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Synthesis and Magnetic and Transport Properties of SV¢$,20,: “AM ,Ss” Phases Revisited
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The compound 8V ¢S20, was prepared from SrS, sulfur, vanadium metal, ap@:\at 950°C in an evacuated

quartz tube. The compound is rhombohedR8l, with a = 8.7538(6) A,c = 34.934(3) A, an& = 3, and shows

strong preferred orientation in its XRD profiles (P@ue to the layered nature of the structure. The compound
contains charged Cglype VS layers of formula [\(S;4]*~ separated by [SVOS:)2(Sy)]*t layers. The latter

has VO3~ tetrahedra and, 8" disulfide units linked by St ions. Magnetic susceptibility and four-probe resistivity

studies show essentially temperature-independent paramagnetism above 80 K and small gap semiconductor behavior,
respectively. The compound has a positive Hall coefficient at room temperature. The relationship ajvisBeChr

“SrV/,Ss” (J. Solid State Chenl996 126, 189),

Introduction

and other AMSs phases is discussed.

and MQ layers in these compounds are alternately stacked along
the c-axis of the cell but are incommensurate or “misfit” in the

Layered transition metal chalcogenides have been of interest,_|, planel’~2° More recently, a new type of misfit bilayer
for years because of their novel mechanical and electrical gy cture has been describ&8 26 that can be viewed as a stage

properties:® Of these, the intercalation compounds of the early
transition metal MQ phases (Q= S, Se) are the most well
studied19-15 due to their superconducting propertfeat low

[l analogue of the (AQ).x(MQ2) phases. These (AQX(MQ2)2
bilayer compounds are characterized by AQ rock salt layers
inserted in every second VDW gap of the Mhbst. Structural

temperatures. Structurally, this broad class of compounds isiyyestigations of (LaSdNbS), or “LaNb,Ss” show two

characterized by Mghost layers that can accommodate a wide qgifications with Nb partially occupying the “empty” VDW
variety of guest intercalants (e.g. alkali-metal and alkaline-earth gaps in one of the modificatior?23-25

ions, organoamines, organometallics, etc.) into the interlayer

van der Waals (VDW) gaps. In most of these compounds,
the periodicity of the intercalant is commensurate with the,;MQ
host. Intercalation of an AQ rock salt layer (Arare earth) in
the VDW gap of the M@ compounds (M= group 4 or 5 metal)
usually leads to (AQ)«(MQ2) phases where % 0.1. The AQ
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Saeki and Onoda have prepared a similar series of compounds
of empirical formula “AMSs”,27-30 where A= alkaline earth
and M= Nb and Ta. These phases are clearly layered (strong
preferred ODorientations in the XRD profiles), but despite the
similarities in composition, they appear to differ structurally
from the (AQ)+x(MQ2), type compounds just described. In
addition, they reported that Srh# was superconducting at 3
K.28 Unfortunately, the structures of these compounds are
unknown. The SrV—S member of this series was originally
characterized as a $t;S; phase by our grodf3! and subse-
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quently reported as Sp%s by Kijima et al32 The synthetic
methods used by both groups involved reactions of SrS,
vanadium metal, and elemental sulfur at 7®%0 °C in

Inorganic Chemistry, Vol. 39, No. 3, 200&59

package was implemented to confirm the space group choice, to apply
the absorption correction, and to set up the initial files. The structure
was determined by direct methods with the successful location of the

evacuated quartz tubes. We report here that the true identity of ST @nd V atoms using the program %@ind refined with XL The

this compound is 3V ¢S,,0, which contains an oxythiovanadate
unit, VOS®~, and a disulfide group. The relationship of this
compound to the other AMBs phases is also discussed.

Experimental Section

Sample Preparation. Method A. The precursors (Cerac) SrS
(99.9%), V (99.5%), YOs (99.9%), and S (99.999%) in a 2:2.73:0.134:
5.33 ratio were intimately ground, loaded into a silica ampule, and
sealed under vacuum. The contents were heated t¢©%Q 1.0°C/
min and calcined at 95TC for 5 days. The samples were subsequently
oven cooled (0.2C/min) yielding a black crystalline product. The
reaction did not result in the devitrification of the silica ampule. XRD
analysis of the product showed only the title compound.

