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(PbS), 3TaS,, formerly designated ‘‘PbTaS;,”” has been found by single-crystal X-ray diffraction to be
a misfit layer compound characterized by two face-centered orthorhombic unit cells each with space
group Fm2m. One belongs to the PbS part of the structure (a = 5.825 A b=5719A,c=23.964,Z =
8), the other belongs to the Ta$, part of the structure (¢’ = 3.304 A b =5719A,¢c"'=23.96 A, Z = 4).
The corresponding axes are parallel; the ratio of the lengths of the misfit ¢ axes, a/a’ is irrational, but
close to 1. The compound is built of alternately double layers of PbS with distorted NaCl-type structure
and TaS, sandwiches, with Ta in distorted trigonal prisms of sulfur. Along the ¢ axes of length 23.96 A,
four units are stacked; units of the same type but (3)c apart are displaced with respect to each other
over (3)b. The symmetry of the complete structure is analyzed in terms of a four-dimensional super-
space group. The electrical transport and magnetic properties are related to those of 2H-TaS,. The
conduction is metallic and strongly anisotropic, the in-plane resistivity being about 10° smaller than the
resistivity along the ¢ axis. The Hall coefficient, with positive sign, corresponds with an electron
donation from PbS to TaS,. The Seebeck coefficient is negative like that in other intercalates of 2H-

TaS,. The compound is Pauli-paramagnetic.

Introduction

Recent structural investigations (/-6)
have shown that compounds formerly (7-
10) designated as 1-1-3 chalcogenides MTS,
(M = Sn, Pb, La; T = Nb) are misfit layer
compounds built of alternately double lay-
ers of MS with distorted NaCl structure
and NbS, sandwiches, with niobium in tri-
gonal prisms of sulfur like Nb in 2H-NbS;.
Since slabs of MS and NbS; sandwiches
have different geometries they do not form
a compound with a single unit cell and
space group; each compound MTS; is char-
acterized by two-centered orthorhombic
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unit cells and two space groups. The ¢ axes
of the two structural units (MS and NbS,)
are perpendicular to the layers; they are
equal in length or one is twice the other.
The unit cells match along the b axes; the
length of the b axes corresponds for the MS
part with the cell edge of NaCl type MS (M
= Sn, Pb, La) and for the NbS,; part with
aV3 of the unit cell of 2H-NbS; (a = 3.324
A). In the direction perpendicular to the b
and c axes, the lattices do not match; the
length of the a axis of the MS part is ap-
proximately equal to the cell edge of the
NaCl-type MS, while the a axis of the NbS;
part is approximately equal to the a axis of
2H-NDS,. The composition of these so-
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called composite crystals is determined by
the ratio a/a’ and by the number of units
MS and NbS, in each unit cell. The simplest
structure is found for (SnS), ;;NbS,; along
the direction of the ¢ axes of length 11.761
A, one slab of SnS and one sandwich of
NbS; are present, the space groups being
Cm2a and Cm2m, respectively. For
(PbS); 14NbS; and (LaS); ;4NbS; the length
of the ¢ axis of the NbS, part of the struc-
ture is twice that of the PbS and LaS parts.
The two NbS, sandwiches in (LaS); 141NbS;
are related by a displacement of (3)b; in
this way the NbS, lattice is F-centered
orthorhombic while the LaS lattice is C-
centered.

In this paper we report the structure and
some physical properties of ‘‘PbTaS;,”
which turned out to be a misfit layer com-
pound built of double layers of PbS and
TaS, sandwiches, with Ta in distorted trigo-
nal prisms of sulfur; the composition is
(PbS), 13Ta$,.

Experimental

The compound was prepared by heating
the elements in evacuated quartz ampoules
at 850°C. Crystals were grown by vapor
transport in a gradient of 930-850°C. To
about 300 mg compound to be transported
5-10 mg (NH,),PbClg, which acts as a con-
venient source for chlorine, was added.
(NH,),PbCl¢ decomposes at higher temper-
atures into PbCl,, NH4Cl, and Cl,. The
crystals grow at the low-temperature side
of the tube as thin platelets.

