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The new layered mis5t sul5de of the 1.5Q/1H homologue type,
(Pb(Mn,Nb)0.5S1.5)1.15NbS2, has been synthesized. Electron probe
microanalysis gives the chemical formula (Pb1.02Mn0.33Nb0.16

S1.50)1.15 NbS2, indicating Nb incorporation in the rock-salt-type
part (Q layer). Its crystal structure has been solved through
a superspace approach: orthorhombic symmetry, superspace
group Cm2m(a00), cell parameters a 5 3.326(1), b 5 5.788(1),
c 5 14.326(3) A_ , q vector (0.5744(2),0,0); R 5 2.27% for 688
re6ections and 36 variables. Nb-for-Mn substitution in the
central part of the Q layer is clearly proved. Bond valence
calculation on this compound, compared to some other mis5t
compounds, makes it possible to evaluate the charge transfer
that governs the stability of such composite materials. This
calculation, which takes into account the modulation of Pb+SH

bondings at the Q/H interface through the superspace approach,
shows that the transfer depends on the nature of cations in the
Q layer. This leads to a formal oxidation state for Nb, within the
H layer, varying between &3 and 3.6. ( 2000 Academic Press

Key Words: sul5de; lead; manganese; niobium; structure
determination; bond valence.

INTRODUCTION

The composite structure of the mis"t-layered chalcogen-
ides (MX)

1`x
¹X

2
(where M"Sn, Pb, rare earth metals;

¹"Ti, V, Cr, Nb, Ta; X"S, Se; 1.08(1#x(1.28)
results from the alternate stacking of MX slabs (rock-salt-
type layer, named Q) and ¹X

2
slabs (edge-sharing octa-

hedra for ¹"Ti, V, Cr or edge-sharing trigonal prisms for
¹"Nb, Ta; layer named H) (1). The incommensurate char-
acter is due to the fact that the ratio of the a parameters of
the two sublattices is not a rational number.

The question of stability for such mis"t phases, against
a mixture of pure binary compounds, has been already
1To whom correspondence should be addressed. Fax: (33) 2 40 37 39 95.
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largely discussed in previous papers (2}5). According to
recent results, it clearly appears that the stability of mis"t
layer compounds is always governed by a charge transfer
mechanism (6). This electron transfer directly results from
the chemical bonding, at the Q/H interface, between
M atoms protruding outward from the Q layer (see Fig. 1a)
and X

H
atoms of the H layer. Thus the bond valence method

which focused on M}X
H

bonds, is a good tool for calculat-
ing the interlayer charge transfer between the two sublatti-
ces. So, to do this, the respective M}X

H
distances must be

determined precisely, which needs the use of the superspace
approach to know the exact bond lengths for such
a modulated structure. Results will be compared with sim-
ilar data obtained on some other mis"t compounds.

The compound studied belongs to the 1.5Q/1H homo-
logue type (Fig. 1b), where the three-atom-thick Q layer
alternates with the H layer. Such an homologue was "rst
obtained with (Pb

1.0
Fe

0.5
S
1.5

)
1.15

NbS
2

(7, 8), and
[(EuS)

1.5
]
1.15

NbS
2

(9). In these two compounds, the charge
transfer is clearly due to the presence of a trivalent cation in
the central atomic plane of the Q layer. Obtaining another
compound by substituting In3` for Fe3` ascertains the
amount of the charge transfer. Since for Nb metallic mis"t
compounds the superconductivity is attached to a minimal
charge transfer, as this was proposed for homologues with
divalent M cations (8}11), syntheses were then performed
with a divalent cation substituting for Fe3` for a better
chance of obtaining a superconductor. The Cd and Mn
derivatives were thus prepared, but only the Mn batch
showed single crystals suitable for a complete structure
determination through a superspace approach.