Method B. The precursors SrS, V, and S in a 2:3:6 ratio were
intimately ground, loaded into a silica ampule, sealed under vacuum,

and heated as described in method A above. The reaction did not result

remaining atoms were located from two subsequent difference Fourier
maps. After several cycles of refinement, all of the atoms, except for
the oxygen atom, were refined anisotropically. The final structure was
refined to convergence\Jo < 0.001] with RF) = 4.37%, WRF?) =
11.18%, and GOF= 1.099 for all 1188 unique reflections [R( =
4.08% and WRK?) = 11.05% for those 1080 data with, > 40(F,)].

A final difference Fourier map possessed several peaks as lajge|as
<323e A3,

Several crystalsX15) were mounted and analyzed in the course of
the crystallographic investigation; however, we were only able to index
three of the crystals despite the strong diffraction from all samples.
Axial photographs indicated that most crystals were not single although
their optical appearance looked quite regular.

Results

Synthesis and Characterization. The optimal synthetic

in the devitrification of the silica ampule. The source of oxygen is not conditions for the preparation of ¢#sS2,0; involves SrS and

known. The product contained small amounts of SrS which were
washed out of the samples by extracting with cold water.

H.S Reaction.Black, single-phase 8/sS;,0, was loaded into an
alumina crucible and placed in a flow-through reactor in a tube furnace.
The sample was heated to 980 for 3 h in aflowing H,S atmosphere.
The resulting product was black and microcrystalline.

Sample Characterization. Powdered samples were characterized
by powder X-ray diffraction (XRD) using a Rigaku DMAX-B diffrac-
tometer (Cu Kx radiation) and MDI data analysis package. Energy-
dispersive X-ray analysis (EDX) was performed on a JEOL JXA-840
A electron probe microanalyzer. IR spectra were measured using a
Nicolet Magna 560 infrared spectrometer equipped with a horizontal
diffuse reflectance Gemini attachment. After data collection, the spectra
were corrected for optical dispersion. Atomic absorption analysis was
performed by Desert Analytics, Tucson, AZ. Samples for analysis were
prepared as described above. Anal. Calcd f@¥ §%,,0, (method B):

Sr, 30.6; V, 26.6. Found: Sr, 31.3; V, 26.6.

Property Measurements.Dc magnetic susceptibility was measured
between room temperature da2 K using a SQUID magnetometer
(Quantum Design model MPMS). Electrical resistivity as a function
of temperature was measured by employing a standard ac metfo6 (

Hz) on bar-shaped sintered ceramic samples. Electrical contacts wer
made with silver paste.

X-ray Crystallography. A black plate with approximate dimensions
0.145x 0.127 x 0.044 mni was placed and optically centered on the
Bruker SMART21000 single-crystal CCD diffractometer. The crystals’
initial unit cell parameters and crystal orientation matrix were deter-
mined from a least-squares analysis of a random set of reflections
collected via three sets (30 frames/set) of°0a8de scans that were
well distributed in reciprocal space. The intensity data were collected
with 0.3 wide scans (40 s/fram) and a crystal to detector distance of
4.97 cm thus providing a complete sphere of data tdiB526. The
unit cell was optimized using all of the frames from the initial series

e . .

V.05 with elemental V and S heated at 80850 °C in
stoichiometric proportions. Single heat treatments of these
reagents give single-phase product without regrinding or reheat-
ing. The resulting black platelike crystals show a high degree
of preferred orientation as evidenced by the dominart 00
reflections in the XRD profile (Figure 1). Essentially single-
phase product was also obtained in the presence of excess sulfur
without the use of YOs in the synthesis mixture. However, the
resulting product is less crystalline when an oxide source is not
used in the synthesis and small amounts of SrS giurities
remained after heating. The source of oxygen from this method
is unknown. The excess SrS in the product was removed by
washing the samples with water and the excessuBlimed to

the cold end of the tube. Elemental analyses of the crystals from
this preparative method are in excellent agreement with the
calculated composition from the X-ray structure determination.
Qualitative EDX analyses of the crystals were also consistent
with the X-ray composition. The IR diffuse reflectance spectrum
is essentially featureless showing a single weak absorbance at
775 cnTl. We assign this band as the-D stretch due to the
similarities in energy with other vanadyl compouriés’

