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The functionality of the three-dimensional ternary chalcogenidgS#& as a host is demonstrated by
low-temperature reactions involving lithium-metdiquid-ammonia reducing solutions. Rietveld analysis
of neutron T = 1.5 and 270 K) and synchrotron X-ray € 300 K) powder diffraction data proves that
topotactic insertion of lithium in quasi-one-dimensional channels produces an isostructural family of
LixM0,SbS (0 = x < 0.7) compounds. The optimization of the electronic properties of such a dense
host matrix material via intercalation is studied by band structure calculations using the density functional
theory (DFT). Mulliken population analysis indicates that a major effect of the presence of Li in the
Mo,ShS is the filling of the d-holes close to Fermi level and therefore only the p-orbitals give rise to
mobile carriers in the LMo,SbS. Charge disproportionation at the two Mo nonequivalent crystallographic
sites and the favorable electrostatic environment of the Li (which is partially depleted of its charge)
point to polaron formation, consistent with partial localization upon Li-doping. The resistifify(2 <
T < 270 K), for all compositions studied is modeled by the Ble@runeisen function. Phenomenologi-
cally, a percolation model describes the crossoves(®f to a higher conductivity regime at a critical Li
composition ofx, &~ 0.19. As reflected in the small overall modification to its electronic conductivity,
the host efficiently accommodates the perturbations due to chemical and phigsical7 kbar) pressure.
The data analysis finds an enhanced electigmonon coupling constant for MBbS (4; ~ 2.45) on the
basis of the one-electron band-theory model.

1. Introduction With respect to the latter, there are two categories of

The reductive intercalation of chemically diverse systems NOStS; i-€., insulating (e.g., zeolites) and electronically
with alkali metals has demonstrated that a spectacularcnducting (e.g., graphite). Good host systems adopt a

transformation of the electronic ground state, from a magnetic Percolation network of vacant sites that can afford reasonable
insulator to a metal or superconductor, is possible on certaindiffusion of suitable size molecules or ions. In particular,
occasions. Valence manipulation by topotactic insertion layered hosts.W|th re]a’uvely high el'ectronl'c conductivity have'
method can lead to chemical compounds displaying novel been the subject of intensive studies mainly because of their

physical behavior. The interplay of structural and electronic @Pility to adapt into the guest specfesiowever, other

properties finds important examples among solids with SYStems with ‘high coordination numbers of the matrix
topologies ranging from zero- (OB}o three-dimensional constituent elements together with redox-active transition

(3D)* lattices. Their capacity for multifunctional capability metals for high electronic conductivity are more scarce hosts.

depends on the host lattice’s potential to experience variable O €xample, Chevrel phasesMbsXan2 (N = 2, M =
perturbations with respect to its crystal chemistry and its Monovalent main group metélpand chalcogenide spinel
electronic properties. CuQr2X4 compounddwith interconnected ghannels Brva-
nadium bronze®-A,V,0s (x ~ 1/3, A = Li, Na, Ag, Ca,
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structural types that provide diffusion pathways with rather

Lappas et al.

over Na(s)) was condensed-a¥8 °C into an ampule containing

narrow dimensions that would be accessible only to atomic Li and Mo,SbS in a 1:1 molar ratio. After distilling and
guests. For this reason, low-temperature reduction of existingrécondensing the Nifl) from the sample a few times over a period

hosts by alkali metal vap¥tor solvated electrodsis an
attractive alternative strategy. Attempts to optimize the

properties of such dense host matrix materials highlight the

importance of precise control over the oxidation state of
constituent atom¥.
As part of a search for new crystalline conducting materials

of a few hours and while stirring, the characteristic alkalifH

blue color significantly diminished; the resulting clear solution
indicated possible alkali intercalation. Finally, the liquid Nkas
evaporated, the sample was dried at 473 K under dynamic vacuum
(<1 x 10* mbar), eliminating any surface-absorbed or co-
intercalated NH, and the LiMo,SbhS air-sensitive product was
brought into the glovebox for physical property characterization.

via alkali metal insertion reactions, we have examined the To investigate the effect of progressive Li intercalation using

effect of the redox Li intercalation on the crystal structure
and electronic properties of the recently repoitedmpound

Li/NH 3 solution, we carried out a set of reactions with nominal
Li:Mo,SbS molar ratios of 0.2:1, 0.4:1, 0.6:1, 0.8:1, and 1.0:1.

Mo,SbS (a dense host matrix material), which represents a Specimens sealed in @0.5 mm glass capillaries were routinely

new family of 3D connected, ternary antinomy-chalcogenide
structures*5> Redox intercalation generally requires both

ionic transport of the guest species and electronic transport

in the host lattice. To this end, Li intercalation into Mo

SbS could be especially interesting electronically because
the material has been claimed to exhibit mixed valency and

superconductivity? The addition of carriers by intercalation
is a promising method for modifying its electronic structure,
as doping by intercalation exploits the interstitial crystal sites
and therefore a high level of doping is possible without
introducing disorder into the host matrix structure. We
determined the crystal structures ofo,ShS (0 < x <
0.7) by neutron and synchrotron X-ray powder diffraction,

checked for their crystallinity by X-ray powder diffraction (Rigaku
D/MAX-2000H; 12 kW CWKa rotating anode). Similar reactions
were also undertaken with Na/Nkolutions. However, the low
crystallinity of the resulting powders deterred us from further studies
in this direction.

