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A combined UPS and XPS study was performed on a series of structurally related vanadium sulfides
of the NiAs type. The valence band spectra show systematic variations with the metal to sulfur ratio
(1.0 to 1.6) such as an increase in the density of states with increasing sulfur content. These findings
are discussed using structural information and band structure calculations of ¥$ at the linear Muffin-
Tin orbital {(LMTO) level. The core level data of S 2p, S 25, and V 2p exhibit much larger variations
than expected from the valence band spectra indicating that the bonding interaction in the VS, octahedra
vary with the elemental composition. The compounds contain a significant amount of dissolved atomic
oxygen which forms oxides only after Ar ion bombardment. The presence of noenbonding oxygen was
substantiated with XP8 and IMR-MS thermal desorption spectroscopy. All data point to an alloy type
electronic structure of these metalloid compounds resulting from a vanadium atom network with

metallic contacts varying systematically in its topology with chemical composition.

Press, Ing,

1. Introduction

During the last decades both experimental
and theoretical work have been performed
to clarify the structural and physical proper-
ties of vanadium sulfides. Seven different
crystal structures are known to exist in the
composition range VS, (—VS, . All are re-
lated to the hexagonal NiAs structure type.
Additional structures have also been re-
ported (I, 2), but their existence is yet un-
certain. They may be regarded as super-
structures related to the NiAs type.

In general, the relationship between the
NiAs structure and the crystal structures
observed in the composition range men-
tioned above is as follows: in every second
metal layer, which is perpendicular to the
crystallographic c-axis, metal atoms are
successively removed on going from VS
to VS, with the resulting vacancies being
ordered in these structures. The vanadium
atoms are always surrounded by six sulfur

43

D 1993 Academic

atoms leading to an octahedral environ-
ment.

A survey is given in Table 1 over the
different phases and their homogeneity
ranges.

All compounds exhibit short metal to
metal distances. A metallic or semimetallic
behavior is expected.

The arrangement of the metal atoms
within the unit cell of VS(NiAs), VS(MnP),
V,5,, and VS is shown in Fig. 1. The main
structural differences are due to the arrange-
ment of the second nearest neighbors.

Therefore, we expect rather similar XPS
core level spectra. The Madelung contribu-
tion to the chemical shift should be well
comparable between all compounds.

The series VS, (—=VS§,  offers, however,
the unique possibility to study second order
effects of non-next-neighbor interactions in
photoemission. Furthermore, the change of
the electronic structure as well as the
changes of the features in the valence band
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TABLE I

THE HOMOGENEITY RANGE OF DIFFERENT V
SuLFipes COMPILED FROM THE LITERATURE

VS (MnP-Type) Ref. VS8 (NiAs-type) Ref.
VSps5 — VS5 23 VS 0o-VSin (26)
VB892 V816  (24) V82 -VSi  (27)
V8pm VS 6 2) VS0 —V8:36 )

7 -V8» (25) VS -VSs @4
V8 o~¥31s 29
V;5; (hex) Ref. V,;8; (mon) Ref.
V8 2) V8 (37
V43, Ref. V.S, Ref,
V87 -VS, & ) VS5 39)
V8,3 -V58.4  (28) V85 {35}
V87 -V8is 27} VSiu-VYSisis  (32)
V83 ~V8i5 2} V8| 5-V8isn  32F
VS 9-VS; 5 (29} VSiap-VSise  (32)¢
VE8in-V8 5% (G0
V8, 5-V81% @D
V85— 7 (25)
VB 3-V8 3 (G2)
V8i34-VSa 32
V8, 15-VS s (32)¢
VSSS Ref.
VS5 -V8i e (30
V355 -V58 e (1)
V87 -¥Se 1)
VS 50-VSi s (32)
VS 59-VSim  (32)°

4 VS, ss belongs to the V,S, phase if huenched from
1073 K, while it belongs to the V;S; phase if quenched
from 1023 K (I, 32). Complex phase relationships for
hexagonal VS and V.S, as a function of temperature
are discussed in (36).

¢ Prepared at 650°C.

¢ Prepared at 700°C.

4 Prepared at 750°C.

can be studied as a function of increasing
S abundance.

The contribution presented here deals
with X-ray photoelectron spectroscopy
(XPS) and ultraviolet photoelectron spec-
troscopy (UPS) investigations performed at
different temperatures.

Electronic band structure calculations

were performed with the LMTO technique
for both the NiAs and MnP type structure
of VS to qualitatively compare the results
with the experimental data. Besides a re-
cently published extended Hickel molecu-
lar orbital calculation (3), it is the first self
consistent field calculation of vanadium mo-
nosulfide with the MnP type structure. The
detailed procedure as well as detailed results
of the calculations will be published else-
where (4).