SYNTHESES AND CHEMICAL ANALYSIS

Synthesis of (Pb(Mn,Nb)
0.5

S
1.5

)
1.15

NbS
2

has been made
by a classical solid state chemistry route. The precursors
0022-4596/00 $35.00
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FIG. 1. The Q layer in the 2D mis"t compounds viewed along (100).
Homologues 1Q/1H [(MX)]

1`x
¹X

2
(a), and 1.5Q/1H M[(M, M@)S]

1.5
N
1`x

¹S
2

(b).
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PbS, NbS
2
, Mn, and S were weighted in the same ratio as

for the Fe homologue (8) (i.e.,1.16:1:0.58:0.58, respectively),
and loaded into a quartz tube sealed under primary vac-
uum. The mixture was progressively heated and maintained
at 8003C for one week. The crystallized powder contained
a small amount of MnS in excess. Few small crystals in
a platelet shape of the new phase could be selected. Unfortu-
nately, recrystallization with iodine did not yield larger
FIG. 2. Projection of the EPMA r
crystals of the 1.5Q/1H phase, leading essentially to the
growth of crystals of [(Pb,Nb)S]

1.14
NbS

2
. A lot of selected

crystals were twinned.
Electron probe microanalysis was performed on the

Pb/Mn/Nb mis"t compound together with associated
binary sul"des. Synthetic products were included in epoxy,
then prepared as a polished section for a metallographic
study. Two samples were considered, the "rst with the
compound studied, the second without Pb in the starting
product (in order to con"rm the absence of any mis"t phase
in the pure Mn}Nb}S system). After examination under the
metallographic microscope, selected synthetic crystals were
analyzed with a CAMECA SX 50 microprobe (BRGM-
CNRS-University common analytical service, OrleH ans). Op-
erating conditions were as follows: voltage 20 kV, sample
current 20 nA, counting time for each spot analysis 10 s,
standards (element, emission line): PbS (PbMa), Mn metal
(MnKa), Nb metal (Nb¸a), FeS

2
(SKa). Table 1 presents the

microanalyses, and Fig. 2 their projection in the (Pb,
Mn)}Nb}S system. The following phases were detected:

* in the sample without Pb, MnS was associated with
the classic intercalated compound Mn

0.25
NbS

2
;

* in the sample with Pb, PbS (galena) was associated
with two mis"t compounds of the 1Q/1H and 1.5Q/1H
types.

The 1Q/1H mis"t compound contains only a very low
amount of Mn ((0.4 wt.%). Its composition is very close to
that already published (10), with signi"cant substitution of
Pb by Nb within the Q layer. In contrast, the 1.5Q/1H mis"t
compound contains Mn as a major constituent, and is
similar to the corresponding mis"t homologue with Pb, Fe,
and Nb (7,8). Nevertheless, on the basis of the general
formula (PbM

0.5
S
1.5

)
1`x

NbS
2

(M"transition metal), it
clearly appears to have a Mn de"cit, correlated to an excess
esults in the (Pb, Mn)}Nb}S system.



TABLE 1
Electron Probe Microanalysis of the (Pb(Mn,Nb)0.5S1.5)1.15NbS2 Compound and Associated Sul5des

Wt.% Atom ratios

Phase No. Pb Mn Nb S Total Pb Mn Nb S Fixed

PbS 4 84.40 1.02 0.16 14.42 100.00 0.906 0.041 0.004 1
5 84.98 0.91 0.15 14.27 100.31 0.921 0.037 0.004 1
6 84.39 0.89 0.13 14.36 99.78 0.909 0.036 0.003 1

MnS 21 0.08 63.13 0.48 37.76 101.45 0.000 0.976 0.004 1
23 0.15 63.39 0.48 37.58 101.60 0.001 0.984 0.004 1

1.5Q/1H 7 49.10 4.69 22.14 24.23 100.16 1.171 0.422 1.177 3.732
(Pb,Mn,Nb) 8 48.91 4.49 21.86 24.60 99.86 1.148 0.398 1.145 3.732

9 47.95 4.37 21.94 23.93 98.18 1.157 0.398 1.181 3.732
13 50.13 3.88 22.20 23.80 100.01 1.216 0.355 1.202 3.732
14 48.85 4.08 22.80 24.36 100.10 1.158 0.365 1.206 3.732
16 48.93 4.03 22.22 23.89 99.06 1.183 0.367 1.198 3.732

Mean 1.17 0.38 1.18 3.73
1Q/1H 10 50.14 0.12 25.18 24.26 99.70 1.009 0.009 1.130 3.155
(Pb,Nb) 11 49.92 0.23 24.99 24.01 99.15 1.015 0.018 1.133 3.155

