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CusMosSeg has been synthesized by intercalation of Cu into Cu,MogSes at room temperature, and its crystal structure
has been determined. This compound crystallizes in the triclinic space group P1, with a = 6.7609(8) A, b =
6.8122(7) A, ¢ = 7.9355(10) A, o. = 70.739(4)°, B = 72.669(4)°, y = 84.555(5)°, and Z = 1. Instead of residing
in the voids between corners or edges of MogSes clusters as in the classic R3 Chevrel structure, the Cu atoms in
CusMogSeg fully occupy four sites between faces of two adjacent MogSes clusters. Thus, two of the six Mo atoms
in each cluster do not have capping Se atoms from neighboring clusters. This represents a new triclinic structure
type for Chevrel phases. In addition to the synthesis and crystal structure, we present and discuss results from
electronic structure calculations using both extended Hiickel and density functional theory. These calculations predict
CusMosSeg to be metallic. We also report results from Cu intercalation into Chevrel phase sulfides and tellurides.
Preliminary experiments suggest that a telluride analogue of CusMosSes exists.

Introduction variety of guest atom%.The electronic structure of such
materials can be described in a rigid-band framework with
the guest atoms “donating” their valence electrons to
(potentially) fill the conduction bands of M8e; which arise

Chevrel phase materials have been known since1&vd
have been extensively studied as supercondciois more
recently as thermoelectric materidf$. These compounds primarily from Mo d orbitals. In some cases, the filling

conta_un octahedral clusters of six Mo atoms, with eight face- causes a slight distortion of the crystal structure, lowering
capping chalcogen atoms, Q. Chevrel phases are known for,

— S Se and Te. but in this paper. we will restrict our the symmetry of the lattice from rhombohedral to triclinic
Q. Ty o S paper, we . (space grougP1).2 In addition, aliovalent substitutions can
discussion primarily to Chevrel phase selenides. In the classmbe made on the Mo atom and the Se atom sites in the
C;;Jéi'_gg;ieiﬂgpaifugzg?%ﬁ:ccr;uiqgrzegrzo?;?gz dor;)e MoeSe; cluster®” These fillings and substitutions offer means
P & | . Yo of tuning the electronic properties of Chevrel phase com-
about 26 about the 3-fold axis, which allows the Mo atoms Pounds
?hneec?)(;zgfgfacj(tlﬁzferl Fr:u;ferit%l?:riﬁapfri?cbe)lll aTﬁSsaSa:?:ha Due to their versatile compositions and interesting elec-
Mo atom is in square ram?dal cogrdination. o fiv,e Se tronic properties, these compounds have attracted consider-

" by able attention, as noted above. Most Chevrel phase research

atoms. The resulting 3-D framework has channels made up

. . . ; . . has been focused on superconductivity, since these materials
of interconnected cavities which can be filled with a wide P vy

have very high critical field3 However, interest in Chevrel-
*To whom correspondence should be addressed. E-mail: fid3@cornell.edu. phase materials for ther-moelectrlc applications recently has
t Department of Physics, Cornell University. increased.Thermoelectric generators convert heat flow into

* Department of Chemistry and Chemical Biology, Cornell University. electrical currents and are used, for example, to power space
(1) Chevrel, R.; Sergent, M.; Prigent, J. Solid State Chenml971, 3, .
315. probes which are too far from the sun to use solar enérgy.

(2) Topics in Current Physics: Superconduity in Ternary Compounds It is known that good thermoelectric materials should be
I; Fischer, O., Maple, M. B., Eds.; Springer-Verlag: Berlin, 1982.

(3) Caillat, T.; Fleurial, J.-PJ. Phys. Chem. Solids998 59, 1139. (6) Perrin, A.; Sergent, M.; Fischer, Mater. Res. Bull1978 13, 259.
(4) Caillat, T.; Fleurial, J.-P.; Snyder, G.Solid State Sciencd999 1, (7) Perrin, A,; Cheuvrel, R.; Sergent, M.; Fischer,DSolid State Chem.
535. 198Q 33, 43.
(5) Roche, C.; Pecheur, P.; Toussaint, G.; Jenny, A.; Scherrer, H.; Scherrer, (8) Heikes, R. R.; Ure, R. W., JrThermoelectricity: Science and
S.J. Phys.: Condens. Matteir998 10, L333. Engineering Interscience Publishers: New York, London, 1961.
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semiconductors with low lattice thermal conductiitfhe diffraction, quantitative electron microprobe analysis, and
disorder induced by substitution and partial filling of Chevrel single-crystal X-ray diffraction. We determined the composi-
phases has been shown to significantly decrease their thermation of this phase to be GMosSe;. This compound adopts
conductivity? These fillings and cluster core substitutions a new structure type and represents the first example of an
can also be used to tune the electronic properties from extended structure with Chevrel-like N#g; layers that are

metallic to semiconducting, as discussed below. not joined to each other through M&e bonding. The only
The unfilled Chevrel phase MBe; is metallic. However,  interlayer connections are through €8e bonding. This

band-structure calculations on the extended struétties results in two Mo atoms on each cluster having square-planar

well as molecular orbital (MO) calculations on the e Se coordination, while the other four have the usual square

unitl® (vide infra), show that it can be made semiconducting pyramidal coordination. In addition to the synthesis and

by the addition of four electrons per cluster (or unit cell). crystal structure of CiMosSe;, we discuss the electronic