The in-plane resistivity (p,) and Hall co-
efficient (Ry) were measured on crystal
platelets cut into a rectangular shape. Con-
tacts, four and five for the in-plane resistiv-
ity and Hall effect, respectively, and two
for the resistivity along the ¢ axis were
made with platinum paste. Resistivity ver-
sus temperature scans were performed with
the sample in a liquid helium cryostate from
4 K to about 400 K using an ac current
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source (81 Hz) and a lock-in amplifier.
Temperature setting and measurement of
the resistance during the temperature scan
were microcomputer controlled.

The Hall coefficient was determined in
the temperature range 4-300 K with the
field (from a superconducting magnet, Ox-
ford Instruments) along the ¢ axis of the
crystal. An ac current source (81 Hz) was
used; the Hall voltage was measured using
a lock-in amplifier for fields from —3 to +3
T in steps of 0.5 T; plots of the Hall voltage
versus field were made in order to check
the linearity. The Hall voltage per unit field
was determined by a least-squares fit to
these points. Control and data handling
were performed using a microcomputer.

The Seebeck coefficient from a powder
compact was scanned automatically from 4
K to 300 K using a microcomputer for con-
trol of the temperature, temperature gradi-
ent, and the measurement of the thermo
EMEF; the Seebeck coefficient was deter-
mined by a least-squares fit to the EMF ver-
sus gradient data.

The magnetic susceptibility (x) was mea-
sured in the temperature range 4-300 K us-
ing a Faraday balance (Oxford Instru-
ments). Measurements were performed
with powder compacts; since these com-
pacts show a strong preferred orientation,
magnetic measurements were performed
with the magnetic field parallel and perpen-
dicular to the axis of preferred orientation
(c axis). We consider the measured x values
to be good estimates of x; and x, for the
field parallel and perpendicular the ¢ axis.

Determination of the Structure of
(PbS)1.13Ta8;

Weissenberg photographs of a single
crystal aligned along the common axis of
5.77 A showed reflections due to two face-
centered orthorhombic unit cells. Accurate
unit cell constants obtained by least-
squares from Guinier data (Jungner Instru-
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ments, CuKa; radiation) are given in Table
I; it is seen that the ratio a/a’ = 1.7555 (SD
0.0009) is irrational but close to § = 1.75.
Measurements using a CAD-4F single-crys-
tal diffractometer (Enraf-Nonius) con-
firmed the indexing from Weissenberg and
Guinier photographs. It may be remarked
that the a axis of the PbS part from a single
crystal is significantly smaller than a from
powdered crystals (Table I). It is possible
that the lattice parameters differ due to the
mechanical treatment of the powder sam-
ple. Electron diffraction (//) also showed
weak extra reflections (satellites) due to the
mutual modulation of the TaS, and the PbS
part of the structure. They occur on rows of
the main spots parallel the a* axes at posi-
tions with a component along these axes
given by r* = h/a + n/a’, for the modulated
PbS lattice and by r* = h'/a’ + n/a for the
modulated Ta$S, lattice, n being the order of
the satellite and & and 4' the indices of re-
flections of the two subunits, respectively.
The resulting diffraction pattern of satel-
lites suggests therefore a unit cell with ¢” =
4a = 7a’ for the whole structure.

From a comparison of the unit cells
with the unit cells of (SnS), ;NbS, and
(PbS);.14NbS;, it is obvious that the struc-
tures are closely related. The face centering
of both lattices PbS and TaS, in ‘‘PbTaS;”’
implies that in each plane a C-centering is
active while similar units (3)c apart are re-
lated by a displacement of (3}b. From the

TABLE I

UniT CELL DIMENSIONS AND SPACE GROUPS (SG)
OF THE SUBLATTICES (SL)

SL a(A) b(A) c(A) SG
PbS  5.8032(5) S.7717(4)  24.0022) Fm2me
5.825(1)  S.7781)  23.962(2) Fmlmb
(PbS); 13TaS;
TaS;  3.3058(6) 5.7721(8)  24.002%(5) Fm2me
3.3044(4)  S5.779(4)  23.954(4)  Fmdm®

4 Measurements from a Guinier-Hagg camera.
b From a CAD-4F diffractometer.
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ratio of the lengths of the « axes of the two
structural units and the number of units PbS
and TaS; per cell, 8 and 4 respectively, one
calculates a composition of (PbS); ;3TaS,.

