was typically less than 200 mW to avoid
damage to the sample surface. The scattered light was
collected along a direction normal to the surface and was
dispersed with a 0.85-m Spex double monochromator in
series with a third monochromator for additional stray
light rejection. The instrumental resolution was (3.5+0.5)
cm~!. The scattered light was analyzed by a low-loss po-
larizing cube and detected by a low dark count photomul-
tiplier tube. Dwell times ran from 40 to 60 sec.

The preferred orientation for light scattering in these
compounds requires the incoming radiation to be incident
on the rhombohedral (111) crystal faces. Natural cleavage
planes in the Chevrels are (100) and (110). To obtain
sufficient optical surface quality the Chevrel crystals must
be polished. We oriented and polished a (111) face of a
Cu gMoeSg crystal. Though such faces are subject to
severe pitting during polishing, there were small areas of
sufficient optical quality for the light scattering experi-
ment. By separately measuring the scattered light, polar-
ized parallel and perpendicular to the incident polariza-
tion, we differentiated modes belonging to the E, and A,
representations. We used unoriented polished crystals of
Cu; 2MoeSs, PbMo¢Ss, and SnMogS; in scattering experi-
ments; E; and A, symmetries were assigned to peaks in
the resulting spectra by looking at the corresponding
peaks in the very similar Cu; §MogSs spectra. As-grown
(100) BaMoeSg faces were used and symmetries assigned
similarly.

IV. RESULTS AND DISCUSSION

The Raman data are shown in Fig. 1 and 2. The ener-
gies and assigned symmetries of the observed peaks are
listed in Table II. The strong similarity of the spectra of
SnMO(,Sg, PbM06Sg, BaMO(,Sg, CullgMO(,Sg, and
Cuj;,Mo06Sg shows that the Raman active phonons are
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FIG. 1. Raman spectra examples for BaMoeSs, Cu; sMosSs,
PbMo6Ss, and SnMoeSg single crystals. The spectra are offset
and scaled.

roughly independent of the particular metal atom in the

compound.
The superconducting transition temperatures of
PbMOGSg, SIIMOsSg, Cul_gMO(,Sg (Ref. 16), and

Cusz ,Mo¢Sg (Ref. 1) are 14.2, 14.2, 10.5 K (transition
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FIG. 2. Raman spectra examples for Cu;,;Mo¢Ss and
Cu 3sMosSs single crystals. The spectra are offset and scaled.

widths +£0.1 K), and 5 K (uncertainty not listed), respec-
tively. The SnMo¢Sg and PbMog¢Ss have an E, mode at
110 cm~'. The corresponding mode in Cu; gMogSg is at
123 cm . Theoretical arguments'® indicate that phonons
of low frequency are most effective in electron-phonon
coupling and hence more important to superconductivity.
Superconducting tunneling data'*!* show that phonons in
Cu, sMogSs at 123 cm™! participate in electron-phonon
coupling. The lower frequency of the corresponding
mode in SnMoeSg and PbMogSg may be an important fac-
tor contributing to the higher transition temperatures in
these compounds.

We note that our phonon data agree with peaks in the
electron-phonon interaction weighted phonon density of
states identified in the tunneling experiments. The two
groups of data are complementary in that the tunneling

TABLE II. Measured frequencies (cm™') of several Chevrel-phase single crystals. The data shown
were taken from multiple spectra of each compound. “Holes” in the table may be due to unresolved
peaks lying too near to larger peaks. Assigned symmetries, when unambiguous, are listed. Instrumental

resolution: (3.5+0.5) cm~'.

Phonon frequencies (cm 1)

Cu1.8Mo06Ss Cu;.2Mo6Ss SnMoeSs PbMoeSs BaMosSs Symmetry
85
123 110 110 108 E,
140 131 130 125
144 145 145 143 150 E,
190 195 185 180 193 Ag
205 205 220
247 237 242 236 A,
250
260 268 262 260 265 E,
305 300 285 282 290 Ag
321 305 360 360 360 E,
395 380 378 E,
405 392 405 405
415 442
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peaks are all at energies below 26.5 meV while the Raman
peaks extend from 13.5 to about 60 meV.

BaMoeSs has a well-established low-temperature lattice
transformation which prevents superconductivity.?®?!
This is attributed to a Jahn-Teller instability with partial
gapping at the Fermi surface.” The compound does
display superconductivity under high pressure.’”> The Ra-
man data show a set of zone-center phonon frequencies
which are very similar to those in the other Chevrel com-
pounds measured. The BaMogSg spectra, however,
display a very different pattern of line intensities which we
have not been able to explain.

X-ray data’® show that in the Cu,Mo¢Ss system the
molybdenum octahedra shrink and the sulfur cubes ex-
pand as the copper concentration increases. The most ob-
vious difference between the Cu; gMo¢Sg and Cus ,MogSg
spectra is the softening of the 405 cm~! mode as x goes

from 1.8 to 3.2. Such softening suggests that this mode
primarily involves motion of the sulfur atoms, since the
“force constants” between the sulfur atoms are likely to
decrease as the sulfur cubes expand, whereas the “force
constants” between the molybdenum atoms should in-
crease as the octahedra shrink.
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