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Charge Transfer in Misfit Layer Chalcogenides,
[(MX),11.4x(TX5)m: a Key for Understanding their
Stability and Properties

A. MEERSCHAUT, Y. MOELOQ, L. CARIO, A. LAFOND
and C. DEUDON

Institut des Matériaux Jean Rouxel, UMR-CNRS 6502, Université de Nantes, Lab.
de Chimie des Solides, 2 rue de la Houssiniére, 44322 Nantes, France

Stability of misfit layer chalcogenides (M.L.C.) is always governed by a charge transfer
(C.T.) mechanism. A comparison between M.L.C. and parent intercalated layered binary sys-
tems shows comparable characteristics, which illustrate the role of electron donor for the MX
part (or its corresponding A-intercalant species) towards the TX; acceptor part. In that way,
intercalation chemistry within the vdW gap of multilayered TX, misfit derivatives is also
considered. The donor character of the MX part, easy to understand when trivalent M cations
are present, can be also assumed if a divalent M cation is partly substituted for a trivalent one,
as revealed from precise electron microprobe analysis. Examples of M.L.C. with enlarged
MX part (with mixed M*!!, M*'!!y emphasize the reality of the C.T.. This M-to-T donor effect
necessarily controls the transport and intercalation properties.

Keywords: misfit layer chalcogenide; charge transfer; intercalation

INTRODUCTION

Definition: In the last decade, many new synthetic ternary chalcogenides
showing a 2D-composite structure and belonging to the family of
incommensurate compounds, namely the misfit layer compounds (MLC), were
reported in the literature “‘zl.Thcy can be formulated as [(MX)n)i4x(TX)m
(M = rare earth, Sn, Pb, Bi, Sb...; T=Ti, V,Cr,Nb, Ta; X =85, Se;n=1,1.5,2
and m = 1, 2, 3, with 1.08 < 1+x < 1.28). The building principle of their
structures consists of an alternate stacking of two layered sets, namely MX and
TX> (see Fig.). Incommensurability comes from the inequality of periodicitics
between the two components, along the a-direction; the ratio ay/ag is generally
irrational, with (/+x) = 2 ag/ag. The stacking sequence is related to the w/m
ratio.The early MLC corresponded to the simplest homologue (n & m = 1:
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“monolayer type”). Later on, “multilayer types” (n = L. m = 2 or 3) were

reported 43

, with one (m = 2) or two (m = 3) van der Waals (vdW) gaps in
the H-part. Recently, an opposite situation was encountered in which m = | but

n=15%or2™
[MX] part [TX2] part

MX = Q { rcz2) pssudo-tetragonal TX2 = H {is ) pseudo- hexagonal

Various stacking sequences
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Stability: The question of stability for such misfit phases against a mixture of

pure binary phases was largely debated B9.101)

, and different hypotheses were
proposcd on the basis of various methodological approaches. The main
hypothesis, that we will defend hereafter, is that an electron transfer always
occurs from MX to TX; to gain in energy through the intergrowth of both
entities. The MX Jayer always acts as an electron donor; in other words, this Q
layer can be considered as a 2D-intercalate (positively charged) inside a TX;
host compound. In addition to the resulting charge transfer (C.T.) from the
Q-part, a further C.T. can occur in “multilayer types” through intercalation of
cations (atoms or molecules) in the v.d.W. gaps.

1- INTERCALATION IN THE V.D.W. GAP OF MULTILAYER TYPES

1.1- Intercalation with alkaline metals

Most of intercalation studies into multilayer types were performed by
Tiradoe & coll. . Chemical (with n-butyllithium or sodium naphtalide
solution in THF) as well as electrochemical techniques showed that the
intercalation of Li or Na takes place topotactically. For Na, the upper
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intercalation limit approaches one atom per bilayer unit formula (i.e. =0.5 e/T),

indicating the filling of vacant octahedral sites U%!