2.2. Neutron and Synchrotron X-ray Diffraction. Neutron
powder diffraction (NPD) patterns on M®bS (~1.96 g) and
intercalated LiM0,SbS (~1.9 g; nominak = 1.0) samples placed
inside He-filled V-cans (45 mm; sealed with In wire in the
glovebox) were recorded on the high-resolution diffractometer
HRPT of the SINQ neutron source at the Paul Scherrer Institute,
Switzerland. Rietveld refinable (FULLPROF cotfepowder pat-
terns were collected in the range 6 26 < 165 at different
wavelengths so that either the high-intensity motle=(1.494 A)

measured their transport and magnetic properties at ambien®" the high-resolution modé. &= 1.8856 A) could be utilized, with

as well as high-pressure, and furthermore studied their
electronic band structure on the basis of the density functional

theory.

2. Experimental Section

2.1. Lithium Intercalation. In this work, the reductive intercala-
tion chemistry of M@SbhS has been investigated through a process
involving alkali-metat-liquid-ammonia synthesis. Initially, phase-
pure M@SbS samples were prepared in a modified version of a
method previously reported. Stoichiometric quantities of Mo
(99.99%), newly sublimed S (99.9%), and Sb (99.999%) were
ground together and pressed into pellet)6 g) inside an Ar
recirculating, anaerobic glovebox {& 1 ppm and HO < 1 ppm).
They were sealed in silica ampoules<dt x 10~ mbar and heated
to 1050 K for 45 h. Samples were then reground in the glovebox
and annealed as free-flowing powders with small quantities of |
as a mineralizing agent, for 20 h at 673 K (typically, 40 mg of |
was added into a 120 mm long, 10 mm I.D. silica ampule).
Prolonged heating resulted in the formation of the impurity phase
MoS,, clearly visible from laboratory X-ray diffraction (XRD)
patterns. Subsequently, solvated electrons formed in metal
ammonia solutions were used to partially reduce the3h&. In
a typical intercalation experiment, Nfi) (cryogenically distilled
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a scan step width oA260 = 0.1°. A continuous flow ILL-type,
orange cryostat allowed temperatures between 1.5 and 300 K to
be studied. LiM0o,SbS samples with nominal compositions<0x

< 1.0, sealed in @0.5 mm borosilicate glass capillaries, were also
investigated at the high-flux 9.1 station of the synchrotron radiation
source at the Daresbury Laboratory, United Kingdom. Synchrotron
X-ray diffraction data were recorded betweer £26< 61° at room
temperature = 0.8700 A, with step widtt\20= 0.01°), whereas
their Rietveld refinement was carried out with the GSASite of
programs.

2.3. Electronic Property MeasurementsDc magnetic suscep-
tibility measurements for M&bS were performed on a Quantum
Design MPMS superconducting quantum interference device
(SQUID), in an applied magnetic field of 100 G. The temperature
dependence (2 T < 300 K) of the dc electrical resistivity in
Li\M0,ShS series was measured using a conventional four probe
technique, based on a homemade setup (see Appendix | in the
Supporting Information), allowing both ambient and high-pressure
(P < 2 GPa) studies.

3. Theoretical Methods

In this work, band structure, and related calculations were carried
out using the density functional theory (DFT) in the generalized
gradient approximation (GGA) as implemented in the CASTEP
codel® with the Perdew Burke—Ernzerhof (PBEY exchange
correlation functional (see Appendix lla in Supporting Information).
To find the density of states (DOS) and the band structure of any

(16) Rodriguez-Carvajal, Physica B1993 192, 55.

(17) Larson, A.; Von Dreele, R. BGeneral Structure Analysis System
(GSAS; Report LAUR 86-748; Los Alamos National Laboratory: Los
Alamos, NM, 2004.

(18) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos,
J. D.Rev. Mod. Phys 1992 64, 1045.
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3865.
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intercalated LiM0,SbS composition, we used an interpolation
scheme between the DOS of the }bS and the DOS of the
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Data for Li xM0,ShS?

Table 1. Fractional Coordinates and Atomic Thermal Displacements
from Rietveld Refinement of Neutron Powder Diffraction (NPD)

LiMo,SbS optimized crystalline structures. Technical aspects of

this methodology, concerning solid-solution behavior, are described Mo,SbS Mo,SbS  LiosieM02ShS
in Appendix IIb of the Supporting Information. Because CASTEP  volume fraction (%) 100 100 96.4
affords such calculations at a very accurate level, it was used in T(K)O| on () 220 1-254 1-156
i H i i scan duration
ordgr to preglct Fhe I(;ptlmum crystalh§trhuctl.1r.es. (|.e.r,] the atoml(]i a(A) 6.5047(2) 6.4980(2) 6.5783(3)
positions and unit-cell parameters, which minimize the energy of p (x) 3.18412(8) 3.17826(8) 3.18122(14)
the crystal) required for the above-mentioned interpolation scheme. ¢ (&) 9.3426(3) 9.3335(3) 9.5356(4)
/ (deg) 105.422(2) 105.421(2) 104.893(3)
4. Results and Discussion \'cl (/-8 186.535(9) 185.819(8) 192.848(15)
' [0]