One aim of this work is to characterize
the nature of the metallic character in these
compounds and to search for charge transfer
effects using state selective high energy
spectroscopy in order to complement the
numerous low energy transport investiga-
tions.

2. Experimental

2.1. Preparations

Weighted amounts of vanadium powder
and sulfur were placed in sealed and evacu-
ated silica ampoules. Before using the silica
ampoules were heated in HV to remove ad-
sorbed water. The heat treatment for the
different samples was performed according
to Table 1I.

Due to the higher sulfur partial pressure,
alower temperature was chosen for the sam-
ples rich in sutfur in the first step. The prod-
ucts consist of microcrystailing gray to
black powders.

2.2. X-ray Investigations

X-ray diffraction patterns were recorded
with a Siemens D-300 diffractometer using
monochromatized CuKe radiation. Before
and after the measurement the alignment
of the instrument was checked with silicon
powder as a reference material. All diffrac-
tion patterns show only peaks which can
be indexed on the basis of the homogenous
sample. The lattice parameters were re-
fined using the program LATCON (part of
the X-RAY 76 system). The results are given
in Table I11. Lattice parameters for the dif-
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FiG. 1. The metal atom network in the vanadium sulfides ¥S (NiAs), VS (MnP), V,S;, and V5;.

The suifur atoms are omitted for clarity.

ferent phases taken from the literature are
given in Table 1V.

2.3. Photoemission

The photoemission experiments were
carried out in a Leybold-Heracus ultrahigh
vacuum environment with a base pres-
sure of 2 x 107! mbar. The apparatus was
equipped with a LHS [N analyzer, magne-

TABLE II

PrREPARATION CONDITIONS FOR THE DIFFERENT
VANADIUM SULFIDES

Compos. Days T(°C) Days T(¢C} gr Days T{°C) co
VS, 2 00 14 80y 10 800 ¢
VS 5 4 500 14 80y 148X ¢
VS 59 4 500 12 80 y W0 80 g
VS @ 2 480 10 650y 16 B0 ¢

Note. The 'y in column gr means grounded between the second and
third step. “*¢o," ¢ooling: “'¢,”’ cooling slowly to room temperature; ''q,""
quenched in ice water.

sium X-ray source (nonmonochromated,
220 W), resonance lamp (He 1, He II radia-
tion) and sputtering facilities (Ar*, 5 kV, 10
mA, 4 x 10~ mbar, sputtering yield on gold
120 A (10 min)~Y).

Powder samples were placed in a stainless
steel crucible mounted on a variable temper-
ature (78—1000 K) introduction system. The
binding enecrgies are given relative to gold
4f2 (84.0 eV). Wide scan XPS spectra were
obtained operating the analyzer with a con-
stant retardation ratio of 4. High resolution
XPS spectra were measured with the ana-
lyzer in a fixed transmission energy of 50
¢V. Ultraviolet photoelectron (UP) spectra
were obtained with a pass energy of 2 ¢V for
Hel(21.2eV)and20eV for He 11 (40.8 eV).

3. Results

3.1. Preparation of a Clean Surface

The different vanadium sulfides investi-
gated here were stored over a few weeks in
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TABLE III

REFINED LATTICE PARAMETERS AND THE 28 RANGE
USED FOR THE REFINEMENT OF THE VANADIUM
SULFIDES

VS (MnP type) 3.307(1) A 21.5° < 26 < 85°
5.819(1) A
5.843(2) A
5.864(3) A
= 3283 A
= 11.360(5) A
= 92.08(5)°

= 5.846(3) A
3.280(1) A
= 11.367(6) A
= 91.68(4)°

= 11.373(6) A
6.648(2) A
11.298(4) A
91.46(4)°

VS, 15.6° < 20 < 60°

VS].SI]

15.5° < 28 < 60°

VS, 4 15.0° < 28 < 60°

e T Wo TR Wma TR oo
|

air. After introducing the samples into the
spectrometer the composition of the surface
of the compounds was quite different from
the nominal composition indicated by a flat
Fermi edge in the UPS as well as by a small
S 2p core level peak at around 170 eV in the
XPS, which is due to sulfur in vanadium
sulfate or oxosulfate.

We used sputter cleaning, controlled by
He I UP spectra and core level spectra
showing the gradual appearance of the genu-
ine surface of the compounds. Short sput-
tering intervals followed by spectroscopic
examination proved to be less destructive
than the equivalent sputtering dose applied
in one step. After the spuitering sequence
only one sample (VS ;;) shows small
amounts of sulfate (less than 5%) on the
surface.