Structure Refinement

Crystal data and experimental details of
the refinements using reflection data from
the PbS, TaS;, and the common part of the
diffraction pattern are compiled in Table
Ila-IIc, respectively. The intensity data
were corrected for scale variation (/2),
Lorentz and polarization effects, and ab-
sorption using a Gaussian integration
method (/3). The refinements were per-
formed on F by full-matrix least-squares
with unique reflections satisfying the I =
2.5 o (I) criterion of observability. A refine-
ment of the PbS data set (excluding 04! re-
flections) with Pb and S at positions 8¢ of
Fm2m converged to a Rr of 0.11; a differ-
ence Fourier synthesis revealed a rather
large density at 0.8 A from Pb along the Pb—
S bond parallel ¢. We found a similar phe-
nomenon during the refinement of the SnS
part of (SnS); |7NbS;; it was at that time not
explained but we now suppose the occu-
pance of such an ‘“‘inverted’” site in both
cases to correspond with a Pb (Sn) atom
“‘pushed”” inside the double layer; in the
normal case Pb (Sn) stick out of the planes
of sulfur for about 0.4 A. The origin of the
occurrence of such a defect site is not clear;
it is possible that it is connected to a sulfur
deficiency, the apex S atom being not
present in that case. It may be remarked
that such a defect site was not found in the
case of (PbS), 14NbS, (5). Refinements were
performed with Pb randomly distributed
over the two sites, viz. Pb(1), the regular
site, and Pb(2), the site in the disordered
lattice (Table III); the sum of the occu-
pancy factor of both sites was constrained
to 1.0. The refinement proceeded to R =
0.074 with about 1% of the Pb atoms in the
disordered position.
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TABLE Ila
X-RAY DATA CoLLECTION OF (PbS), 3TaS;
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TABLE llc
REFINEMENT OF THE PROJECTION ALONG [100]

PbS part TaS; part
Diffractometer Enraf—Nonius CAD4F
Radiation (A) MoK&, 0.71073
Monochromator Graphite
Temperature (K) 298
Range; min. max., (deg) 1.7, 40.0

w/28 scan, (deg)
Data set

Aw =0.95+035tg6
hO0—>10;k:0— 10, A:0—> 5 k00— 10;
I —42 > 42 I —42— 42
Crystal-to-receiving-

aperture distance
(mm) 173 173
Horizontal vertical

aperture (mm) 40,45 4.0, 45
Reference reflections, 0,0, 16; 0.76 0, 0, 16, 1.21

r.m.s. dev. in % 028; 1.21 028, 0.77

028; 0.86 028, 0.98

Instability constant (P)  0.0105 0.0119
Drift correction 1.00-1.002 0.998-1.000
Min. and max.

absorption correction

fac. 1.31-19.17 1.31-15.26
X-ray exposure time (h) 21.7 7.8
Total data 1448 844
Unique data 738 429
Observed data

=250y 534 428

The Ta$, reflections excluding 04/ refined
smoothly to R = 0.033 with the atoms on
special positions 4a and 8¢ of Fm2m for Ta
and S, respectively.

The complete structure was found from
the 0kl reflections. Since these reflections
occur only for k and l even, the b and ¢ axes
can be halved. The symmetry of the pro-

TABLE IIb
DETAILS OF THE REFINEMENT PROCEDURE

Refinement in space group Pllm (No. 6) b = 2.889(1) A,

= 11.891(2) A
Number of reflections: # = 0 101
Number of refined parameters 15

Final agreement factors:
Rr = S(|Fo| — |F|VE|F,| 0.056
wR = [SW(F,| — |[Fy/Ew|Fol1? 0.065
Weighting scheme 1

S = [Ew(|Fy| — |F(m — m)]? 3.122
= number of observations
n = number of variables
Residual electron density in final difference
Fourier map (e/A%) -0.75, 1.17
Max. (shift/sigma) final cycle 0.0137
Average (shift/sigma) final cycle 0.0045

jected structure is that of the two-dimen-
sional group Pm. For refinement using
XTAL a three-dimensional space group had
to be chosen; we chose P11m with the at-
oms on positions la and 2c¢. Refinements
were performed with rigid TaS, and PbS
units. The y of S was chosen as zero, y of
Ta following from the TaS, refinement; z of
Ta and S were also fixed at their values
from the TaS, refinement, taking into ac-
count the difference in lengths of the » and
¢ axes in both cases. The s.0.f. of the PbS