12 50.25 0.33 24.91 24.03 99.52 1.021 0.025 1.129 3.155
15 49.84 0.40 24.43 23.69 98.36 1.027 0.031 1.123 3.155

Mean 1.018 0.021 1.129 3.155
Mn

1@4
NbS

2
18 * 7.55 55.69 37.53 100.77 * 0.235 1.024 2
19 * 7.77 56.48 37.72 101.97 * 0.240 1.034 2
20 * 6.19 56.55 37.29 100.03 * 0.194 1.047 2

Mean = 0.223 1.035 2
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of Nb (while Pb content agrees with that expected). This
corresponds to an horizontal shift of the analyses (Fig. 2)
relative to the Fe homologue, suggesting a selective substi-
tution of Mn by Nb, with the structural formula (Pb

1.02
Mn

0.33
Nb

0.16
S
1.5

)
1.15

NbS
2
.

For comparison, microprobe analysis of the 1.5Q/1H
homologue synthesized with indium gives the structural
formula (Pb

1.09
In

0.56
Nb

0.02
S
1.50

)
1.15

NbS
2
, where the Nb

&&excess'' is too small to be indicative of substitution with
indium in the Q layer. In contrast the cadmium derivative
corresponds to (Pb

0.98
Cd

0.36
Nb

0.15
S
1.50

)
1.15

NbS
2
; similar

to Mn, the use of a divalent metal inside the Q layer
necessitates the partial incorporation of Nb, with the same
substitution level of the central M cation.

STRUCTURE DETERMINATION OF
(Pb(Mn,Nb)0.5S1.5)1.15NbS2

General Approach

Structural determinations for such 2D incommensurate
compounds can be made either through the composite ap-
proach or through the superspace approach (12}16). With
the composite description, each subsystem has its own 3D
space group and unit cell parameters. Then, the use of
common re#ections (0kl) makes it possible to re"ne the
relative arrangement between both parts. In that way,
modulation is not taken into account; i.e., one obtains the
average structures for both parts, which does not give the
relative atomic positions along the a axis, and the true
interatomic distances cannot be determined between M and
X

H
atoms. Indeed, interaction between the two subsystems

leads to mutual displacive modulations with the wave
vector for one subsystem being dictated by the other subsys-
tem; for instance the wave vector coordinates for the Q part
are (a, 0, 0) where a is a*

Q
/a*

H
. The existence of such a modula-

tion gives rise to satellite re#ections in the di!raction pat-
tern. Even if these satellite re#ections were not recorded
because of their too low intensities, the modulated structure
can be determined because main re#ections have contribu-
tions from both Q and H subsystems. In such an incommen-
surate composite structure, the atomic coordinates of the
atom l are expressed as

xl

i
"xl0

i
#n

i
#ul

i
(xN

4
), [1]

where xl0
i

is the coordinate of the atom k in the unit cell of
the basic structure along the axis i (i"1, 2, or 3 respectively
for x, y, and z), n

i
an integer representing the lattice transla-

tion and ul

i
(x6

4
) the modulation function. The argument x6

4
is

the coordinate of the atom in the fourth direction of the



TABLE 2
Crystallographic Data, Experimental Details for

(Pb(Mn,Nb)0.5S1.5)1.15NbS2

Crystallographic data

Structural formula Pb
1.15

Mn
0.45

Nb
1.12

S
3.73

Color Black
Molar weight (g mol~1) 487.18
Crystal system Orthorhombic
Superspace group Cm2m(a 0 0)
Temperature (K) 293
Cell parameters Calculated from 1158

re#ections
a; b; c (A_ ) 3.326(1); 5.788(1); 14.326(3)
< (A_ 3) 275.8(1)
q vector (0.5744(2), 0, 0)
Z 2
Calc. density (g cm~3) 5.865
Crystal shape Platelet
Crystal size (mm3) &0.08]0.16]0.01

Data collection

Monochromator Oriented graphite (002)
Radiation Mo K}¸

2,3
(j"0.71073 A_ )