By adding four (or nearly four) electrons per unit cell, using consequences of the separation of the;8p layers.

filling or substitutions, semiconducting Chevrel phases have ) )

been realized in several cases. These include the selenide§*Perimental Section

TiosdM0sSa,* MosRWSe;,” and MoReSe;.® Synthesis.M0gSs and Ma;Se; cannot be prepared directly from
One interesting case in which a semiconducting compoundthe element&? so the starting materials used in our intercalation

has not been attained is the copper-filled Chevrel phasestudies for the sulfide and selenide systems wergviosQs (Q =

selenides. Although not semiconducting, the copper-filled S: S€)- For the telluride system, Wies was used since it can be

compound Cg;M0sSe shows the best thermoelectric per- produced by direct reaction of Mo and Te. These compounds were

. . synthesized from the elements: Cu (Fisher, electrolytic powder),
formance at high temperature of any Chevrel phase StUdledMo (Aldrich, 99.9%. —100 mesh), S (Cominco, 99.99%), Se

to date’ Effortg to improve this material by |ncr(_ea§|ng the (unspecified source, 99.999%), and Te (Johnson Matthey, 99.9999%).
Cu concen_tratlon have not been successful. Thls iS not truéthe Mo (Cu) powder was reduced in forming gas at 1604300

for the sulfides, and GivloeSg has been synthesized by the  °c) for about 24 (3) h and subsequently stored and handled inside
electrochemical intercalation of Cl.One reason for the  an argon-filled glovebox. The S, Se, and Te were used as received.
limited Cu content seen in the Se compounds may be the Stoichiometric mixtures (typically 23 g total) were sealed in
high temperatures>(1100°C) at which these materials are evacuated silica tubes and heated over 1 day to°@0énd held at
typically prepared. This led us to investigate lower-temper- this temperature for 1 day. The tubes were then shaken to mix the
ature routes toward Cu-filled M8e. reaction products but not opened. The tubes were then heated to

There have been numerous investigations of the addition Various temperatures, from 900 to 1200, held there. for 3 days,
and then cooled naturally to room temperature with the furnace

of guest atoms to these materials near room temperature.

El hemical cells h b dtoi | Li M power off. The resulting powdered products were almost single-
ectrochemical cells have been used to intercalate Li, Mg, phase CeMogQg or MogTeg with lattice constants matching closely

Na, Zn, Cd, and Cu into Chevrel phase sulfides and ihose reported in the literatuted small amount £5%) of MoQ,
Selenideé? One Study by SeIWyn and MCKinnon inVeStigated |mpur|ty was present in some Samp|es_

the intercalation of Li into already partially filled GMos- It is common to prepare partially Cu-filled Chevrel phases and
Se; (0 < y < 2.5)13 They found, in addition to a series of then remove the Cu to obtain unfilled M@s, which cannot be
Li/Cu-filled phases, an unidentified Cu-rich phase. They also prepared from the elements for©S, Se, as noted abo¥eOne
showed that this phase could be produced by the intercalatiorway in which this is done is through reaction with iodine dissolved
of Cu into CyMogSe;, proving that no Li was incorporated  in acetonitrile (AN)5 The Chevrel phase is oxidized by thei

into the structure. The authors were unable to prepare theSelution and forms Cul, which is soluble in AN (3.4 wi% _
copper-rich compound as a single phase,@®0sSe; was As a means for anlng Cu to the Chevrel ph_ase, we essentially
always present as an impurity), and were unable to index performed this reaction in reverse. Copper was intercalated through

. . . Cul dissolved in AN from an excess supply of elemental Cu in
the observed powder X-ray diffraction peaks. In this paper, electrical contact with the Chevrel phase. In the presence of excess

we report the crystal structure of this copper-rich Chevrel Cu, this reaction should proceed until it is no longer energetically
phase. favorable to add more Cu to the Chevrel phase (assuming that the
Unlike many previous authors’ work, our low-temperature diffusion rate of Cu in the Chevrel phase remains large enough).
studies were not performed in an electrochemical cell but in A special device was constructed for this reaction, designed to
a specially designed apparatus described below. We char-€nsure the required electrical contact between the Cu reservoir and
acterized the products of our reactions using powder X-ray the sample.
Our Cu intercalation apparatus is shown in Figure 1. It consists
(9) Roche, C.; Chevrel, R.: Jenny, A.: Pecheur, P.; Scherrer, H.: Scherrer,Of a glass tube which is threaded on one _end an_d sealed vyith a flat
S. Phys. Re. B 1999 60 16442, glass plate on the other. The glass plate is held in place with Torr-
(10) Hughbanks, T.; Hoffmann, R. Am. Chem. Sod.983 105 1150. Seal epoxy. The sample (typically 26800 mg) is placed between

an fé%%higfgf°Cke‘ E.; Stege, U.; Shorn, R.J. Solid State Chem. 5 5ccyrately weighed cylindrical copper blocks, machined from

(12) Dahn, J. R.; McKinnon, W. R.; Coleman, S. Ahys. Re. B 1985
31, 484. Levi, M. D.; Gizbar, H.; Lancry, E.; Gofer, Y.; Levi, E,; (14) Belin, S.; Chevrel, R.; Sergent, M. Solid State Chen1999 145,

Aurbach, D.J. Electroanal. Chem2004 569 211. Gocke, E.; 159.
Schramm, W.; Dolscheid, P.; Schoellhorn, R.Solid State Chem. (15) Tarascon, J. M.; Waszczak, J. V.; Hull, G. W., Jr.; DiSalvo, F. J.;
1987, 70, 71. Blitzer, L. D. Solid State Comni983 47, 973.