TABLE Il

FINAL FRACTIONAL ATOMIC COORDINATES AND
TEMPERATURE FACTORS, WITH THEIR E.S.D. VALUES
IN PARENTHESES, OF (PbS), 13TaS,

oF (PbS), ;3TaS, x y z s.o.f. U.(A2)"
PbS part TaS; part (a) PbS
Pb(1) 0.0 0.0 0.31847(6) 0.896(6)  0.0303(4)
Number of reflections: k # 0 431 327 Pb(2) 0.0 0.514(9) 0.2167(5) 0.102(6) 0.043(6)
Number of refined parameters 19 10 bS(l)S 0.0 0.018(6) 0.2007(4) 1.0(0) 0.045(3)
. Tai
Final agreement factors: ®) 2
Rr = 3(|Fo| — |FllYS|Fo| 0.074 0.033 Tal) 00 0.0 0.0 0.0067(1)
WR = [Ew(Fo| — [Fe)2/Zw|Fol21"2 0.055 0.041 S 0.0b 0.3438(7)  0.0650(1) 0.0080(8)
Weighti h Vo X(F) 1o 3(F) Common part
§1g= ;;%va;j"_wu:c‘)z«m — w2 3;-38 3;75 Pb(l) — 0517(2) 0.6366(5) 0.52(1) 0.0225(1)
m = number of observations S(1) —  0.553(2) 04011(5) 0.52(1) 0.0305(1)
n = number of variables Ta(l) — 0.6877(0) 0.0 1.0(0) 0.0053(1)
Min. and max. residual densities in final 3@ — 00 0.1300(0) 1.(0) 0.0087(1)
difference Fourier map (e/A% -10.5, 5.1 -3.20, 5.16
Max. (shift/sigma) final cycle 0.018 0.087 Uy = 'ézizj (]jjﬂiﬂjﬂi © 8. .
Average (shift/sigma) final cycle 0.0031 0.003 b Coordinates in a unit cell with b = 2.889(1) A c=

11.981(2) A.
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unit and its y and z coordinates were re-
fined, and converged to R = 0.056. The z
coordinates are with e.s.d. equal to those
found from the ‘‘PbS’’ refinement. The dis-
order in the Pb sublattice as found from the
PbS refinement was not taken into account.
The s.0.f. of the PbS unit (0.52(1)) is some-
what lower than expected from the ratio of
the a axes, 0.565, respectively. The temper-
ature factors of PbS and TaS; in the pro-
jected structure follow the trend already
visible in the separate refinements, viz.,
those of PbS being about five times larger
than those of TaS,. It may be remarked that
it is now, at this stage of the structure deter-
mination, possible to change the y coordi-
nates of the atoms in the PbS and TaS, parts
in Table III to those found from the refine-
ment using the 0kl reflections; y of S of TaS,
was chosen to be equal to zero.

Final fractional atomic coordinates and
thermal parameters (U, only) and site oc-
cupancy factors are given in Table III.! In
all our calculations scattering factors were
taken from Cromer and Mann (/4). Anoma-
lous dispersion factors are those given by
Cromer and Liberman (1/5). All calculations
were carried out on the CDC-Cyber 170/760
computer of the University of Groningen
with the program packages XTAL (/6) and
EUCLID (I/7) (calculation of geometric
data).

Description of the Structure

(PbS);.13TaS; is built of alternately puck-
ered double layers of PbS and TaS, sand-
wiches alternating along c. The TaS, sand-
wiches are, apart from a distortion as

! See NAPS Document No. 04739 for 11 pages of
supplementary material (F,, F.), anisotropic thermal
parameters). Order from ASIS/NAPS. Microfiche
Publications, P.O. Box 3513, Grand Central Station,
New York, NY 10163. Remit in advance $4.00 for mi-
crofiche copy or for photocopy, $7.75 up to 20 pages
plus $0.30 for each additional page. All orders must be
prepaid.
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discussed below, the same as those present
in 2H-TaS$,. The relationship becomes visi-
ble by comparing the a and b axes of the
TaS; part (Table I) with the orthohexagonal
axes of 2H-Ta$,, a = 3.314 A, b = 12.097
A (18). On the basis of an orthohexagonal
cell the space group is changed from P6;/
mmc for 2H-TaS, to Pm2c for the distorted
structure. Due to the different type of
stacking of TaS, sandwiches in 2H-Ta$S,
and (PbS), ;3TaS;, the translational compo-
nents of each element may differ for both
compounds. It is thus found that the sub-
system space group of the TaS, part,
Fm2m, is compatible with the orthohex-
agonal space group of 2H-TaS,.