H part Q part
hklm range !4(h(4 h"0

!6(k(6 !6(k(6
!17(l(17 !17(l(17
!2(m(2 !6(m(7

sin (h)/j range 0}0.613

Data reduction

Absorption coe$cient (cm~1) 396.1
Absorption correction Gaussian method
T
.*/

/T
.!9

0.06/0.45
Re#ections used to scale the di!erent

subsets of re#ections 1804 with I'10p (I)
Total recorded re#ections 9740
Independent re#ections (R

*/5
(obs)) 1383 (0.037)

Observed re#ections (I'2.5p (I)) 688

Re"nement results

Re"nement based on F (F(000)"422)
R/R

w
(%) (all obs. ref. no.) 2.27/2.75 (688)

R/R
8

(%) (all ref. no.) 5.06/2.88 (1383)
R/R

w
(%) (main obs. ref. no.) 2.25/2.75 (676)

R/R
w

(%) (1st satellite ob. ref. no.) 8.5/10.8 (12)
S (obs. ref.) 1.51
No. of re"nement parameters 36
Weighting scheme w"1/(p2DF

0
D#(0.01DF

0
D)2)

Residual electronic density, e~/A_ 3 [!3.24, #3.08]

a R"+EF
0
D!DF

#
E/+DF

0
D. R

w
"[w(DF

0
D!DF

#
D)2/+wDF

0
D2]1@2.
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superspace. This coordinate depends on the value of the
phase t of the modulation wave. This modulation function
can be expanded in Fourier series often limited to the "rst
order:

ul

i
(xN

4
)"Al

i
sin (2nxN

4
)#Bl

i
cos (2nxN

4
). [2]

The distance between two neighboring atoms, in the same
sublattice, is di!erent in all unit cells of the basic structure
and so takes an in"nity of values. The superspace descrip-
tion allows a representation of all these di!erent values as
a continuous function of t. This periodic function shows all
the interatomic distances that can be found in the whole
crystal between two selected atoms. The description is more
complex when the two atoms belong to di!erent sublattices.
However, it is possible to describe the whole basic structure
in a superspace group, and hence, to calculate the in-
teratomic distances M}X

H
.

The whole structural determination procedure in a super-
space group for a mis"t layered compound with the
1.5Q/1H alternate sequence was already detailed in a pre-
vious study on [(EuS)

1.5
]
1.15

NbS
2

(9). The structural deter-
mination of (Pb(Mn,Nb)

0.5
S
1.5

)
1.15

NbS
2

is presented
following this approach.

Structure Rexnement

Single-crystal X-ray data collection was performed on
a STOE-IPDS di!ractometer (17), using MoKa radiation
(j"0.71073 A_ ) with an exposure time of 5 min. for each
plate, for the restricted h range 1.423(h(25.763. Experi-
mental conditions are collected in Table 2.

Re#ections were indexed in two subsets for an ortho-
rhombic symmetry. The "rst consists of the main re#ections
from the H part and the satellite re#ections indexed in
a (3#1)-dimensional space. The second concerns the main
re#ections of the Q part. Intensities were corrected for
Lorentz and polarization e!ects, and for absorption (ana-
lytic method using a Gaussian integration); then, the two
subsets of re#ections were merged in a unique set of hklm
re#ections. The 0klm re#ections are the h

Q
k
Q
l
Q

re#ections of
the Q part with m"h

Q
. The 0kl0 re#ections, which belong

to the two sublattices, are used to scale the intensities of the
two sets of re#ections. True satellite re#ections are charac-
terized with both h and m di!erent from zero.

The superspace group, Cm2m(a00), was deduced from the
space group of each 3D substructure: Cm2m for the H part
and Cmmm for the Q part. All the recorded re#ections
satis"ed the extinction condition of this superspace group
except for the 4klm ones. This fact can be explained by
a partial overlap between 4klm satellite re#ections and
0kl(m#7) main re#ections because the wave vector com-
ponent, a"a*

Q
/a*

H
"0.5744, is close to 4/7"0.5714 (&&semi-

commensurate'' approximation).
All the data reduction, absorption correction, Fourier,
and re"nement calculations were performed with the
JANA98 program (18). The wave vector component was
re"ned with the help of the U-FIT program (19) from main
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re#ections of both the H and Q parts. There is no satellite
re#ection satisfying the I53p (I) criterion in this data set.
So, another data set corresponding to a larger exposure time
(8 min.) was recorded using the same single crystal. In addi-
tion, a longer crystal-to-detector distance (100 mm) was set
up to avoid overlapping e!ects. Unfortunately, only 12
satellite re#ections have satis"ed the I52.5p(I) criterion.