4.1. Crystal Structure Determination. Within the detec- )Z( 8;2;‘335;‘; 8:228?8 8:228;%
tion limit (<4% volume) of the conventional laboratory XRD Biso (A2) 0.56(4) 0.29(3) 0.22(5)
studies, single-phase samples were assumed and all théVo(2)

. . . X 0.8927(4) 0.8926(3) 0.8976(5)
patterns were indexed on the basis of the earlier room 0.8844(2) 0.8846(2) 0.8802(3)
temperature (R.T.) resultd. For this reason, a similar Biso (A2) 0.40(4) 0.23(4) 0.20(6)
i ' i S(1)
crystallographic model was employed. asa starting point for . 0.5194(9) 0.5200(9) 0.5248(11)
the low-temperature structure determination of,BloS by 7 0.6897(7) 0.6901(6) 0.6881(8)
NPD Rietveld refinements; M&bS samples were found Biso (A2 0.92(9) 0.60(8) 0.30(11)
iti S(2)
to be phase pure. In addition, no structu_ral phase_ change N 0.2647(8) 0.2650(8) 0.2586(10)
was observed from 270 down to 1.5 K. Refinements in space 0.9870(6) 0.9872(6) 0.9919(7)
group P2,/m showed marginal thermal contraction of the Biso (A2 0.70(9) 0.52(8) 0.48(12)
ini i i = 0 = 0, Sb
Tonocllnlc; lattice, i.e.Aa Q.lO(Z)/o,Ab _0.18(2)A,Ac - 0.9969(4) 0.9971(4) 1.0056(5)
= 0.10(2)%. Table 1 compiles the experimental structural 0.3379(3) 0.3376(3) 0.3443(4)
parameters. Biso (A2 0.84(5) 0.48(4) 0.35(6)

Full-profile analysis involved the variation of a number Li 0.612(5)
of profile and instrumental parameters; the scale factor for - 0.144(3)
each phase involved, the zero point shift, the 12-term cosine z; EWWP EZO; % g)g 4.13,3.29 2.82,2.18 ) 3-715; é';f?

) ) . X o 6), R, (% 97, 2.
Fourlc_er series background function (refmgd initially and then #lleng (deg) 147 85165 3.63 85165 3.32 8165
kept fixed), and the peak shape broadening as modeled by a#2 2 29 (deg) 2.11,10.5165
pseudo-Voigt function, with anisotropy at low scattering #1N-P+C,P,R  3087,38,547 1525, 38,544 14%39367(2)@270

d#Z N-P+C,P,R
aTwo combined datasets at= 1.494 A (#1) andl. = 1.8856 A (#2)

angles. The occupancy of each Mo, Sh, and S site was refine
but found not to deviate from the stoichiometric values. The i 1yors of theskiMosShS structure (numbers o

. . . . . . were usea 1or the analysis 0 €0kl (2VI02 structure (numbers
correspo_ndlng Rietveld refined patt_em is shown 'n_ Fl_gure observationsp refined variables, an& independent reflections are given).
la and is compared to that obtained from the lithiated Space groufp2i/m (Z = 2); atoms in the unit cell were refined in positions
material in Figure 1b. The refinement of theMio,SbS 2ein (m): x, 1/4,z

structure at 1.5 K was carried out by combining NPD data
(recorded afl = 1.494 A (#1) and. = 1.8856 A (#2)) with

that of the parent compound to supply the starting model.
Combining the datasets provided increased statistical ac-
curacy to our refinements and allowed us to identify some
low-intensity Bragg reflections (e.g., af 2 29.7, 34.6, 59.1,
59.4, and 61.7 1 = 1.494 A) as impurities that were indexe
to a LiNH, phase? It appears that the “chimie douce”
approach followed in our work catalyzed the decomposition
of the metastable Li/NH solution to form LiNH as a
byproduct, an effect that has been observed before in Li
intercalates of RuddlesdeiPopper oxysulfidedt Two-phase
Rietveld analysis found LiNKto account for~3.6% of the
total integrated intensity, with an improved quality of fit;
i.e., for pattern #1 onlyy? developed from 4.31 to 3.3R,
from 2.51 to 2.15%).

The Li intercalated in MgSbS was first located by using
difference Fourier methods. A starting structural model based
on the parent material’'s low-structure was Rietveld fitted
to the NPD data of the Mo,SbS material. Because all

(20) Jacobs, H.; Juza, R. Anorg. Allg. Chem1972 391, 271.
(21) Hyett, G.; Rutt, O. J.; Gai, Z. A,; Denis, S. G.; Hayward, M. A.; Clarke,
S. J.J. Am. Chem. SoQ004 126, 1980.

the constituent atoms of the host have been of positive scat-
tering length, using this method with neutrons offers certain
advantages as the Li site (scattering length for-L-1.90

fm) was identified as a large negative intensity peak in the
difference FourierKqps — Feacd Map. Refining the Li site

q gave the stoichiometry of the intercalate agshiM0,SbS.

The quality of fit was considerably improved with the
inclusion of Li, namely withx = 0.31(2),%? = 2.707, cf.

for x = 0.0, x? = 3.324 {2 here is the “global” value, i.e.,
that for combined datasets), at the 2rystallographic
position, 0.612(5), 0.25, 0.144(3). For these purposes, the
isotropic thermal parameter for Li was fixed By, = 0.3

A2 the overall Debye'Waller temperature factor of the
structure in early stage refinements. The Li cation adopts a
pseudo-octahedral coordination of 5-S and 1-Sb nearest
neighbors (nn) and resides within the quasi-one-dimensional
channels of MgSbS (Figure 2). The final refined atomic
coordinates of lg3Mo,ShS are given in Table 1, with
selected bond distances and angles in Table 2.