Since the distortion (the deviation of b/a
from V3) is small, the Ta-Ta distances,
3.326 A (4x) and 3.305 A (2x), differ only
slightly; the average Ta—Ta distance, 3.319
A, is the same as the Ta~Ta distance in 2H-
TaS,. The y coordinate of sulfur deviates
considerably from y = § for S in the ortho-
hexagonal cell of 2H-TaS; which leads to
Ta—S distances of 2.524(4) A (2x) and
2.443(3) A (4x) (Fig. 1). The average Ta-S
bond length, 2.470 A, is close to the Ta-S
bond length, 2.468(2) A, in 2H-Ta$, (18).

The PbS sublattice of (PbS),3TaS; con-
sists of puckered double layers with lead
atoms sticking outside the planes of sulfur.

F1G. 1. Interatomic distances (in A, e.s.d. in paren-
theses) in a TaS, sandwich projected along the ¢ axis;
small and large circles are Ta and S, respectively.



PROPERTIES OF (PbS), ;;TaS,

FIG. 2. Interatomic distances (in A, e.s.d. in paren-
theses) in the upper half of a double layer of PbS. (a)
Projected along [001]; (b) projected along [100]. Small
and large circles are Pb and S, respectively.

Undistorted double layers with dimensions
5.936 x 5.936 x 2.968 A3 can be made from
solid PbS, with the latter having a NaCl-
type structure, space group Fm3m, and a =
5.936 A (19). In order to accommodate TaS;
sandwiches, such double layers are com-
pressed to puckered double layers with the
in-plane (ab) unit cell dimensions of 5.825
x 5.778 A2 along the commensurate b axes
(5.778 A) the PbS and Ta$, units clamp
each other. Perpendicular to the ab plane
the distance between planes of lead atoms
(the outer planes of atoms of the slab of
PbS) is 3.281 A which may be compared
with 2.968 A in the undistorted slab. The
volume per unit PbS is hardly changed dur-
ing the distortion, viz. from 26.15 A? for
PbS to 27.6 A3 for the distorted slab.

The coordination of Pb by S of the PbS
unit is approximately square pyramidal, the
bond to the apex S atom, approximately
parallel the ¢ axis, being 2.82(3) A. Two of
the four bonds approximately in the ab
plane are equal, viz. those approximately
along a (2.950(2) A); the other two, approx-
imately parallel to b, are 2.82(1) and 3.30(1)
A (Fig. 2). The average length of the latter
four Pb-S bonds, 2.94 A, is close to the Pb—
S bond length in solid PbS.

Since lead atoms are in planes lying
about 0.4 A outside the planes of sulfur, the
shortest interunit interactions are between
sulfur atoms of Ta$S, and lead atoms. Com-
pared to 2H-TaS,, the van der Waals gap
between neighboring sandwiches is re-
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placed by a pseudo van der Waals gap with
probably bonding interactions between lead
atoms and sulfur atoms of TaS,. Due to the
incommensurate character of the structure
along the a axes, the distances of Pb to
three S atoms of TaS, vary (Fig. 3); to-
gether with the S atoms of the PbS slab the
total number of sulfur atoms coordinating
Pb becomes 7 or 8, depending on the actual
position along the a axis in the misfit com-
pound.

The stacking of PbS double layers and
TaS, sandwiches is demonstrated in Fig. 4;
sandwiches of the same type (3)c apart are
displaced with respect of each other over
Bb.

The structures of the subunits PbS and
TaS, described above are modified due to
their mutual modulation. One may assume
the PbS lattice to be the strongest modu-
lated because of the flexibility of the PbS
slab. An indication for a stronger modula-
tion of the PbS part is found in the tempera-
ture factors of the atoms, those of PbS be-
ing about five times larger than those of
Ta$S, (Table III).