Starting from the structural model of [((Pb,Fe)S)
1.5

]
1.15

NbS
2
, the atomic positions have been described in the

superspace group Cm2m(a, 0, 0). In this homologue type, the
Q part is a three-atom-thick layer (rock-salt type) with Pb
atoms on the outer sides. First, only Mn-centered octa-
hedron was considered, which led to a reliability factor
R"4.27% for 676 main re#ections. The presence of resid-
ual peaks in the Fourier-di!erence map around the Mn site
could indicate a Mn site split over four additional positions,
the situation of which was therefore tested. In the same way,
the S atoms coordinated to these Mn atoms were also
statistically distributed over four positions. In addition, as
the chemical analysis revealed a signi"cant amount of nio-
bium in the Q part, minor substitution of Mn by Nb, at the
center of the octahedron, was tested with success (Fig. 3). All
these considerations led to improve the R factor down to
2.66% for 27 variables. Finally, the displacive modulation
waves were taken into account for atoms at the interface
(i.e., S, Pb, and S1). The "nal R factor converged to 2.27%
for all the 688 re#ections and 36 variables (2.25% for the 676
main re#ections and 8.5% for the 12 "rst-order satellites).
The low improvement for the reliability factor means that
FIG. 3. Splitting of Mn and S atoms in the central layer of the Q part.
the modulation of the atomic positions is very weak. All the
re"nement results are collected in Table 3. In this case the
resulting structural formula (Pb

1.02
Mn

0.39
Nb

0.11
S
1.50

)
1.15

NbS
2

is found to be slightly di!erent from that deduced by
chemical analysis. However, by "xing the Nb/Mn substitu-
tion ratio to that corresponding to the chemical analysis, the
structure re"nement yields R"2.35%, which is very close
to the previous result.

Structure Description

Figure 4 shows the arrangement of the two subsystems in
the (b, c) plane of the whole structure along the incommen-
surate a direction. In the H part niobium atom is in a trig-
onal prismatic environment with quite identical Nb}S
distances (2.48 A_ ). In the three-atom-thick Q layer, Pb atom,
protruding at the margins, is coordinated by "ve S

Q
atoms

in a squared-pyramidal environment (Pb}S:+2.95 A_ ). In
addition Pb atom is also bonded with S atoms of the H part
(S

H
). Figure 5 shows the modulated distances between Pb

and S
H

atoms with respect to the phase t. The minimum and
maximum of the Pb}S

H
bond lengths range from 3.03 to

3.98 A_ (see the inset (a) in Fig. 5). The inset (b) shows the
exchanged valences of this bonding according to the calcu-
lations detailed in the next part.

BOND VALENCE CALCULATIONS

The bond valence method (20, 21) was used to calculate
the total bond valence at the interface of the two sublattices
of the structure studied, and to make comparisons with
some other mis"t compounds. It is a semi-empirical method
that relates the valence of each atomic bond to its length
according to

l
ij
"exp [(R

ij
!d

ij
)/b], [3]

where b"0.37 is a universal constant, R
ij

depends on the
chemical nature of both elements, and d

ij
is the interatomic

distance of the (i, j) atom pair. A set of parameters R
ij

has
been deduced from a large number of known structures for
several (i, j) couples of elements. It is known that Eq. (3) does
not give a true measure of the bond valence in the case of
a strained structure (22). However, that calculation has been
already applied to mis"t compounds (16, 23, 24). Clearly,
geometrical constraints are occurring in this type of com-
posite compounds because of mismatch and mutual interac-
tions between both subparts. Our goal is to compare the
strengths of the bonds at the interface of both subparts in
various mis"t compounds. Geometrical constraints e!ects
are more or less of the same order in all these studied
compounds, so that bond lengths that are correlated with
bond valence could give comparative information, i.e., the



TABLE 3
Fractional Atomic Coordinates (a), Atomic Displacement (b), and Displacive Modulation Coe7cients (c) for