4.2. Comparative Structural Features.The structure of
LixMo,SbS (Figure 2) is composed of two primary building
blocks: (i) the [MoShS] layers of 3-MoTe, topology??
where Mo(1) adopts pseudo-octahedral sites (}8bSunits),
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Figure 1. Rietveld refined profiles, observed (black points), calculated (red line), and difference (green lihe)laf K andi = 1.494 A for (a) MoSbhS
and (b) Lb.312M02ShS, with the bottom set of tick marks assigned to a LiNKhpurity. Inset to (a): dc susceptibility of MBbS, fitted to the Curie law.

with a zigzag connectivity along thk-axis, and (ii) the [MoS]. chains and the bond length Mo(2$(1), which joins
[MoS]. zigzag chains, where the Mo(2) type of site the chains to the [MoSbS]ayers (Figure 2). At 1.5 K, the
(MoSsShy, units) provides the connectivity to the layers via bonds calculated from NPD are considerably elongated,
two Sb and one S(1) atoms. NPD indicates that Li intercala- whereas the angles “open up” from 70.8(2) to 73.3(®)on

tion results in an anisotropic expansion of the J8bS intercalation (Table 2).

lattice, largely in theac plane \a = 1.24(2)%,Ab = 0.10-
(2)%, andAc = 2.17(2)% at 1.5 K). We note that the
interlayer chalcogenchalcogen separation varies from 3.86
A'in the 2D-MoTe, to 5.77 A and 6.08 A in the 3D dense
host matrix chalocogenides Mof#° and MaSbS, respec-
tively. This corroborates to an interlayer octahedral void
space around theed i site of the MaSbS unit cell that is
effectively larger than that in the topologically related
compounds off-MoTe; and MoShkS, all composed of CeH

like layers. As such_, the_host favors mtercalatlo_n of cations in Tables S1 and S2. No deviations from the monoclinic
and the new material, b:M0,SbS, has 6.25 A interlayer / found f " . ith
S—S separation distances. The effect is best depicted with P2/m structure were found for all compositions wit

A L X < 0.7. The variation in the lattice parameters with Li
reference to the bond angles M 2)—Mo(2), within the ; . . ; -
g ot32) @ content is shown as the inset to Figure 3. Their composition

(22) (a) Brown, B. EActa. Crystallogr.1966 20, 268. (b) Kertesz, M.: dependence shows deviations from a simple linear variation
Hoffmann, R.J. Am. Chem. S0d 984 106, 3453. expected for an ideal solid solution obeying the so-called

Rietveld refinements of the synchrotron X-ray data (300
K) demonstrate that chemical pressure manifests as lattice
swelling in the LiMo,SbS series, e.g., 186.54(1)*n x =
0 rises to 192.97(1) Ain x = 0.69(3). A representative
pattern §? = 6.381,Ry, = 4.93%) is shown in Figure 3 for
the maximum attainable lithiated composition= 0.69).
Details of the structure solution and refinement strategy are
provided in the Supporting Information (Appendix Il1), with
the crystallographic parameters and bond distances reported
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a evolution is reported in Table S3 of the Supporting Informa-
tion. Concerning the Mo(})S(1) connectivity, one long
bond of 2.386(8) A remains unperturbed with increasing Li
content, but two equal shorter ones vary between 2.341(5)
and 2.372(3) A for the two end members ofMb,SbS. In
view of structurally related compounds, such as M&Sénd
B-MoTe,, we find similar Mo—S contacts{2.38 A) for the
former, whereas for the less electronegative Te bonding, we
find longer metat-chalcogen bonds¥2.70 A). We note that
the lattice accommodates the extra strain due to the Li
insertion by widening the associated bond angles within
layers and chains (Figure 4b).

The effect on the nearest-neighbor (nn) Me{Mo(1)
bonds inside the layers and those of the Me{lp(2) bonds
inside the chains is shown in Figure 4c. The nn intralayer
Mo(1)—Mo(1) bond distance increases smoothly from 2.768-

}";" J’H I (3) to 2.802(2) A in order of increasing Li content. Similarly,

22_’:_‘___‘_‘_‘_‘_‘_‘__22" _______________ }’7’ the nn intrachain Mo(2yMo(2) bonds vary between 2.748-
Figure 2. Eight unit cells of the Rietveld refined ¢.412M02Sb$ structure, (2) and 2.813(2) Aj These are, on average, shorter than the
viewed down thé>-axis; Mo atoms (black), S atoms (blue), Sb atoms (pink), MO—Mo contacts in the 208-MoTe, (~2.90 A) but of