Nevertheless, the well-pronounced Fermi
edge as well as the position of the main core
levels let us conclude that the sputtering
procedure has layed open the genuine sam-
ple surface. One interesting point of the core
level spectra of all samples in the 530 eV
b.e. region must be discussed in detail: all
XPS core level spectra exhibit a relatively
strong O 1s peak above 531 ¢V b.e. (see
Table V). The O 1s core level spectra of

VS, and VS, ; are displayed in Fig. 2. The
O 15 peak does not disappear, even with
sputtering times exceeding the data given
here. In a first approximation one might con-
clude that the sample surfaces consist of
vanadium oxides or sulfates/oxosulfates.
But, as will be seen, the sulfur spectra gave
no indication for appreciable amounts of sul-
fates/oxosulfates. Furthermore, the vana-
dium sulfates/oxosulfates are insulators,
and therefore no Fermi edge should be ob-
servable (see Sections 3.2 and 3.3).

For vanadium oxides one expects an O
ls peak below 530 eV (529.6 eV for V,0;,
529.8 eV for VO, (5)). The O 1s b.e. of
sputtered VO, films is found to lie at about
530.4 eV. In addition, the observed O 1s
peak in the different sulfides shows a ¢lear
temperature dependence (compare Table V
and Fig. 2). Contrary to properties of oxides
the oxygen species in various vanadium sul-
fide samples exhibit specific and pro-
nounced changes upon cooling the samples
to 78 K (dotted spectra in Fig. 2). In VS, ¢,
some oxygen dissolves into the bulk of the
sample. This reversible behavior requires a

TABLE IV

LATTICE PARAMETERS FOR DIFFERENT VANADIUM
SuULFIDES TAKEN FROM THE LITERATURE

a[A & [Al e [A] a Ref.
¥S (MnP) 5.8547} 13047 5.82002) — (15)
5822020 13051y 5.85%(2) - an
5.860(1} 330407 5.826(5) — 23)
3.305(2) 5.830¢3} 5.856(4) — {2)
5.825 1310 5.854 - )
VS, 3 S.867(H  3.282(1)  11.362(2)  92.05 @2)
5.870 3.284 11.378 92.03 €3]
S.850(2)  3.227(2)  i1.3494) 9193 (32)°
5.86 328 11.37 93.3 {38)
S5.831(1) 32670 [1.317(2) 9L.78(1) (39)”
VSiso 5.816(1) 1.266(1) 1131042} 91.50 (2)
5.828 1276 11.366 91.73 (#3]
5.827(%) 3275 11.327(3) 91.6% 32)
V8,0 11.375(5)  6.648(2)  11.29%(6)  91.50 @)
11.380 6.654 11.316 91.44 (1)
11.37 6.65 11.29 91.31 [S{]
11.396(11) 6.645(7) 11.293(4) 91.45(6) 30N

7 Composition VS, 43,.
¥ Composition ¥5, 47.
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TABLE V

BINDING ENERGIES (V) OF THE DIFFERENT CORE
LEVELS IN THE VANADIUM SULFIDES

ViS 1.0 1.33 1.5 1.6

V 2pwn 0K 5168 5169 5163 5153
8K  517.1 5163 5163 5151
FWHM 2.4 2.6 3.7 4.0
V2pn 300 K 5239 5240 5234 5224
78K 5242 5234 5234 5223

Vip 300K 418 41.6 40.1
BK 429 409 40.2
& 2p-3p K 4750 4753 4751 4752
78K 4742 4754 4750 4749
S2p 0K 1629 1622 1630 1628
T8 K 163.4 162.2 636 163.0

FWHM 300 K 3.1 3.0 34 31
K 39 2.8 34 32
525 0K 2271 2264 7.1 1270
1BK 2274 2262 2275 2271
FWHM 300 K 3t 31 3.6 35
BK 39 32 3.7 35

8 2s-2p 300 K 64.2 64.2 64.1 64.2
78K 64.0 64.0 63.9 64.1

Ols 300 K 531.2 5319 5318 5311
78K 531.8 5308 5330 5313
FWHM 300 K 34 3.5 3.7 34
78 K 3.6 36 4.4 1.6

T T T T
530 (ev) 540 535 530
binding energy

T 1
540 5%

FiG. 2. XP spectra of the O 1s region of the two
sulfides VS, s and V58, ¢. The dotted peaks are recorded
at 78 K. Note the change of the position and shape of
the O 15 peak of V5, ;.

change in the crystal structure of the mate-
rial allowing more impurity atoms to be ac-
commodated in the structural voids at low
temperatures. This might be due to a change
in the grain structure of the crystals modi-
fying diffusion of the oxygen atoms. In VS, ¢
a significant shift to higher b.e. of most of
the oxygen is observed upon cooling. The
absolute b.e. of the O 1s reduces with in-
creasing sulfur content with V§, ; being dif-
ferent from the other samples (see Table V).
These changes can be interpreted as extra
atomic-screening shifts indicating an in-
creasing metallic character of the substrate
with lower O 1s b.e.