(Pb(Mn,Nb)0.5S1.5)1.15NbS2

(a) Atom la Mult. s.o.f.b x y z ;
%2

Nb 1 2b 1 0 !0.0851(2) 0.5 0.0027(1)
S 1 4c 1 0 0.2481(3) 0.39114(8) 0.0064(3)
Pb 2 4a 1 0 0 0.20366(2) 0.01933(9)
S1 2 4e 1 0 0.4979(9) 0.1636(1) 0.0145(4)
Mn1 2 4e 0.195(3) 0.061(1) 0.432(3) 0 0.0125(9)
Mn2 2 4e 0.195(3) 0.061(1) 0.555(3) 0 0.0125(9)
Nb1 2 2a 0.22(1) 0 0.490(2) 0 0.005(2)
S21 2 4d 0.25 0.0417(5) 0.055(3) 0 0.012(1)
S22 2 4d 0.25 0.0417(5) !0.031(3) 0 0.012(1)

(b) Atom ;
11

;
22

;
33

;
12

;
13

;
23

Nb 0.0025(2) 0.0011(3) 0.0045(2) 0 0 0
Pb 0.0226(1) 0.0188(2) 0.0166(1) 0 0 !0.0001(3)

(c) Atom (l) l i Al

i
Bl

i

S 1 1 0.004(2) 0
S 1 2 0 !0.0009(5)
S 1 3 0 !0.0024(6)
Pb 2 1 0.0005(4) 0
Pb 2 2 0 !0.0077(2)
Pb 2 3 0 0.0005(1)
S1 2 1 0.005(2) 0
S1 2 2 0 !0.011(1)
S1 2 3 0 0.0007(7)

a l"1, the atom belongs to the H subpart. l"2, the atom belongs to the Q subpart.
b s.o.f.: the site occupancy factors of atoms are de"ned for each part independently. The weight ratio between these two parts is taken into account by the

superspace structural description.
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bond lengths depend on the charge transfer from the Q part
to the H part. In other words, as the valence is a function of
the interatomic distance, its value becomes a periodic func-
tion of t in incommensurate crystals (16).

The accuracy of bond valence calculations depends on the
set of known crystal structures used to determine the
R

ij
parameters. It seems that the R

ij
(Pb}S) value leads to

a too high bond valence sum for Pb. Anyway, these calcu-
lations make possible comparisons between two structures
involving the same chemical elements. The bond valence
between M and X

H
atoms was calculated for the compound

studied together with some other mis"t compound struc-
tures (Table 4). The valence excess (Ve) of the Q layer is
calculated by multiplying the M}S

H
bond valence by the

weight ratio between the two parts (1#x). The bond val-
ence sum of the cation ¹ of the H part is deduced from the
previous value using the following expression (<!Ve),
where < is the valence of ¹ in the binary sul"de ¹S

2
and is

equal to 4. In the case of the lacunary (La
0.94

[ ]
0.06

S)
1.20

CrS
2

compound (25), these calculations show that the aver-
age exchange valence between the lanthanum atom and the
S atoms of the H sublattice (S
H
) is 1 valence unit (v.u.) and

only 2 v.u. with the S
Q

atoms. This result agrees well with
the expected value of an excess of one electron on the LaS
sublattice. This is almost the same situation for
(LaS)

1.14
NbS

2
. On the other hand, in the Pb compounds

the exchange valence between the two sublattices is lower,
as the oxidation state of Pb bound with S is strictly #2.
The amount of charge transfer is then restricted to cations
with a valence above 2 in the Q part. For example the
charge transfer is slightly higher in (PbFe

0.5
S
1.5

)
1.15

NbS
2

than in (Pb
1.0

Mn
0.33

Nb
0.16

S
1.5

)
1.15

NbS
2
, due to the #3

oxidation state of Fe, while the oxidation state of Mn bound
with S is strictly #2. The structural determination has
shown (see above) that the Mn site is partially substituted by
Nb (Nb(IV)?), which explains the excess of positive charge in
the Q part.

CONCLUDING REMARKS

Charge transfer in mis"t compounds with a (main)
divalent M cation in the Q part was "rst proved on the basis



FIG. 4. Projection of the whole structure of (Pb(Mn,Nb)
0.5

S
1.5

)
1.15

NbS
2

along the incommensurate direction. For clarity, the splitted posi-
tions of Mn and S atoms belonging to the Q part have been omitted.