. A higher degree of
intercalation is reported for Li (but below 2 at. / unit formula e 1 e/T),
which implies tetrahedral site occupancy too. Alkali incorporation at the Q/H
interface cannot be envisioned, since no significant intercalation has been
observed in the monolayer type (m = 1). So, it appears that the C.T. upper limit
of alkali intercalation is essentially governed by steric aspects, and not
clectronic ones: indeed, the complete filling of the T-dz? conduction band, in
accordance with the rigid band model, of 1 ¢/T (T in trigonal prismatic

coordination) is never reached.

1.2 - Intercalation of organic molecules

Various organic molecules (e.g., cobaltocene 31y have been intercalated
in multilayer compounds, but not in the (1Q, 1H) corresponding homologues,
that confirms the specific role of the v.d.W. gap. The c-expansion value
resulting from intercalation of identical species in either dichalcogenides or
misfit host structures is comparable, but generally smaller than expected from
the v.d.W. dimension of the molecule. This can be easily explained by the
ionization of the guest species upon intercalation, with consequently a donor
effect. Nevertheless, the cobaltocene content per transition metal is lowered
relatively to parent binary compounds; this has to be related with the pre-
existing donor effect from the MX part (see below), even if no significant
change in the binding energies of all the elements {(metal and chalcogen) was
evidenced from a comparison of XPS results for non-intercalated ternary
(misfit) and binary chalcogenides !'*.
1.3 - Intercalation with transition metals

First of all, one must point out that, like in pristine dichalcogenides, a
limited auto-intercalation of T atoms (i.e. Nb, Ti) within the v.d. W. gap is
frequently encountered among multilayer types. Occurrence of specific
polytypes is determined by such an auto-intercalation process; this is well
known for the 3R-stacking mode in NbS; (4] and Pb misfit derivatives ", In
M.L.C., the auto-intercalation site occupancy factor (s.o.f.) is around 10 %,
which leads to a maximum possible C.T. of ~ 0.25 e /T,

Intercalation of other transition metals was recently performed with
Cu ', Fe or Ni !'"". Thus, the bilayer type [MS]y.x [(NbS,),Cu,), with M = Ce,
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Sm and y = 0.67 (at the maximum uptake), was ascertained, and its electronic
structure studied by means of XPS and EELS spectroscopies ''%. Cu atoms
were assumed to occupy one-third of the two available tetrahedral sites per Nb
atom (for y = 0.67). A phase transition takes place and would correspond to a
change from the trigonal prismatic coordination of Nb atoms (at lowest
Cu-content) to the octahedral one (at the highest Cu-content). As XPS results
indicate monovalent copper, the Cu C.T. is ~ 0.33 e/T.

Fe-intercalated bilayer misfit phases have also been obtained !, A very
recent collaboration with Suzuki & coll. was engaged for the crystal structure
determination of [LaS] 14{(NbS2):Feq33]. Preliminary results are undoubtedly
in favor of the 2H,-NbS, stacking type for adjacent NbS, layers (i.e. Nb in a
trigonal prismatic coordination with intercalated Fe in octahedral one).
Although there are two times Jess Fe- than Cu-intercalated atoms, the result in
terms of the Nb d,” band filling is identical either with 0.33 Fe®* or 0.67 Cu".
Thus, the change of coordination from trigonal prismatic to octahedral
proposed above for Cu, but unobserved for Fe, ought to be verified by X-ray

crystal structure determination.
2- THE MX LAYER ACTING AS A 2D-INTERCALATE

2.1 - Total charge transfer with trivalent cations : the case of LnS/CrS;

Evidence of a C.T. when the M element is a trivalent cation (e.g., rare
earth metal (Ln), Sb, Bi...) is easy to accept, for instance for Ln/Cr M.L.C. It is
well known that Cr** is not stable with chalcogen atoms, which excludes the
formation of a layered binary CrS; compound. But such a CrS; slab is observed
in the ternary ACrS; compounds (A = Li, Na), where A is the electron donating
species opposite to the acceptor CrS; part; CrS, layers are also observed in
M.L.C when they are interstacked with LnS layers. In both situations,
chromium has been reduced to Cr** ions. On the contrary, existence of misfit
chromium derivatives was not reported with a divalent M element (e.g., Sn, Pb)
because of no transfer. This is an indirect proof in favor of a strict C.T. of
1e’/Cr atom.