(13) Selwyn, L. S.; McKinnon, W. RJ. Phys. C: Solid State Phy%988 (16) Janz, G. J.; Tomkins, R. P. Nonaqueous Electrolytes Handbook Il
21, 1905. Academic Press: New York, 1973.
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Calculations

Extended Huakel molecular orbital and electronic band-structure
calculations were carried out using YAeHM@PThe default
parameters were used for all orbitals in the calculations and can be
found in the footnote&?

GGA-PW9P324 DFT-based periodic calculations were carried
out in a PAW®2%hasis using the VASPpackage. The plane wave
cut-off energy was fixed at 500 eV. A% 6 x 6 Monkhorst Pack
grid of K points was used. The optimized geometry used to calculate
the band structure and density of states varied less than 3% from
the experimental values (optimized lattice parameters: 6.89
A b=6.92A c=8.03A 0=71523=7264,y=284.83).

The Wigner Seitz radii used to calculate projected densities of states
were 1.455 A for Mo, 1.312 A for Cu, and 1.164 A for Se. All
electronic iterations were converged within"t@V.

Figure 1. Drawing of the apparatus used for the room-temperature Results of Intercalation Studies
intercalation studies. The outer diameter of the glass tube is approximately

19 mm. The Chevrel phase sulfide system,@0sSs has been
extensively studied. Of particular relevance to the current
an oxygen-free high-conductivity copper rod to fit snugly inside work are the results from n situ X'ray,swdles during the
the glass tube, in the bottom of the apparatus. The faces of theform"’ltlon of these phases V'all electron/ion tran's#@rhose
copper blocks are cleaned with 1200 grit SiC paper before each@uthors were able to synthesize samples with 1 < 4 by
run. A solution of Cul in AN (about 2 wt%) is added so that the €lectrochemical reactions. Before discussing the selenides,
sample and Cu blocks are immersed. A copper rod and steel springthe main focus of our work, we briefly report here the results
are used to apply pressure to the sample, ensuring good electricabf the intercalation of the sulfide GM0¢Ss in our apparatus.
contact between the powder grains and the copper, and the O-ring  Cu,Mo¢Ss was synthesized as described above, with the
seal is tightened to maintain the pressure. ATeﬂon spacer is usedfing| heating at 1100C. PXRD of the resulting powder
to keep the steel spring out of the Cul/AN solution. showed it to be essentially single-phase, with one small peak

The intercalation experiments were carried out inside an argon- ; : :
filled glovebox. The reactions were allowed to proceed for various .attrlbUted to highly oriented MaSThe powder pattern was

lengths of time, from 2 h up to 10 days. The apparatus was then indexed with the program TREORwhich gave a hexagonal

removed from the glovebox and opened. The product was removed,UNit Céll volume of 819.9 A in good agreement with

filtered, and rinsed with AN in air. previous work, which found/ = 818.3 & for x = 1.8811
Characterization. Powder X-ray diffraction (PXRD) patterns ~ This material was then intercalated in our apparatus for 1

were collected on a Scintag 2000 theta-theta diffractometer using day and then removed and analyzed by PXRD. This product

Cu Ko radiation. Quantitative electron microprobe analysis was was then put back into the apparatus and intercalated for

performed using a JEOL 8900R electron microprobe operating at one more day. Measurement of the mass loss of the Cu

15 kV and approximately 20 nA. Measurements were carried out plocks suggested an average stoichiometry of (UioeSs

in wavelength dispersive mode, using pure elemental Cu, Mo, ano! after the first intercalation run and €#MosSs after the

Se as standards. The powdered samples were embedded iRacong run. The hexagonal unit cell volume determined by

electrically conducting epoxy mounts and then polished using 1200 PXRD after the first run was 849 .63%&nd after the second

grit SiC paper followed by a zm diamond suspension on a Struers . .
7 run was 850.4 A These are in good agreement with the
Rotopol/Rotoforce polishing system. The samples and standards . .
P P 9 P previous study, which foun®¥ = 849.9 A& for x = 3.611

were coated with approximately 250 A of carbon prior to analysis. : O )
Single-crystal X-ray diffraction data were collected on a Bruker 1NiS Shows that the mass loss of the Cu reservoirs is a reliable
APEX diffractometer. The data were collected using the program Way to determine the final stoichiometry of the intercalated
SMART and integrated with SAINFIus!’ Absorption corrections ~ compound. The same authors found that the maximum Cu
and space group determinations were performed using SADABS
and XPREP; respectively. SHELXS and SHELXL were used for (gé) Iéandnémd %YﬁeIHMOP (Version 3.\(}http:é/yafehmop.sdourceforge.net.
the crystal structure solution (direct methods) and refinement (full- (22) (e)\(};a,ngfcl, ;'},ecﬁgrr%mﬁﬁg" ,6'% %sinsg 4?5.35%0%?3?272,
matrix least-squares oR?) within the WinGX program suité? 1.9° Mo 4d,—10.5, 0.5899, 4.54. 0.5899. 1.9: Cu 4sl1.4. 2.2: Cu
Scattering factors for all atoms were taken from the International 4p,—6.06, 2.2; Cu 3d;-14.0, 0.5933, 5.95, 0.5744, 2.3; Se 420.5,
Tables Vol. C, Tables 4.2.6.8 and 6.1.1.4. Magnetic susceptibility 2.44; Se 4p-14.4, 2.07.