FIG. 5. Interatomic distances at the interface between Pb atoms (black
mis"t layered compound (Pb(Mn, Nb)

0.5
S
1.5

)
1.15

NbS
2
. Basic-structure dist

(solid lines). The inset (a) represents the two cases: (1) corresponds to t"0
t"0.25 with two short distances (+3.15 A_ ) and two very long distances (

INTERLAYER CHARGE TRANSFER IN 2D MISFIT COMPOUNDS 7
of chemical analysis for the 1Q/1H homologue
[(Pb,Nb)S]

1.14
NbS

2
(10), without con"rmation through

crystal structure (26) re"nement. However, looking back to
this structural study, the re"ned value (0.53) for the relative
PbS/NbS

2
amount was found lower than the expected value

(0.57) from the ratio of the a parameters. That tells in favor
of a lesser Pb content and con"rms, a posteriori, the partial
substitution of Pb by Nb. In the new compound of the
1.5Q/1H type (Pb(Mn,Nb)

0.5
S
1.5

)
1.15

NbS
2
, the incorpora-

tion of minor Nb within the Q layer, also indicated by
electron microprobe analysis, is proved by an X-ray crystal
structure determination through a superspace approach.
The exact valence state of this minor Nb is di$cult to assert,
even through bond valence calculation, due to the splitting
of S atomic positions in the central atomic plane of the
Q layer. It could be approximated only indirectly from
the valence excess of the Q layer. This valence excess
is fully attributed to Nb, present in the Q layer, and there-
fore must be added to the #2 valences already exchanged
with the S

Q
atoms. This calculation leads to an oxidation

state of about 4.5 which is overestimated due to the
R

ij
(Pb}S) value. According to Table 4, the oxidation

state of Nb in the H layer varies from &3 up to 3.6,
which strongly determines the transport properties of
Nb mis"t compounds. In the title compound, this Nb
oxidation state is close to that of the Mn-free 1Q/1H
homologue, which is a superconductor. No such behavior
down to 2 K was observed in the Pb/Mn phase, which
and shaded circles) and S atoms (open circles) belonging to the H part of the
ances (dotted lines) are slightly di!erent from modulated-structure distances
with one distance of about 3 A_ and two of about 3.45 A_ ; (2) corresponds to
+4 A_ ). The inset (b) shows the exchange valence for this Pb}S

H
bond.



TABLE 4
Average Bond Valence for the Metal M Belonging to the Q Part with the S Atoms of the H Part (SH) and with the S Atoms of the

Q Part in Some Mis5t Compounds {[(M, M @)S]m }11xTS2

Average bond valence sum Valence excess ¹ bond
d
.*/

(M}S
H
) R

ij
a of the Q layer valencec

Compound (A_ ) Ref. (for M}S) MPS
Q

MPS
H

(Ve) (4!Ve)

(La
0.94

[ ]
0.06

S)
1.20

]CrS
2
(s.s.g.) 2.849 (27) 2.64 2.0 1.0 1.1 2.9

(LaS)
1.14

NbS
2
(c.a.) 2.883 (26) 2.64 2.15 0.9 1.05 &3b

(Pb
0.88

Nb
0.12

S)
1.14

NbS
2
(c.a.) 3.094 (10) 2.55 1.9 0.35 0.4 3.6

(Pb
1.0

Fe
0.5

S
1.5

)
1.15

NbS
2
(c.a.) 2.915 (8) 2.55 1.65 0.55 0.6 3.4

(Pb
1.0

Mn
0.33

Nb
0.16

S
1.5

)
1.15

NbS
2
(s.s.g.) 3.027 This

work
2.55 1.7 0.4 0.45 3.55

[(EuS)
1.5

]
1.15

NbS
2
(s.s.g.) 2.873 (9) 2.53 1.35 0.6 0.7 3.3

Note. c.a., composite approach; s.s.g., in a superspace group.
a R

ij
is the parameter used in the bond valence calculation according to the formula [3] in the text.

b The precise chemical analysis is not available.
c¹"transition element in the H subpart.

8 DEUDON ET AL.
is probably due to the presence of a magnetic cation
(Mn2`).
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