[MoSbS]..
layers

[MoS 1.
chains

and Li atoms (green). similar length in the 3D MoS#$ (~2.77 A). The next
Table 2. Selected Bond Lengths (A) for LiMo,SbS Compositions as nearest-neighbor (nnn) MeMo contacts appear to increase
Derived from Rietveld Refinements of the 1.5 K Neutron Powder from 3.18412(8) to 3.18518(8) A and are of the same length
Diffraction Data. for either type of structural building block, namely, layers
Mo,SbS,1.5 K Lio.312M02ShS,1.5 K or chains. However, they display an unusual nonmonotonic
Mo(1) Mo(1) 3.17826(8) 2 3.1812(1)x 2 behavior, with a crossover from negative to positive expan-
< 22-787221((22)x 2 2é7§63§4(1%>)< 2 sion at a Li content ok ~ 0.2, effectively mapping out the
2.871(2)x 2 2.8553)x 2 b axis composmon evolution (|r_13et Figure 3). ThIS feature
S(1) 2.384(7) 2.390(9) implies an interplay between size and electronic effects as
Mo(2) Mo(2) 23-314;%(2‘2?8; 5 g%i(;()f; 22 the amount of intercalated Li increases. The elongation of
Ol Ol . . X : . .
2.741(2)x 2 2.8253)x 2 the mtr_alayer nn SbSp distances (Tablg 2) down theaxis
Sb 2.851(3)x 2 2.867(4)x 2 also mirrors the previous changes. IgNlb,SbS, although
S(1) 2.607(5) 2.657(7) the nn intralayer and intrachain Mdvo distances are
S g_'g’fg((g))x 5 2?3%32%2( 5 somewhgt longer{7—10%), they do no.t differ significantly
Sh Sh 3.17826(8) 2 3.1812(1)x 2 from the intracluster bonds observed in other ternary-Mo
_ 3.414(4)x 2 3.386(5)x 2 chalcogenides, such as the Lipa?* compounds composed
H ',\\AA%((lz)) %‘_é‘é%x 4 of linear chains of (MgX3)$ clusters or the closely related
3.51(3) Chevrel phases RMosXs-y.2° Concerning the Li coordina-
Sb 2.79(3) tion, we note that its nn form a distorted octahedron of
28 ggﬁgig LiSsSb type whose volume increases as the lattice swells
2.40(3) with an increasing amount of intercalated Li cations.

4.3. Electronic Structure Calculations. The CASTEP
Vegard's law. Such deviatiort8,common in metallic solid  code was utilized to calculate the electronic structure of the
solutions, imply strong interaction between electrons or atomstitied materials. We predicted the periodic structures of
as the doping level increases. Therefore, size effects are nof10,SbS and LiMo,SbS, having adopted as a starting model
the only reason behind the observed changes, as electronighe experimentally determined crystallographic parameters
effects are expected to act in a coordinated way. derived from the Rietveld analysis of the IGWNPD data

Longer bond distances in the vicinity of a matrix transition  of Mo,SbS and L, 3;M0,SbS, respectively. For MgShsS,

element will corroborate to a reduced host. The synchrotron the relative difference between theoretical and experimental
data for the LiMo,ShS series (0= x < 0.7) support such |attice constants is less than 1%, whereas that for bond
a chemical reactivity, as lithiation leads to elongation of Mo |engths is less than 0.5%. Electronic structure calculations
bond lengths (see Table S3 in the Supporting Information): were then undertaken for the predicted equilibrium structures
Mo(2)—S(1) increases from 2.618(6) to 2.652(4) A and of Mo,SbS and LiMo,SbS (see Tables S1 and S2 in the
Mo(2)—Sb increases from 2.855(3) to 2.867(1) A (Figure supporting Information). The small discrepancies of the
4a). These provide a pathway (Figure 2) for the interplane \o,ShS structural models (experiment and theory) do not

coupling between the [Mo§]chainlike motifs and the  produce significant differences in the calculated DOS. This
[MoSbS], layers. For comparison, the “in-chain” bond

(24) Dronskowski, R.; Hoffmann, Rnorg. Chem 1992 31, 3107.
(23) Castellanos, M.; West, A. R. Chem. Soc., Faraday Tran£98Q (25) Marezio, M.; Dernier, P. D.; Remeika, J. P.; Corenzwit, E.; Matthias,
76, 2159. B. T. Mater. Res. Bull1973 8, 657.
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Figure 3. Observed (points) and calculated (full curve) synchrotron X-ray powder diffraction profiles from Rietveld refinement of the highest Li content
derivative Lbo3M02SbS. The reflection markers and the difference profile are shown. Inset: Monoclinic cell constants versus the refined Lix;ontent,
as determined by means of the Rietveld analysis technique; the lines over the data are a guide for the eye.
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Figure 4. Composition evolution of (a) the Mo(2)S(1) and Mo(2)-Sb

bonds connecting the [MoSkhainlike motifs to the [MoSbS]layers, (b)
the bond angles Mo(1)S(1)—Mo(1) and Mo(2)-S(2)—Mo(2) defining the
layers and chains, (c) the MoZMo(1) and Mo(2)-Mo(2) bonds inside
each such building unit; the lines are a guide for the eye.