SV 9S20- is unchanged by annealing under vacuum at 1050
°C for 18 h. However, reaction of the compound with flowing
H,S at 950°C for 3 h results in the extrusion of SrS and the
formation of a new unidentified phase. Analysis and property
measurements on the phase are currently under investigation.

Structure. SiVS20; is rhombohedral, space gro&g, with
a = 8.7538(6) A andc = 34.934(3) A. A summary of the
crystallographic data is given in Table 1. A listing of the
fractional coordinates is given in Table 2, and selected bond

(606 frames) and a random set of frames chosen from the subsequenfliStances and angles are found in Table 3. The phase can be
data collection runs and used throughout the data reduction sequencedescribed as an oxysulfide intercalation compound of VS

A total of 8442 data £h+tk+l) were corrected for Lorentz and
polarization effects using the SAINT data reduction program with
1188 unique [R(inty= 0.0591]. An empirical absorption correction was

resulting in a [\\S14]*~ host layer separated by a [BrOS;),-
(S)1*" guest layer (see Figure 2a). The;B{4*" layer has a
typical Cdb type structuré® defined by a two-dimensional array

applied to the data based upon equivalent reflection measurements usingf edge-shared V& octahedra (Figure 2b). On the basis of

Blessing’s method in the program SADABS.
Systematic absences clearly indicated the centrosymmetric rhom-
bohedral space grouR3 (No. 148), and the SHELXT¥ program
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Figure 1. Calculated (a) and observed (c) XRD profiles (Cua K
radiation) for SgV¢S,0, showing the Miller indices of selected peaks.

Litteer et al.

Table 2. Atomic Coordinates ¥ 10*) and Equivalent Isotropic
Displacement Parameters{A 10°) for StV ¢S,,0;

X y z Ueq)2 A2
Sl 9775(1)  3826(1) 1117(1) 10(1)
V(1) 8534(1) 2875(1) —-7(0) 13(1)
V(2) 0 0 0 15(1)
V(3) 0 0 1530(1) 5(1)
S(1) 4711)  2380(1) 400(1) 4(2)
S(2) 9029(1) 5253(1) 408(1) 3(1)
s(3) 6667 3333 —431(2) 5(1)
S(4) 132(2)  7740(2) 334(1) 8(1)
S(5) 3333 6667 366(1) 16(1)
o(1) 0 0 2023(2) 8(1)

aU(eq) is defined as one-third of the trace of the orthogonalizged
tensor.

Table 3. Bond Lengths (A) and Angles (deg) fore8%5,,0;

Sr(1)-0(1) 2.622(2) V(1)-S(1) 2.377(1)
Sr(1)-S(5) 2.983(1) V(1)¥S(3) 2.385(2)
Sr(1)-S(2) 2.987(2) V(1)S(2) 2.389(1)
Sr(1)-S(1) 3.002(1) V(1¥S(2) 2.392(1)
Sr(1)-S(4) 3.100(1) V(1)¥S(1) 2.411(1)
Sr(1)-S(4) 3.101(1) V(2)S(1) 2.366(1)
Sr(1)-S(4) 3.130(1) V(3)-0(1) 1.724(6)
Sr(1)-S(4) 3.368(1) V(3)-S(4) 2.150(1)
V(1)-S(2) 2.367(1) S(5)S(5) 2.103(5)

O(1)-Sr(1)-S(5) 128.8(1)  S(BV()-S@B)  94.77(5)

O(1)-Sr(1-S(2)  8L.7(1)  S(BV(1)-S(3)  88.15(5)

S(5-Sr(1)-S(2)  104.39(5) S(AV(1)-S(2)  87.74(6)

S(5)-Sr(1)-S(1)  104.33(5) S(3)V(1)-S(2)  94.13(5)