: : (23) Perdew, J. P.; et dPhys. Re. B 1992 46, 6671.
measurements were performed using a Quantum Design MPMS.(24) Perdew. J. P.. et aPhys. Re. B 1993 48, 4978,

(25) Blochl, P. E.Phys. Re. B 1994 50, 17953.
(17) APEX2 (Version 1.22, 2004) and SAINT-Plus (Version 7.06a, 2003) (26) Kresse, G.; Joubert, [Phys. Re. B 1999 59, 1758.

Bruker Analytical X-ray Instruments, Inc.: Madison, WI. (27) Kresse, G.; Hafner, Phys. Re. B1993 47, 558. Kresse, G.; Hafner,
(18) Sheldrick, G. M.SADABS (Version 2.10) program for absorption J.Phys. Re. B 1994 49, 14251. Kresse, G.; Furthither, J. Comput.
correction Bruker Analytical X-ray Instruments, Inc., Madison, WI, Mater. Sci.1996 6, 15. Kresse, G.; Furthifler, J.Phys. Re. B 1996
2003. 54, 11169.
(19) XPREP program for determination of space graupsiker Analytical (28) Monkhorst, H. J.; Pack, J. Phys. Re. B 1976 13, 5188.
X-ray Instruments, Inc., Madison, WI, 2003. (29) Werner, P.-E.; Eriksson, L.; Westdahl, 81.Appl. Crystallogr1985
(20) Farrugia, LJ. Appl. Crystallogr.1999 32, 837. 18, 367.
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Figure 2. PXRD patterns for products of the intercalation of,@0sSe; Cu.Mo.Se
made at 900C. Tick marks locate the calculated peak positions for the ' 2,768
indexedR3 Chevrel phase unit cells for the starting material and for the ‘ Fro e re e e
final product. The inset shows the hexagonal unit cell volume versus i '

T T T T T

composition. 10 20 30 40 50
20 ()

content reallzed_by high-temperature rea(_:tlons with SUbse'Figure 3. PXRD patterns showing the effect of Cu intercalation inte-Cu
quent slow cooling wax = 3.66, suggesting that phases MosSe which was annealed at 120G and the subsequent deintercalation
prepared at room temperature by electrochemical reactionof Cu fro_n) the intercalation product. Tick marks ir_ldicate' the calculated
with 3.66 < x < 4 are metastable. Thus, it is not surprising ﬁgggrpggggﬂss f:;é'}ﬂrgagwgﬁ;h&g;) ?r?fﬁe“gitd%?gsp'gntg;_Iower and
that our intercalation, which should stop at the thermo-
dynamic limit of x, produced Cg/M0¢Ss.

Similar results were seen when psSe;, which was had the StOiChiometry GMoeSe. The average measured Cu
synthesized at 90TC, was intercalated in our apparatus. This content k = 3.2) was close to that determined by the Cu
material was intercalated for 2.5 days and then analyzed bymass lossX = 3.1). However, the grains could be divided
PXRD. The product was then placed back into the apparatusin to two groups based on the value>ofOne group hac
and further intercalated for 3 days. After analysis of the ~ 2.5 while the second had~ 4. Thus, we conclude that
product of the second run, a third intercalation was per- the rhombohedral phase is GiMosSe; and the new phase
formed. The PXRD patterns for the starting material and for IS Cu-sMosSe.
the product after each intercalation is shown in Figure 2. Repeated intercalations of these two-phase products did
The inset shows the indexed unit cell volume versus not significantly increase the fraction of @dosSe;, but led
determined by mass loss from the Cu blocks. The final only to a gradual increase in the Cu content of the
product was CgloM0eSe;, close to the maximum Cu content rhombohedral phase. This suggests that only certain crys-
(x = 3.1) that has been achieved through high-temperaturetallites in the starting material are capable of transforming

intercalate Cu

synthesis? into CwuMoeSes. Since this phase only forms from starting
More interesting results were produced when the starting Materials that have been annealed at higher temperatures,
material was synthesized at higher temperatureMogSe; we believe that defects or impurities are important in

the second heating carried out at 120D This material was ~ the high-temperature synthesis¥200°C) of MosS&-S«

silica tube. The behavior of the resulting material upon !N addition, several authors have studied the substitution of

intercalation was dramatically different than that described O for S in Chevrel phase sulfidésin these studies, oxygen
above for CuMosSe; made at 900C. The PXRD patterns ~ Was intentionally added to the starting mixture in the form
of the starting material and the intercalation product are f binary metal oxides. X-ray and neutron diffraction
shown in Figure 3. Upon intercalation, a second phase is Structure refinements indicated that the products had com-
formed but with a significant amount of rhombohedralCu ~ Positions near MoSe; o2 with M = Cu, Sn, and Pb.
deintercalation of Cu, the mixed-phase intercalation product POSsible that some oxygen may enter the samples via the
is transformed completely into single-phaseddie (Figure low-pressure gaseous species SiO apg@sent inside the
3). This shows that the transformation between rhombohedralSilica tubes at high temperatures. Partial pressures of SiO
CuMoeSe and the new phase at room temperature is and Q over silica near 1200C are expected to be on the
reversible with respect to the addition/removal of Cu. On order of 10° Torr** We have also observed the formation
the basis of the reported Bragg peaks of the Cu-rich phase©f significant amounts of triclinic CiMoeSes from the
reported by Selwyn and McKinnddwe believe that this is 30 S 1