predicted electronic structures for materials with composi-
tions between the two end members of thgvld,SbS solid
solution (see Appendix llb in the Supporting Information).
The DOS plots for the fully optimized M&bS and the
LiMo,Sb$S structures, shown in Figure 5, contain the total
and the projected densities arising from the s, p, and d orbital
contributions for all the elements in the compounds. The
results of the present DFT-GGA work for M®&bS are in
agreement with the earlier repBrbased on a tight-binding
LMTO calculation. Our work suggests that the }86S band
structure (Figure 5) involves dispersive bands that cross the
Fermi level Eg), therefore indicative of a metallic electronic
structure. Flat bands also cross tke along particular
reciprocal lattice directions, for example, those defined in
the range ofl" and A points of the Brillouin zone. In
Mo,ShS, the Fermi level Er = 4.34 eV) falls off a
maximum in the DOS, hinting at subtle electronic instabili-
ties, suggested before to be of van Hove singula#ity.
Electron doping of the host, via Li intercalation, raised
theEr by +0.93 eV and placed it on a maximum in the DOS
with N(Ef) = 4.15 electrons/eV per unit cell for LIM8bS
(cf. 3.43 electrons/eV per unit cell for the parent). In the
vicinity of Er the qualitative features of the band structure
do not deviate significantly from those in the parent host,
with flat bands now shifted between Z and B points of the
Brillouin zone. The DOS upon alloying with Li, is shifted
because of the enlargement of the unit cell. The evolution
of DOS around the Fermi level for various x compositions
is depicted in Figure Sla (Appendix lIb, Supporting Infor-

is especially promising in view of the calculations for the mation).
fully lithiated derivative, LiM@SbS, for which there is
currently no experimentally determined chemical structure. and—3.5 eV and further divided into two sub-bands (Figure
This test also provides confidence for the accuracy of the 5). The partial DOS for the lower of those two sub-bands

The “lower DOS region” is located between aboeut0
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Figure 5. Band structures of MgSbS (left panel) and its fully lithiated derivative, LiIM&bS (right panel). The middle panel compares the total density
of states (DOS) for the optimized structures, whereas the projected densities arising from the s, p, and d orbital contributions for all thenetleenents i
compounds are also shown. The Fermi eneKgy,is drawn across the panel as a continuous (or dashed) line.

indicates mainly S states of 3s orbitals, with a minor we have calculated the per formula unit Mulliképopula-
contribution from the 5s states of Sh, whereas for the highertions, 7, of the occupied atomic orbitals (see Table S4 in
sub-band, the main contribution is from the 5s orbitals of the Supporting Information). We find that only ~ 0.53

Sh. Both the p and d orbital contributions to the lower region €lectrons per Li are donated and distributed in the bands of
address less than about 17% of the total DOS. Examiningthe host; the effect is a partially depleted’Lisite in the

the modification of the electron counts upon lithiation we LiM02SbS structure. Furthermore, size changes of the unit
find the s, p, and d orbital contribution to the total DOS Cell play a limited role in modifying the lMo,SbS DOS.
unaffected for the higher sub-band, but with important Despite the electron redistribution that takes place in the inner

changes for the lower sub-band. In the latter, a decrease inPart of_the valence band, a major effect of the Li Insertion
the s and d contributions and enhancement of the number of> the f'”'ﬁg of the d hOIeS'. whm_h appear close_ to the Fermi
p orbital electrons is effective, postulating that Li interacts level region (see Appendix 1V in the Supporting Informa-

. i . tion).
mainly with the S rather thaq the Sb in the k5D When one assumes formal valences-& for Sb and-2
polyhedron. Furthermore, the “higher DOS region”

; . , (where for S, the molybdenum must reach a mixed valency character
the Fermi I_eveI falls in) is between apprOX|mate+)2_.5 and for charge neutrality in the WM0,SbS (x < 1) compound.

8.5 eV (Figure 5). At its lower part, the partial DOS |t ha5 heen claimed before, however, thabBlos is a mixed
calculation suggests mainly 3p orbitals of S, but that of the \5jency compound, as the Mo(1) and Mo(2) sites due to their
4d orbitals of Mo is also significant; a minor contribution  gifferent coordinating environments can afford accommodat-
comes from the 5p orbitals of Sh. For higher energies closeng distinct M&* and Md"* oxidation states, respectivel§.

to the Er, the main character is that of the 4d orbitals of With the intercalation of Li, the estimated integrated oc-
Mo, with a minor contribution from the 3p states of S. Itis cupation of atomic states (see Table S4 in the Supporting
worth noting that the s orbital’s contribution to the higher Information) suggests that the aforementioned nominal
region is practically negligible and that, at ti#, their oxidation states are not substantially affected. That is to say
contribution for any lithiated composition is of the order of formally, the 2 electrons per unit cell from each added Li
1.5-3%, whereas that of the p orbitals is on the order of atom resultin a partial charge transié?o", which is shared
15—25%. This indicates that charge carriers could be mainly between Mo(1)-4dq’ ~ —0.43 electrons) and Mo(2)e4
due to the p orbitals of S and possibly the d orbitals of Mo (6" ~ —0.30 electrons) lattice positions. In this picture,

that effectively contribute to thEe. electrons are assumed not to be delocalized between mo-
) ) ] lybdenums, and as such, the two different environments
4.4, Electrqn Charge-Transfer ConsiderationsEach Li keep a charge disproportionation in the intercalated
atom [182s] introduced in the host structure acts on the | j (vo3+9/Mo*"),ShS compound.
Mo,SbS as an electron donor. In the ideal case, it could fill 4 5 Transport Mechanisms.The bulk electronic proper-

in the highest unoccupied bands by injecting the lattice with ties of the MaSbhS host and their modification by intercala-
2 additional electrons per unit cell of LIMBbS (Z = 2).
To evaluate the effect of charge transfer upon intercalation, (26) Mulliken, R. S.J. Chem. Phys1955 23, 1833.
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dependence of resisitivity 8t > ©p and aT® behavior at

T < Op. Because LMo,SbS contains no magnetic ele-
ments, theT® term is not further justified, in addition to the
T2 term due to electronelectron scattering as the nonlinear
least-square fit finds negligible probablity. From eq 1, we
determinedpo, p1, and®p (Table 3). The Nordheim rule for
solid solution behavior describes quantitatively the structural
disorder produced by substitutional Li atoms and gives rise
to po(T—0) O x(1 — X) dependence (inset Figure 6a).