Superspace Group Description

The structures of the subsystems PbS
and Tas$, are both described in space group
Fm2m. 1t was shown that Fm2m is compat-
ible with the orthohexagonal space group
Pm2c¢ of 2H-TaS,. The space group of
orthorhombically distorted PbS, Pmmm, is
a subgroup of Fm3m. That the PbS part
does have a structure according to the
space group Fm2m is hereafter explained
by the superspace group description of the
symmetry.

As derived elsewhere (20—22), one higher
dimensional space group can be defined,
which characterizes the symmetry of the
complete structure of an intergrowth
compound. Following these procedures
the four-dimensional superspace group
PF™m (o 0 0) is obtained for (PbS), ;TaS,.
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FiG. 3. (a) Projection of the structure of (PbS), 3TaS, along the [001] axes. Large and small open
circles are S and Ta, respectively; Pb atoms are indicated by dashed circles. Along the misfit axes a
length corresponding with four unit cells of the PbS part is indicated. Sulfur atoms of the PbS part are
not drawn for the sake of clarity. (b) A projection along the [010] axes showing the coordination of Pb
in one of the two PbS double layers. Only Pb atoms along the row indicated by p in (a) are shown.
‘“‘Bonds’’ between Pb and S of TaS, are indicated by solid and dashed lines in (a) and (b).

The F-centering corresponds to the transla-
tions:

(z, 2z, 0, 2)
(%’ 0’ %’ 0)
©, 3z, 5 .

The four-dimensional reciprocal lattice pro-
jects onto the four vectors {af, aJ, a¥, af} in
physical, three-dimensional space. The re-
ciprocal lattices of both subsystems are ob-
tained from these as

aj
%
a1

a,’f} =277

a .
with Z!

-]
Pyx Wx Dy

*
a,3

1

[T )

and Z2 =

(=T ]
(= =
[T ]
o o ©
[T T =)
(=~
[T ]

v = 1 and » = 2 corresponding to subsys-
tems TaS, and PbS, respectively. a; = aaf,
with « = 0.5673 as defined previously,
gives the incommensurate ratio of the a
axes in both subsystems.

The important feature for the present dis-
cussion is that the single superspace group
uniquely defines the space group of each
subsystem (21, 22). For the superspace
group given here, together with the Z*-
matrices, the subsystem space groups are
obtained as given in Table 1.

X-ray diffraction does not allow the de-
termination of the presence or absence of a
center of symmetry. Therefore, on the ba-
sis of the symmetry properties of the dif-
fraction pattern only, the superspace group
PP T1T (2 0 0) would also be possible. This
would lead to the centrosymmetric subsys-
tem space groups Fmmm. Because the
TaS,; component is acentric, it follows that
the superspace group must be acentric.
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FiG. 4. The projection of the complete structure of
(PbS),.1sTa$S; along the misfit axes. In order to demon-
strate the F-centering of the Ta$, lattice, tantalum at-
oms at z = } and z =  in the same plane parallel (100)
have the same symbol (+ or —); atoms (3)a TaS, apart
have different symbols.
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This, in turn, leads to the space group
Fm2m for the PbS subsystem, thus proving
the latter to be noncentrosymmetric too.

Electrical Transport Properties and
Magnetic Properties of (PbS); 13TaS;

The in-plane resistivity (p ) versus tem-
perature curve (Fig. 5) shows a metallic
type of conduction; the residual resistivity
amounts to 1077 Q-m, the ratio p, (300 K)/
p, (4 K) is 15. The resistivity along the ¢
axis is also metallic (Fig. 6); the resistivity
ratio p;/p, is 5 X 10%. Such a large anisot-
ropy in the conduction is also observed for
(SHS)1_17Nb82 (3) and (PbS)lMNsz (4) The
Hall coefficient Ry as measured on two
crystals is shown in Fig. 7; the differences
between the two measurements is attrib-
uted to the uncertainty in the measurement
of the thicknesses of the crystals (12 and 37
pm). Ry is in all cases positive and in-
creases slightly below about 150 K with de-
creasing temperature. The number of holes
calculated from the average Ry, 9 x 10710
m? C!at 300 K, using Ryg = 1/(pe) (p is the
number of holes, ¢ the electron charge)
amounts to 6.9 X 10 m™ which corre-
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F1G. 5. The in-plane resistivity, p,, versus temperature of (PbS), ;TaS;.
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F1G. 6. The resistivity along the c axis, p;, versus temperature of (PbS), 3TaS, for two different

crystals.