The expected valence states for chromium (Cr‘“) and lunthanum (La*)
are confirmed by magnetic measurements '™, All the (LnS);,,CrS; compounds
(Ln = La...Yb) are semiconductors '"®); this could be rather surprising because,
once the C.T. of 1e’/Cr is achieved, an excess of x e should remain in the LnS
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slab, i.e., delocalized in the 5d band, leading then to an (unobserved) metallic
conductivity. Chemical analysis with Castaing electron microprobe (EPM) of
the M.L.C. with supposed (GdS), ;7CrS, formula indicated it to be actually
(Gdyp 9106.00S);.27CrS2 (I = vacancy on the Gd sites) 12 This leads to an exact
charge balance for Gd™, Cr* and S%. Consequently, no excess electrons exist
and the observed semiconducting behavior is now explained.

The presence of vacancies thus appears as a direct consequence of
electronic considerations, namely a strict trivalent state for Ln and Cr. But one
can suppress these vacancies through an appropriate cationic substitution,
performed at a constant C.T. (1e/Cr); this is illustrated for instance in ~LaCrS;
with Sr** substituting for La®* in proportion of 2La** + 0 ¢ 3Sr®*. The
starting  La-deficiency is  (Lagosllo0S)2CrS;,  better  expressed as
(LaS)"* (Lag1,38)%2(CrSy)"; Sr substitution up to a complete filling of
vacancies leads to (LaS)'*(5r8)%20(CrS;)". Any intermediate situation is
represented by the general formulation (LaS)(Lays(i.y 11/3¢1-yS1y8)0.2CrS; , with
0<y< 1™ Refinement of (La,Sr)S subcell parameters for y = 0.0, 0.25, 0.50,
075 and 1 gives a quasi-linear increase of the c-parameter
(Fawy = 1.03 A < gy = 1.18 A ), which confirms that substitution is operating
up to y = 1. As expected, the synthesis of an oversubstituted (Lag9Srg3S;,)CrS;
compound failed. Band structure calculations (TB-LMTO-ASA method) of
(LaS)(SrS) 20CrS; (commensurate approximation 5 acsy = 3 ag,s)) were
compared with those obtained for the hypothetical isolated (La,Sr)S and CrS,
layers ('), The most significant difference is the shift of the (La,Sr)S part
towards higher energies when both layers are combined (i.e., in M.L.C.). The
band structure of this M.L.C can be regarded approximately as a superposition
of the band structures of the two components (except the adjustement of the
Fermi levels); the interlayer cohesion in this misfit is due to ionic interactions
between La of the (La,Sr)S part and S atoms of the CrS; one.

La/Sr substitution was also considered for the V-sulfide M.L.C..
Nishikawa and coll.'*? studied the transport properties of Lay (7.xS1,VS3,7 ;
they observed that the carrier concentration in the VS; layers is changed with x,
because of the interlayer C.T. mechanism. Thus, a Mott-type metal-insulator
transition is realized in this M.L.C., the insulating state being achieved for
x = 0.17, while a metallic state takes place for x > 0.3.
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2.2 - Hidden C.T. with a divalent cation: the case of (Pb,Sn)S/TS;

C.T. was questioned for a divalent cation (Pb, Sn), because Q- and
H-layers alone apparently respect an electron neutrality. On the basis of various
spectroscopic methods (UPS, XPS, XAS...), Ohno ®# and Hangyo er al. 1*¥,
claimed that C.T. occurs even for divalent M, but at a lower level than for
trivalent M cation. On the contrary, considering same physical approaches,
Ettermna et al. " considered that C.T. is small (if it exists!) and not sufficient to
explain the stability of the MLC with a divalent M metal atom.