. . . . ee re .
the same materlal they first observed. Microprobe anal'yS|s(31) Belin, S.; Burel, L.: Chevrel, R.. Sergent, Mater. Res. Bull200Q
of the intercalation product showed that all of the crystallites 35, 151.
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reaction of 4Cut- 6Mo + 8Se at 1100C when the starting Table 1. Crystallographic Data for GiMosSe?

materials (Cu and Mo) were not first reduced in forming emp 175(5) K

gas. The same reaction using reduced metals showed nowavelength 0.71073 A

evidence of the triclinic phase. This supports the hypothesis *Pace group le(’g‘%zgg(s) A o= 70.739(4)

that the presence of defects or impurities is important for b= 6:8122(7)/& B= 72,'669(43,'

the formation of CuMosSe;. c=7.9355(10) A y = 84.555(5).
Chevrel phase tellurides are not likely to be promising \Z/ f29'36(7)/¥

high-temperature thermoelectric materials, partly due to their fw 1461.5 g/mol

lower decomposition temperatures. However, we performed gﬁggityti(gslggémciem 73-;14;99 g/mc?;nﬁ

preliminary studies of Cu intercalation into Ntes, with RindiEes[ > 20(1)] R1= 0.0333, WR2= 0.0697

the aim of determining whether a Te analogue of triclinic Rindices [all data] R 0.0575, wR2= 0.0755

CwMocSes exists. Our room-temperature intercalation of  ag; _ 55 = |Fuis IRl wR2 = [S(F2 — FAS W-EHZ2.
MoeTes (Wwhich was made from the elements at 100) W = (02Fq? + (aP)2 + bP)"1, P = [Fs2 + 2F /3.

produced a material with average composition §MosTeg

which had a powder pattern similar to that seen for the which matched well with the observed PXRD pattern (see

slightly distorted triclinic phases such asggdMosSe. Figure 3). The results of the structure refinement from data
However, the PXRD pattern of the product of the reaction collected using this crystal are listed in Table 1. In the
4Cu+ MogTeg at 400°C showed evidence of a QMogTes reported data, all atomic sites are refined fully occupied.
phase isostructural to triclinic GMogSe;. When allowed to refine freely, the occupancy of Cu(1) and

Before proceeding to discuss the crystal structure and Cu(2) refine to 0.987(5) and 0.985(5), respectively, giving
electronic structure of GMoeSe in detail, we will note here  a stoichiometry of CgbMogSes. The corresponding values,
briefly some observations that we have made about thefor I > 20(l), are R1= 0.0331 and wR2= 0.0668, reduced
stability of rhombohedral Cu-filled Chevrel phases. We have only slightly from the refinement with fully occupied Cu
found, on the basis of PXRD studies, that when left in air Sites which gives RE 0.0333 and wR2= 0.0697. The
over the course of several months, the unit cell volumes of residual electron density does not suggest the presence of
CuMoeSe; samples decrease significantly. We attribute this other atoms in this structure. All but one of the first 20
to loss of Cu from the Chevrel phase structure, probably residual peaks are close to other the atoms in the structure
through reaction with oxygen at the surface of the grains. (d < 2 A, and for manyd < 1.5 A). These peaks are likely
This reaction, as in removing Cu with In AN, occurs due to truncation of the diffraction data &1 2 55.16. The
because of the high diffusion rate of the Cu in the bulk remaining residual (2.07 e?jis at the special position (0,
Chevrel phase. In addition, in some cases the PXRD peaksl/2, 1/2), with Se as a nearest neighbor, at a distance of 2.18
were broadened, with tails extending toward higher angle. A. However, when an Mo, Cu, or O atom is placed at this
For example, on the basis of a comparison of powder position, the occupancy of the site refines essentially to zero
patterns, the GipMoeSe; intercalation product described (<0.009).
above transformed into CeMo0gSe; over the course of five The structure of this compound will be discussed here in
months. The CiMogSe; (synthesized at 900C) used as a  terms of “sheets” of composition M8e shown in Figure 4
starting material for the intercalations also showed significant and “columns” of composition GosSe; shown in Figure
peak broadening and shifts toward lower Cu content after 5. The sheets consist of pseudo-cubicsBt units connected
storage in air for about six months. However, no change wasby intercluster Me-Se bonds. These same sheets are seen

seen in the sulfide intercalation product GMosSs upon in the classicR3 Chevrel phases. However, in the3
exposure to air for 10 months. Finally, we note that, when structures (and thglightly distorted R structures), this same
a mixed phase intercalation product containR&Cu, sMog- connectivity is also present perpendicular to the sheets, giving

Se; and P1 CuMogSe was left in air for six months, Cu & 3-D framework of M@Se; units connected by intercluster

loss from the rhombohedral phase was observed, while theMo—Se bonds. In C/MosSe;, on the other hand, a different

positions and widths of PXRD peaks corresponding to connectivity exists between the sheets, as shown in Figure

triclinic CusMogeSe; did not perceptibly change. At present, 5. The clusters are aligned along thaxis face to face, with

it is not clear why the “stability” of these different com- Cu atoms separating the Ms8e; units in adjacent sheets.