4.6. Electron—Phonon Coupling. It is noteworthy that
the resistivity at high temperatures obeys(®) — po = cT
law, with a fitted slope ot = p1/40p (Table 3). Expressing
p1 given by the Bloch-Gruneisen equatiéhon the basis of
the one-electron band theory motlehffords a modified
formula

1 Akg
(M = po= (65 5 =T
PP ( &h U,’éNFV)

)

The slope is given as a function of electrgshonon coupling
constant, 4;, the electron group velocitylJg, and the
magnitude of the electronic DOS per unit volurigy,. The
latter two quantities were computed (Table 3) for each Li
stoichiometry at theEgr via the interpolation scheme of
Appendix llb (Supporting Information). In this approxima-
tion, Nry values (Table 3) were taken from the partial D®S
of the s and p electrons B, as those from d orbitals were
assumed to have negligible contribution in the conduction
because of their larger effective mass. The computed

Figure 6. The temperature dependence of (a) the ambient pressure 2.45 for M@Sh$ is comparable to the electrephonon

resistivity for various LiM0,SbS (0< x < 0.7) materials; the line over
the data points is a fit with the BloetGruneisen function; and (b) the
resistivity for the MeSbS host under various externally applied pressures;

enhancement in the structurally complex high€hevrel-
phase Me-chalcogenides, NMogXsy (e.9.4 ~ 2.5 for rhom-

P(RT) stands for the room-temperature measurement of the hydrostatic bohedral PhdVIoeS; 5, with T = 13 K),231but deviates from

pressure magnitude.

tion are of fundamental interest. SQUID magnetometry of

the host (inset Figure 1a) has shown Pauli paramagnetism

(xTp = 8.51 x 10°° emu/mol); data were corrected for core
diamagnetism (approximately1.34 x 10 emu/mol) and

a small Curie-tail term [ < 15 K, C = 5 x 10*
emu K/mol). On the basis of Matthiessen’s rélaye have
separated two electrical resistivity contributiopgl) = po

+ ppurdT). The residual termpo, is due to impurities or
alloying effects and the thermal papyu{T), caused by
scattering of current carriers, is due to more than one

independent mechanisms. Nonlinear least-square fit of the.

Li\M0o,SbS p(T) data (Figure 6a) was then carried out with
the expression

2dz n
€-11-e?
PzT2 + PaT3 1)

T Op/T

p(T) = po + P1(®_D)5 ﬁ)

The second term, the BloetGruneisen function®p is the
Debye temperature of the metal= Aw/ksT), is the lattice
contribution arising from the scattering of the conduction
electrons by thermally excited vibrations. It results in linear

(27) Singleton, JBand Theory and Electronic Properties of Sojiford
University Press: Oxford, U.K., 2001.

that of a simple bcc Mo metak (~ 0.4, with T, = 0.9 K) 32
Enhanced coupling constants are in accord with the
chemical specificity of the easily polarizable chalcogen
elements, a feature that in general leads to soft bonds in their
compounds. The influence of the elevated hydrostatic pres-
sure on the electronic structure was then investigated by
means of transport measurements in ,BloS and ac
susceptibility experiments for theig\lo,SbS composition.
We found no evidence for a crossover from a metal to
superconductor, for experiments dovn2 K and pressure
up to 17 kbar. From the electronic structure point of view,
it would suggest that as the overlap at neighboring sites
increases with pressure, the bands get continuously broader

(28) Allen, P. B. InQuantum Theory of Real Material€helikowsky, J.
R., Louie, S. G., Eds; Kluwer: Boston, 1996; p 247.

(29) An estimation of the partial DOS per orbital versus Li contewas
derived by a linear interpolation between the two end-composition
values, i.e., PDOS] = x[PDOS(1)]+ (1 — X)[PDOS(0)].

(30) The dimensionless quantiti¢sand 1 are of similar magnitude. The
latter differs in that it involves the quantity (+ cos 6), which
characterizes transport phenomena. In simple terms, it describes the
change in the wave vector of a mobile electron along its initial direction
of movement during a scattering process, i&ky| = ke(1 — cos6),
where@ is the angle betweek-final andk-initial. In a 3D k-space,
proper averaging over all directions is necessary. Experimentally
determined values of; are found to be larger than the valuesidh
superconducting metals, e.g., Pb shows: 1.79, withA ~ 1.55.

(31) Andersen, O. K.; Klose, W.; Nohl, HPhys. Re. B 1978 17, 1209.