sponds to 0.8 hole/Ta. The Seebeck coeffi-
cient (Fig. 8) is negative from 300 K to
about 50 K. The magnetic susceptibilities
(xj and x., not corrected for diamagnetism)
of (PbS),13TaS; are shown in Fig. 9. The
anisotropy of x, x| being larger than y, was
also observed in (SnS); ;7NbS; (3) and inter-
calates Ag,TaS; (23). The measured y
values of (PbS),3TaS, are about 30%
smaller than the corresponding values in
(PbS); 14NbS,; the difference may be due to
a larger diamagnetic contribution in the Ta

compound. A discussion of the anisotropy
in x is outside the scope of this paper.

A positive sign of Ry with values corre-
sponding with less than a hole per transition
metal and a negative Seebeck coefficient in
the range 10-20 pV K~' at 300 K was also
observed for (SnS); 1NbS, (3), (PbS);14
NbS, (4), intercalates of silver in 2H-NbS;
(24), and 2H-TaS; (23). The properties of
the misfit layer compounds are therefore
similar to those of intercalated 2H-NDbS,
and 2H-TaS,. The 2H compounds are built
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F1G. 7. The Hall coefficient, Ry, versus temperature of (PbS);;3TaS; for two different crystals.
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F1G. 8. The Seebeck coefficient of (PbS); ;Ta$S, versus temperature.

of NbS; and Ta$S, sandwiches with the tran-
sition metal in trigonal—prismatic coordina-
tion by sulfur. These compounds and also
the corresponding selenides have been in-
teresting subjects for experimental and
theoretical studies due to their highly
anisotropic physical properties and charge-
density-wave (CDW) transitions resulting
from the two-dimensional character of the
Fermi surface. Band structure calculations

(for a review, see Doni and Girlanda (25)
and more recently those of Guo and Liang
(26) and Dijkstra (27)) have shown that
there is a valence band of mainly sulfur 3s,
3p character overlapping (in ') a 54,2 sub-
band which is half-filled. The 54,2 band
hardly shows dispersion along the direction
of the c* axis. 2H-TaS, shows a CDW tran-
sition at 80 K; below the transition temper-
ature an incommensurate distortion occurs
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F16. 9. The magnetic susceptibility x, (upper curve) and x, (lower curve) versus temperature of

(PbS}); 13TaS, at a field of 0.875 T.
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with hexagonal symmetry and wave vector
g = (1 — 8)a*/3 (6 = 0) (28). The properties
of (PbS), 3TaS; as discussed above can be
interpreted as those of intercalated 2H-
TaS,; the number of holes calculated from
Ry, 0.8 per Ta, corresponds with a dona-
tion of 0.2 electron/Ta from the PbS part of
the structure. The relatively large negative
Seebeck coefficient indicates, compared to
that of 2H-TaS,, a change in the proportion
of parts of the 54,2 band with hole and elec-
tron character. The same was found for in-
tercalates Ag,TaS; (23). The donation of
electrons is probably due to the 6s° lone
pair electrons of Pb, but the possibility of
donation by valence band electrons of the
PbS part cannot be excluded. The concept
of a donor—acceptor-type interaction be-
tween the different structural units is sup-
ported by the properties of (LaS), 4NbS;;
this compound, isostructural with (PbS), 14
NbS,, shows a large donation in agreement
with a preference for the valence state 3+
of La (29). The electrical transport and
magnetic properties of (PbS), 3TaS; do not
show anomalies which can be attributed to
CDW transitions in the TaS, part of the
structure. It may be remarked that in the
misfit compound the Ta$S, lattice already
has an orthorhombic distortion which
makes a hexagonal CDW distortion impos-
sible. Furthermore, the mutual interaction
already gives a structurally induced modu-
lation with wave vector aa;. Van Maaren
(9) and Schmidt et al. (30) found in a pow-
der sample ‘‘PbTaS;’’ superconductivity
below 3.1 K. For 2H-TaS, superconductiv-
ity was reported below 0.65 K, T, increas-
ing with increasing pressure (31).
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