pounds is different. Intersheet connections are made solely by-Ga interac-
Crystal Structure of Cu4MoeSe. Small crystallites were tions.

extracted from the two-phase intercalation product and used !N CMoeSe;, the Mo(1) atoms which are nearest the Cu

for single-crystal diffraction studies. While the first crystal atoms are in square planar coordination by Se, while Mo(2)

selected indexed to a rhombohedral unit cell consistent with @hd Mo(3) are in square pyramidal coordination due to the

CusMogSe;, the second gave a triclinic celR; = 0.0413) intercluster Me-Se bonds. We will see below that the square
planar coordination of Mo(1), which is not seen in classic
(32) See, for example: Hinks, D. G.; Jorgensen, J. D.; Li, HPGYs. Chevrel phase compounds, has important electronic implica-

Sas Litﬁ. 198?(;: 51, 13%9 ieggg Ff_z gv%nﬁ K. Wékifliare% M.; l\:(iscger, tions. The coordination of the Mo atoms, as well as the Cu

. J. Alloys Compd. . ang, C. L.,; Tao, Y. K; . : :
Swinnea, J. S.; Steinfink, Hcta Crystallogr 1987 C43 1461, gtoms which are each coordmated to three Se atoms, is shown
(33) See: Schick, H. LChem. Re. 196Q 60, 331. in Figure 6a. The CuSaunits are not planar. The perpen-
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Figure 4. View of the sheets of connected &g units found roughly
in the ab plane of the CyMo0eSe; structure.

Figure 6. (a) Portion of the CiMogSe; structure showing the displacement
ellipsoids (95% level) for all atoms and the full 3-D coordination of the Cu
and Mo atoms. (b) The coordination of Cu by Se, emphasizing the elevation
of the Cu atoms (dotted line) above the plane of the coordinating Se atoms.

Table 2. Interatomic Distances (A) for GMosSe?

Mo(1)—Mo(2) 2.6958(11), 2.6372(11)
Mo(1)—Mo(3) 2.6555(12), 2.6818(12)
Mo(2)—Mo(3) 2.6814(11), 2.6751(12)
Mo(1)—Se(1) 2.6225(12)
Mo(1)—Se(2) 2.5897(12)
Mo(1)—Se(3) 2.6122(13)
Mo(1)—Se(4) 2.6029(13)
Mo(2)—Se(1) 2.5960(13)
Mo(2)—Se(2) 2.5618(13)
Mo(2)—Se(3) 2.6115(13), 2.6319(12)*
Mo(2)—Se(4) 2.5965(13)
Mo(3)—Se(1) 2.5809(12)
Mo(3)—Se(2) 2.6316(12), 2.6368(13)*
Mo(3)—Se(3) 2.5329(12)
Mo(3)—Se(4) 2.6121(12)
Cu(1)-Se(1) 2.4482(15), 2.6386(17)*
Cu(1)-Se(2) 2.4641(16)
Cu(2)-Se(3) 2.4021(16)

. 5 i - | ¢ GMosSe showing th Cu(2)-Se(4) 2.5217(16), 2.6124(15)*

igure 5. View of the crystal structure o 06Se; showing the

connection via Cu atoms of the M®g; sheets shown in Figure 4. Cu(?)-Cu(2) 2.6718(19), 2.7011(17)
Mo(1)—Cu(1) 2.8013(15), 2.8201(15)

dicular distance between the Cu atom and the plane defined Mo(1)-Cu(2) 2.7478(15), 2.9348(15)

by the three coordinating Se atoms (Figure 6b) is 0.92 and 2 Asterisk denotes intercolumnar connections.

0.98 A for Cu(1) and Cu(2), respectively. Linear 2-fold and

tetrahedral 4-fold coordination are most common fof'Cu  in 4-fold coordination (0.6 A§? The intracolumn CuSe

however, puckered triangular units are also frequently ob- distances are similar to those found in,Se (2.33, 2.47 A}

served (for example, TTwSe,** TICW;Se,® and CsCy5:%). CwPSq (2.39-2.47 A)3 CulnSe (2.43 A) and CuMoe-
Interatomic distances in this compound are reported in Se (2.36-2.58 AY%, while the intercolumn distances are

Table 2, where the connections between the columns in theslightly longer. The Me-Mo and Mo—Se distances in Table

structure are marked with asterisks. The<@u distances 2 are similar to those found in M8g in which the Mo-

are significantly longer than twice the ionic radius for!cu Mo distances are 2.62.84 A, the intracluster MeSe

(34) Berger, R.; Erikson LJ. Less-Common Me199Q 161, 101. (37) Shannon, R. DActa Crystallogr. A1974 32, 751.

(35) Eriksson, L.; Werner, P.-E.; Berger, R.; Meerschaut]./Solid State (38) Yamamoto, K.; Kashida, 9. Solid State Chen1.991, 93, 202.
Chem.1991 90, 61. (39) Garin, J.; Parthe, EActa Crystallogr. B1972 28, 3672.