S(2y-Sr(1-S(1)  67.55(3) S(3}V(1)-S(2)  88.37(5)

S(5)-Sr(1)-S(4)  67.31(3) S(HV(1)-S(2)  92.75(5)

S(2y-Sr(1)-S(4)  135.79(4) S(BV(2)-S(1)  88.75(4)

S(1)-Sr(1)-S(4)  72.73(3) S(HV(2)-S(1)  91.25(4)

S(5)-Sr(1)-S(4)  131.35(4) O(BHV(3)—-S(4)  108.49(5)

S(2)-Sr(1)-S(4)  122.08(4) S(#)V(3)-S(4)  110.43(5)

S(2)-V(1)-S(@1) 91.50(5)

The [SE(VOS:)x(S)]*" layer comprises two distinct structural

The preferred orientation of the sample is evidenced by the strang 00 entities, namely, VOg~ tetrahedra and3~ disulfide groups.

reflections in the observed pattern. The XRD data for Sg\from ref
32 are represented by the stick pattern (b).

Table 1. Crystal Data for SV ¢$20,

fw 1721.50
temp 153(2) K
wavelength 0.710 73 A
space group R3

unit cell dimens a=8.7538(6) A

c=34.934(3) A

Y, 2318.3(3) B
Z 3

D (calcd) 3.699 g/ch
abs coeff 14.334 mmt

final R indices [ > 20(1)]? R1=0.0408, wR2=0.1105
R indices (all dat&) R1=0.0437, wR2=0.1118

aR1= Y |Fo — Fel/3Fo WR2 = (SW(Fo)2 — (F2IHIWF2)V2

below), the V$ host layer appears to be negatively charged
with an average vanadium oxidation state ©8.43 (i.e.
[V7S14%7). The 3.31 A VS subcell is denoted by the dotted
lines in Figure 2b whereas the actual unit cell is indicated by
bolded lines. The observedattice constant is/7 times larger

An (001) projection of this layer is given in Figure 2c. The
VOS:? tetrahedron (Figure 3a) has VEP1 and V(3)-S(4)
contacts of 1.724(6) and 2.150(1) A, respectively. The distances
are very similar to those in the V@5 tetrahedra in the ¥
compound BgV40sS;1.2° Due to these similarities, we assign
a +5 oxidation state to V(3). The disulfide ligand has ans
separation of 2.103(5) A, which is typical for transition metal
disulfides such as the pyrites and marcasifeBhe S#* ions
link the VOS®~ tetrahedra and the disulfides together into a
two-dimensional array. The Brions are in seven coordinate
monocapped trigonal prismatic environments as shown in Figure
3b. Each strontium ion shares an-Q and an SS edge with
two different VOS3~ tetrahedra and is bonded to two sulfides
from the [V-S14]*~ layer. In addition, there is a disulfide bound
in an 5 fashion to each $t. Each disulfide is connected to
six SP* ions (three to each sulfur) as shown in Figure 3c.
The long 34.934(3) Ac-axis results from the AB—C
alternation of the [SXVOS3)x(S)]*+ layers. Each successive
layer is shifted by!/3 along the 110 direction (see Figure 2a).
The three different orientations leave different groups at the
edges of the unit cell. The vanadyl groups are on the edges

than the subcell due to the larger repeat unit mandated by thewith the V=0 “up” in layer A, the disulfides reside on the edges

interleaving [Sg(VOS:)2(S2)]* layer. As a result, there are two
crystallographically distinct vanadium atoms in the;$y4]*~
layer, V(1) and V(2). The VS bond distances involving V(2)
are 2.366(1) A whereas the those to V(1) are 2.39(2) A
(averages). These distances are quite similar to th8 Yontacts

in (PbS) 2VS,, which are in the range 2.37(22.39(2) A3

in B, and the vanadyls with ¥O “down” are found in C. The
repeat unit in the—b plane of the [S(VOS3)2(S)]*" layer is

(39) Litteer, J. B.; Fettinger, J. C.; Eichhorn, B. Wtta Crystallogr.1997,
C53 163.
(40) Wells, A. F.Structural Inorganic Chemistpybth ed.; Oxford University

Press: New York, 1984.
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Figure 2. (a) Ball-and-stick drawing of the 8/sS;,0, structure showing the AB—C alternation of the intercalation layers. The bold lines
represent the unit cell. (b) 001 projection of the;$yj]*~ layer. The dashed lines represent the,\é8bcell, and the bold lines represent the
observed unit cell. (c) 001 projection of the §8f0S;)2(S;)]*" layer showing the A orientation.