This question was cleared up by EPM performed for the series of M.L.C
(M*"S); (T**S2)m , with M = Sn, Pb; T = Ti, Nb; m = 1, 2, 3 ') When the Q-
and H-slabs were considered to have the ideal stoichiometric compositions MS
and TS, respectively, EPM reveals a systematic shift towards higher T/M
ratios. This is explained as a partial substitution (=10 at.%) of T for M in the
MS slab, as realized by such an heterovalent substitution rule: MQ2+ +Ty* —
Tg™ + Tu™ (with equal amount of To™ and Ty™ - “cationic coupling”).
Presence of tri- (or tetravalent ?) Ti or Nb cations substituted for divalent Sn or
Pb within the MS slab necessary induces a C.T. towards the TS; slab (dz2 band
filling). According to this T-for-M substitution the general chemical formula of
these M.L.C. thus becomes [(M,Ty)S}isx [(TS2)mT.*] with y ~ 0.1 (* plus
z~0.09 for polytypes with interstitial T cations).

2.3 - Intermediate charge transfer: stabilization of new homologues

Two new compounds related to the stacking type n = 1.5 and m = 1, with
chemical formulations [(PbysFe3S)1511.16[NbS2] ‘*” and [(EuS); s]i 15 [NbS;]
2! were recently obtained. In the first compound the Q-part consists of a
sandwich of two PbS planes confining a central FeS one, with Fe** (according
to *'Fe Mdssbauer results and bond valence calculations). In the Eu-derivative
the Q-slab is built up from three EuS planes, with the central metal atom in an
octahedral coordination ; Mgssbauer and magnetic measurements indicate a
mixed-valency for Eu ") +1II for central Eu, and +II for Eu at the margins.
Thus, in these two new M.L.C., the C.T. from the Q-part is ensured by the
presence of Fe** or Eu®* (~ 0.58 e/Nb).

The M.L.C. homologue corresponding to the stacking type n = 2 and
m =1 is illustrated by the synthesis of the franckeite-type compound with

composition [(PbiySb,S$)2J11sNbS; (y ~ 0.2) U1 Here, the four-atom-thick
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Q-layer is stabilized by the stereochemical activity of Sb* cations, with the
C.T. of ~ 0.45 ¢/Nb due to Sb*™".

3- CHARGE TRANSFER: A GUIDE FOR THE RE-INTERPRETATION
OF CHEMICAL AND PHYSICAL PROPERTIES AMONG M.L.C.

As far as electron transfer is concemed, this should have an impact on
transport properties. One of the most convenient way to quantify this electron
donation is to perform Hall (coupled with Seebeck) measurements. Indeed, on
the basis of the rigid band model, electron donation from MX to TX; part must
decrease the number of holes in the d,” band of T = Nb, Ta. Wiegers {2
reported many results for the monolayer type with di- and trivalent M cations.
All these results are in favor of an electron transfer, as deduced from
Ry = -1/(ne), with the d,° band of Nb (Ta) almost filled (~ 0.1 hole/T, that is
C.T. ~ 0.9 e/T) in case of a trivalent M cation (rare earth metal). A much less
transfer was found for divalent cations (Sn, Pb), for instance around 0.87 h/Nb
according to Hall effect in (SnS),;7NbS;, which has a p-type metallic

electronic conduction M"!

, even if the calculated amount is not very reliable for
a situation close to a half-filled band. A band-structure calculation on this
Sn-derivative performed by Fang et al. ' indicates a small transfer of about
0.4 ¢/Nb. On the basis of XPS, XAS and EELS studies, Ohno " also

conciuded about the existence of C.T.

{23, 28] 29.30)

Vibrational studies and optical studies ! gave no conclusive
results about C.T. with divalent M cations. Thus, from optical data, Riischer et
al. "® found no significant C.T. for a divalent M cation (Pb), but a strong C.T.
when a trivalent cation (La, Sm, Tb) is involved. Some other results from XPS
experiments %), also gave conclusion of a small or absent C.T. for divalent M.

Clearly, this long controversy about C.T. for divalent M cations has no
more grounds to be debated, once one takes into account the actual chemical
composition of M.L.C., with T-for-M substitution. C.T. is the main stabilizing
factor for MLL.C., and necessitates a precise knowledge of their crystal
chemistry. Exact significance of transport or chemical properties are
conditioned by high quality requirements for synthesis and crystal chemical
characterization of M.L.C.
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