(36) Hunter, J.; Bronger, WZ. Anorg. Allg. Chem2001, 627, 1395. (40) Knight, K. S.Mater. Res. Bull1992 27, 161.
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Table 3. Continuous Shape Measurg8gor the Molybdenum Octahedra -4
in CuMosSes, All M MosSe; Chevrel Phases Listed in the Current L\/}\/%/\ﬁzy
Version of the ICSD, and the Series M06Ss 7\,/\,_/\,_ﬁ N\ QC//\—_
A =
composition S composition S N ™ = INX=
CwMoeSe 0.01117 L3 gdV0sSes 0.01406 -5 -
MoeSes 0.15117 Lg.9MM06SE; 0.01198
Liz MosSes 0.00000 CgsMosSes 0.01473 = 4
PbMasSes 0.01030 CgoMosSes 0.01182 > \/\ /
INMoeSey 0.01110 PrsdVIosSes 0.01485 L 6 —
Tio.sgMosSes 0.05207* N@ gMosSe 0.01737 36 ] oA
FeMa:Se 0.05226* Sna.sMosSes 0.01812 5 I~ T 4 k/ \\_
Cop5M0sSe 0.05752 Y sMosSes 0.02105 S LT L
NiosMosSes  0.11923* Cu M06Ss 0.03343 \/\DZ%%X/;J‘/—
Ni1 2MosSes 0.07502 Cul 76810658 0.00985 \/\g %'\,V\}\“\_
Lag sM0eSes 0.01406 Ctl9M06Ss 0.00742 -7 -/\\\/Xf%4§;<>
Lag sMoeSes 0.01520 Cy6M0cSs 0.00377 \,%{Ziém?ﬂd\?
[l T\ - j*é:
2 Asterisk denotes distorted, triclinic structures. _fﬁﬁﬁ@ci X&
—r— e i
g s =
distances are 2.5%2.59 A, and the intercluster MeSe r X v YA Z U R T T
distance is 2.60 A2 In CuuM0sSe, the distances among the c*
five-coordinate Mo(2) and Mo(3) atoms are not seen to be = T
significantly different than the distances between Mo(2)/ U
Mo(3) and the four-coordinate Mo(1) atom. It does not seem R
that the difference in coordination significantly distorts the r Y -
Mo octahedron. In fact, inspection of the distances in Table b*”
2 shows that the Mpoctahedra in CiMosSe are quite X
regular. v

*

oY)

A more quantitative measure of the distortion can be
gained by comparison of continuous shape measures for therigure 7. Band structure of C4MogSe; calculated using DFT. The dotted
Mos clusters in CuMosSe and in other Chevrel phases with L'r?: é‘;ﬂfi‘;’:ﬁﬂg El‘i;”;rf‘;io T:ﬁo'vc;‘r’]‘?‘t'o” of the spdoimints used in
known crystal structure. The continuous shape measure,

S is a measure of the minimum distance needed to moveenvironment of Mo(1) and the lower symmetr1) in

the vertices of a distorted polyhedron to match a given Cu,MogSe:.

reference shape. Values&fobtained by comparing the Mo Electronic Structure. The band structure of GMoeSe;,
clusters found in CiMoeSes and all MMosSe; Chevrel calculated using plane-wave DFT is shown in Figure 7. The
phases listed in the current version of the Inorganic Crystal calculations show this compound to be a semimetal, with a
Structure Database (ICSD) to a perfect octahedron, are listedsingle band dipping below the Fermi level Rt Figure 8

in Table 3. These calculations were performed using the shows the corresponding density of states and projected
program SHAPE! For a perfect, octahedral clust&= 0. densities of states. This figure shows that the band just above
It is interesting to note that bbMosSe; hasS= 0. Table 3 the Fermi level is derived primarily from Mo orbitals, with
shows that the Mgcluster in CyMoeSes is more regular ~ some Se and Cu contributions. We find that, near the Fermi
than those found in unfilled M@e; and in filled Chevrel  level, there is good agreement between the DFT results
phases which undergo triclinic distortions. In fact, it is among shown in Figure 7 and the band structure calculated at the
the least distorted Moclusters found in the listed selenide extended Hakel level. Thus, we proceed to analyze the
Chevrel phases. electronic structure of this compound using extendédkdLi

Also shown in Table 3 are the calculat8dalues for the methods, paying particular attention to the band that lies
sulfide series CiMo0eSs. Inspection of these data show a between about-6 and—5.5 eV in Figure 7.
smooth decrease i8 from MosSe; to CusedVI0sSEs. AS X We begin by examining the molecular orbitals of an ideal
increases, the Mooctahedra become more regular. This is MogSe; cluster, that is, a perfect cube of Se atoms with Mo
a result of filling Mo—Mo intracluster bonding orbitals by  atoms at the centers of the six faces. A careful study of this
valence electrons donated by Cu (vide infra). kat 2.76 model for the sulfide cluster, as well as the effect of
in the sulfide series, the Mooctahedra are more regular crystallizing these clusters in the Chevrel phase motif, has
than that found in triclinic CiMoeSe. This must be been presented by Hughbanks and Hoffm&nhhey find
attributed, at least in part, to the different coordination that the frontier orbitals are all primarily Mo 4d in character.
Upon crystallization, the faces of the cube are capped by

(41) Current Topics in Materials Sciena®l. 3; Kaldis, E., Ed.; Elsevier: chalcogens on neighboring clusters, which pushes a set of
Amsterdam, 1979.