Figure 3. ORTEP drawings of (a) the VQS tetrahedron, (b) the
SrO$S polyhedron, and (c) the §8, unit in the [S(VOS:)2(S)]* layer.

V7 times larger than the \iSubcell and is responsible for the
8.7538(6) Aa lattice parameter.

Transport and Magnetic Properties. Figure 4 shows the
typical electrical resistivity of $V¢S;00, as a function of

3 T

log p
(mQ-cm)

0.0 0.1 0.2
T-I(K-l)
Figure 4. Plot of log(p) vs T for SV ¢S:;0,.

ature but the plot of log{) vs T~1 does not indicate a constant
semiconductor-like gap. Instead the slope of fgys T!
changes continuously with temperature but is suggestive of a
small gap €100 meV). For the temperature range between 4.2
and 20 K we find that our data are best fit to the expression for
three-dimensional variable range hopping= po exp(To/T)4
with Tp = 4.1 x 10* K.

Figure 5 shows the magnetic susceptibility of\&S,,0, as
a function of temperature. The susceptibility does not vary
significantly in the temperature range between 40 and 300 K.
Between 200 and 300 K, the susceptibility is nearly constant
and exhibits a minimum value near 100 K. CutM/eiss
behavior is observed below 100 K. The data below 100 K can
be fit to y = x° + C/(T — ©), wherey? is the temperature-
independent susceptibility is the Weiss temperature, af

temperature. The resistivity increases with decreasing temper-is the Curie constant. The constagis®, and C are determined
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Figure 5. Plot of y vs T for SV ¢S,,0..

by a least-squares fity® = 1.0 x 1074 (cm¥/mol), ® = 1.0 K,
andC = 6.1 x 1073 ((cm? K)/mol). The magnitude of the Curie

200 300

Litteer et al.

and shows essentially temperature-independent paramagnetism
with ¥ = 1.0 x 10~4 cm®mol. Given the layered nature of the
structure (cf. the copper oxides) and the temperature-independent
nature of the susceptibility may indicate the compound is a
Heisenberg or XY antiferromagn& Additional experiments,
such as neutron scattering, are needed to address this issue.
The SgVS,,0, phase reported here is clearly the true identity
of the “SkV3S;” and “SrV,Ss” phases previously reporté32
This conclusion is based on the following observations: (1) The
XRD profiles of the three phases (Figure 1) are identical and
show the same preferred orientatir{2) The electron diffrac-
tion patterns of Sr¥Ss give a 3.314 Ax 35.023 A cell with an
unusuak/7 superstructudthat is identical to that of $¥¢S,,0,
(Figure 2). (3) SYV9$20, reacts with HS to give a new
compound suggesting that only tbrysulfide can adopt the 35
A structure. (4) The magnetic data for S84 and SgV¢S,20;
are the samé& The Nb analogue appears to be quite similar to
SV S0, (by XRD) and is currently under investigation.

Acknowledgment. We thank the NSF-DMR 9223060 and

constant suggests that the temperature-dependent component ¢RI for financial support of this work.

the susceptibility may be due to ferromagnetic impurities. The
Hall coefficient at 300 K is positive witlRy = 2.5 x 1073

cm’/C.

Discussion

The SgV¢S,,0, phase represents a new type of mixed-metal
intercalation compound. It is similar in composition to stage Il
(AS)1+x(MSy), bilayer phases of Nb and T4#! however,
SV S0, is a stage | compound with V@5 and $2- groups
intercalated into the Vghost. It is a small gap semiconductor
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