(32) Papaconstantopoulos, D. A.; Boyer, L. L.; Klein, B. M.; Williams, A.
R.; Morruzzi, V. L.; Janak, J. FPhys. Re. B 1977, 15, 4221.
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Table 3. Parameters Utilized in the Calculations for the Electron-Phonon Coupling Constant,4;, in the LixM0,SbS Solid Solution (the
composition x was obtained from the Rietveld Refined structures)

X Op (K) p1(MOhm cm) € = p1/40p (1Ohm cm K1) Ura(x 10’cmi/s) Nev (x 10-3 electrons eV A—3) At
0.000 209.3 5.26 6.29 3.99 7.59 2.45
0.068(29) 228.5 14.68 16.06 3.88 7.43 4.25
0.128(29) 180.5 19.47 26.99 3.49 7.13 7.56
0.190(35) 174.7 18.05 25.83 3.43 7.54 7.42
0.694(29) 230.3 20.43 22.17 3.27 9.37 7.18

a Calculated for a finite number of energy values at & 30 x 4 k-grid of points.

but still remain half-filled. Thereby, the effective mass of 5. Conclusions

the carriers should decrease and the conductivity rises as The capability of the ternary chalcogenide }86S as a
sh?\Wr? fr?r the tempeiagjrc; evocljuilgnké)f t-h'?. Mbsegm host is demonstrated by successful intercalation of lithium
with high pressureR = 3, 7, an ar; Figure 6b). in the one-dimensional channels of the structure. The inter-
_4.7. Partial Localization. The unus_ually en_hanced mag-  calated material, LbMo,SbS (0 < x < 0.7), is the product
nitudes oft (~7 atx = 0.69; Table 3) in the Li-doped Me  of soft-synthesis techniques involving Li/NHeducing
SbS suggest that the one-electron band theory model adoptedsqytions. Rietveld refinements of neutron powder diffraction
for the previous analysis is an oversimplified approach. Many gaia (1.5-270 K) locate the guests and verify that no

body effects (e.g., electrerelectron Coulomb repulsion),  sryctural phase transformation takes place upon intercalation.
which are not included in the current methodology, are The monoclinic structure is an assembly of infinite [MoSbS]
important for an accurate calculation. layers interconnected by [MoSthains running along thie

Phenomenologically, a percolati§rmodel may be ap-  crystal axis; a nanoporous framework system is thus formed
propriate in order to describe the subtle change(d) by the pillaring chains. The small increase in the lattice
(Figure 6a) and cell size (inset Figure 3) aroung 0.19. volume and the efficient adjustment of framework structure
Assuming that each Li impurity is associated with a sphere after the insertion of the guests are monitored by synchrotron
of conductivity approximately equal to the Bohr radius of X-ray powder diffraction (at 300 K). We demonstrate how
the charge carriers, as the impurity concentration increasesthe aforementioned structural building blocks are tuned to
more and more spheres overlap, forming clusters. Theseallow incremental control of the dense host matrix’s geo-
gradually grow larger and coalesce to form a conducting metrical, chemical, and electronic environment.
bridge across the crystal. As a result, the slope(@) at The performed redox reactions result in a small perturba-
X = 0.19 (Figure 6a) adopts smaller values again. But why tion of the physical properties of the host matrix; metallic
does the slope have the opposite trendxat< 0.19?  electronic conductivity is found for all compositions £0x
According to the percolation theory, this can indicate the < 0.7) studied down to 2 K. The application of high-pressure
critical Li concentration,x., for appearance of improved (P <17 kbar) increases conductivity but does not promote a
electrical conduction. Our phenomenology should then also metal-to-superconductor transition. The obtained data were
consider a feasible mechanism pertaining to electron local- considered in conjunction with the one-electron band-theory
ization so that the evolution gf(T) with Li is rationalized. model for the derivation of the electreqphonon coupling

The charge disproportionation at the Mo(1), Mo(2) sites constant in the series (e.g:~ 2.45 for MaShS). The effect
and the anisotropic local deformation of their S/Sb pseudo- of the intercalation and the associated chemical reduction
octahedral environment are in favor of a local lattice distor- of the dense host matrix material were investigated by first-
tion that can trap possible charge carriers igMa,SbhS. principle geometry optimizations and electronic structure
The partially depleted Li site itself, £ (i.e., 0 ~ 0.53 for calculations (DFT-GGA). The basic chemical reactivity of
x = 1.0), also presents a favorable environment for entrap- Li is to reduce the molybdenums’ crystallographically
ment. The dopant’s electrostatic interactions with neighboring nonequivalent sites, supporting k& and Md*o" (6'/6" <0)
ions are likely to favor a polaréfipicture similar to thatin ~ oxidation states. We find that Li is only partially depleted
bronzes (NaVOs;, 0< x <1).3% Because of the electren from its charge and the doping of M®bS mainly fills in
phonon interaction, the lattice polarization moves with a d-holes, with leftover minority charge carriers arising from
mobile electron, in effect resulting in heavier charge carriers. p orbitals. The evolution of; upon lithiation postulates that
The formation of polarons in [10,SbS lowers the mobility ~ carriers become partially localized around local lattice
of the electrons (s and p &) and causes them to have a distortions (Mo and Li sites), giving rise to a polaron
larger effective massn§*). In turn, A; will be adjusted to formation and relatively low carrier mobility. We suggest
lower values than those reported in Table 3. Within this that with increasing Li concentration, partial localization
model, carrier motion is intimately linked to lattice vibrations occurs till a critical compositionx. ~ 0.19. Percolative
when MaSbS is doped with Li; heavier carriers are foreseen conductivity then takes over, along with a subtle crossover
until a critical compositionx. ~ 0.19, when percolative  from negative to positive expansion in théattice direction.
conductivity comes into play.
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