(42) Bars, O.; Guillevic, J.; Grandjean, D. Solid State Cheni973 6, five unoccupied orbitals up in energy, These orbitals all haYe
3) 4%8-b dsky. H.: Peleg. S.: Avnir. O Am. Chem. Sod992 114 large lobes directed out of the cube faces toward the capping
aprodsky, M.; FPeleg, S.; Avnir, [J. Am. em. S0 3 . . :

7843. Pinsky, M.; Avnir, Dinorg. Chem.1998 37, 5575. sulfur atoms. The increase in energy of these orbitals
(44) SHAPEv1.1a_02, Continuous Shape Measures calculat2fi03. produces a large HOMOLUMO gap for the cluster of
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MO diagrams are very similar to those calculated for the
sulfide clustef® Panel c in Figure 9 shows the result of
capping only four of the six faces of the cubic cluster. This
approximates the situation found in fMoeSes. In this case,

we see that two of the five energy levels are “left behind”.
These correspond to orbitals directed primarily out of the
uncapped faces. Representations of these orbitals, labeled
MO 1 and MO 2, are also shown in Figure 9c. We will see
that it is MO 1 which evolves into the band of interest in
the 3-D structure.

Figure 10 shows how the band structure of the 3-D
DOS structure evolves from the MO diagram shown in Figure 9c.
For ease of comparison, this MO diagram is reproduced in
panel a of Figure 10. Panel b shows the bands for a single
sheet of composition Me;, extracted from the structure

of CwMogSe. As expected, band 1 and band 2, which
originate from MO 1 and MO 2, respectively, show little
dispersion since these MOs are primarily directed perpen-
dicular to the sheet.

Figure 10c shows the calculated band structure for a stack
of such sheets, such as that which occurs iM&ySe;. Here
: : : significant band dispersion is observed in band 1 and band
6 10 20 30 10 200 10 2, especially in directions perpendicular to the sheets. We
PDOS PDOS  PDOS see that band 1 runs down frofnto Z, while band 2 runs
Figure 8. Calculated total density of states (DOS) and partial densities of up. This is consistent with the reflection symmetry of MO 2
states (PDOS) for GMoeSe; calculated with DFT. (mirror plane perpendicular to the direction) and the
reflection antisymmetry of MO 1 (Figure 9). We note here
that the apparent degeneracy of these two bands iat
accidental.

Finally, Figure 10d shows the extended dkel band
structure for the full CsMosSe; structure. We first note the
striking similarities to the band structure calculated using
DFT (see Figure 7), especially near the Fermi level. The
only difference between the crystal structures in Figure 10c
and d is the Cu atoms which are included in panel d but not
in panel c. Figure 10c shows that, in the rigid-band
approximation, the four electrons donated to thesSp
framework by four Clt ions would produce a semiconduct-
ing compound, filling the two empty bands below band 1.
However, since the Cu atoms in £liosSe are situated
between the uncapped cluster faces, they interact with bands
1 and 2. This interaction lowers the energy of band 1 so
that it dips below the Fermi level, making @osSe; a
semimetal, not a semiconductor.

Magnetic Susceptibility. Since many metallic phases with
the classical Chevrel phase structure are superconducting,
Figure 9. Extended Hokel molecular orbital diagrams for (a) an b8e; magnetic susceptibility measurements were performed be-
cluster with six capping Se atoms as found in clgssic Chevrel p_hases, (b)tween 4 and 20 K on a powder sample Containing a mixture
a bare M@Se; cluster, and (c) an Mg®e; cluster with four equatorial Se .
ligands, as found in GiYloSe. of approximately equal amounts of GMoesSe and
CwMoeSe. The measurements showed only a single super-
charge—4. This is the molecular origin of the energy gap conducting transition near 6 K. This is close to the previously
seen in the semiconducting Chevrel phases. measuredTc for Cu,MosSe of 5.9 K2 At 4 K, the
We show results from a similar calculation for the neutral diamagnetic susceptibility had not yet saturated, and its value
selenide cluster in Figure 9. In this figure, panel b shows suggests that only a small volume fraction2%6) of the
molecular orbitals for the uncapped dB® cluster while sample was superconducting. These observations suggest that
panel a shows the results of capping each face with Se. Thes€wMosSe; is not a superconductor above 4 K.

Energy (eV)

Energy (eV)
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Figure 10. Evolution of the band structure of GQMogSe; from (a) molecular orbitals, to (b) two-dimensional sheets, to (c) stacked sheets, to (d) the full
CuwMoeSe; structure.

Conclusions The separation of the M8g; layers and the location of
the Cu atoms have interesting electronic consequences.
Although CuMogSe; has formally 24 electrons per metal
dcluster, and therefore should be a semiconductor according

maximum Cu contents in agreement with those reported for o the .usual elgctron countl_ng schemes, .band—strgcture
calculations predict this material to be metallic. Analysis of

high-temperature syntheses for the sulfides<(3.7) and extended Hokel calculations show this to be due to the

selenidesX = 3.0). The success of this and other intercalation ; tion bet the Cu at d Mo-based molecul
methods is dependent upon the relatively high mobility of interaction between the L.u atoms and Mo-based molecular

Cu ions in the Chevrel phase structure. This ionic conduction orbital pointed toward the *missing” Se.
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In this work, we have demonstrated an alternative method
for intercalating Cu into Chevrel phase materials{@osQs,
Q =S, Se, Te) at room temperature. This method produce
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