The V-auger spectra (not displayed) are
also quite different compared to those of
vanadium oxides or vanadium metal (5).
The possibility that the O 15 peak is caused
by adsorbed H,O can be excluded. It is well
documented that the O 1s b.e. of adsorbed
H,O exhibits no shift with temperature. Fur-
thermore, the assumption that at low tem-
peratures the condensation of H,O is re-
sponsible for the development of the O 1s
at higher b.e.’s is unlikely as the surface
abundance of oxygen is not increased at low
temperature. In addition, water produces an
intense characteristic valence band spec-
trum in the He II experiment featuring three
intense bands which are all absent in our
data. The He I and He IT UP spectra at 78
K of all samples show a sharp Fermi edge.
The condensatiaon of a H,O layer should
lead to insulating properties. Additionally,
significant changes compared to the room
temperature spectra should occur in the va-
lence band region due to the emission of O
2p of the adsorbed H,0.

All these points allow one to conclude
that the oxygen is incorporated as an atomic
species within the crystal structure estab-
lishing, however, no strong chemical bonds
to the substrate but forming a solid solution
of a nonmetal in a metallic matrix. This as-
sumption is supported by investigations in
the literature (6—8). All vanadium sulfides
incorporate appreciable amounts of oxygen
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FiG. 3. IMR—MS spectrum of the compound V.S, recorded in an Ar atomsphere, Note the two

emission peaks of §O,.

without significant changes in the crystal
structures (6).

A variable composition of these solid so-
lutions may well account for the differences
in the lattice parameters published in the lit-
crature.,

To further investigate the nature of the
oxygen, mass spectrometry experiments
have been performed with the IMR-MS
technique (9, /). In Fig. 3 the mass spec-
trum of VS, ;; is displayed. Both the emis-
sion of oxygen and SO, was detected, the
shape of the peaks and the emission temper-
atures being indicative for intrinsic oxygen.
To exclude the possibility of a reaction of
V oxides with V sulfides as the source for the
observed oxygen emission additional mass
spectrometry experiments with a mixture of
V,05 and VS, were performed. It is note-
worthy that no oxygen can be detected
during the reaction. Furthermore, the SO,
emission peak is clearly shifted to higher
temperatures. A detailed study of this phe-
nomenon is in progress and will be published
elsewhere (/7). These observations allowed
us to conclude that the occurrence of oxy-
gen in the samples is due to two effects.
First, during the preparation of the sulfides

oxyegen is incorporated as a part of the crys-
tal structure and secondly during the sputter
cleaning the solid solution cannot be segre-
gated into metal and oxide. From these ex-
periments the amount of oxygen can be esti-
mated to be in the bulk about 1 oxygen per
100 sulfur atoms, In the surface near regions
this amount is increased due to the ease of
diffusion as can be seen from the prepeak
in the 50, emission of Fig. 3.

3.2. The He I UP and He II Room
Temperature UP Spectra

The room temperature (300 K} He I and
He II spectra of the different V sulfides are
displayed in Figs. 4a and 4b, respectively.

All sulfides are metals but contrary to ex-
pectation the height of the Fermi edge in-
creases with increasing the content of the
nonmetal sulfur. It is noted that the height
of the Fermi edge is significantly lower than
in the pure V metal (compare Fig. 5). The
work function of all sulfides was estimated
from the He I cutoff and found to be 4.9 eV.
This observation suggests that the sulfides
are all poor metals and that the different
bonding interactions between V=S and V-V
are similar in the various sulfides.
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FiG. 4. (a): The He I UP spectra of VS (a}, VS,3; (b), V8,5 (), and VS ¢ (d}, recorded at 300 K.
The inset shows an enlarged view of the region around Ey. (b): The He IT UP spectra of VS (a), VS, 1,
{(b), VS, :{c), and V5, 4 (d), recorded at 300 K. The insct shows an enlarged view of the region around E.

A comparison of the experimental va-
lence band structure of VS, ; (MnP struc-
ture) with the calculated electronic band
structure (LMTO level) is shown in Fig. 5.
The width of the conduction band in the
calculated DOS curve is about 2 eV and
is in good agreement with the value from
the experimental UPS data. The width is
nearly identical with the width in pure V
metal. The band structure calculation
further reveals that some sulfur states also
contribute to the conduction band. But the
hybridization does not broaden this band.
As can be seen from Fig. 5 (top) at about 2
eV below E} a small gap of about 0.5 eV is
calculated (see also (/2)). The states near
Er are mainly due to V 34 contributions
whereas the states below 2 ¢V are predomi-
nantly S 3p states.

XPS valence band spectra of hexagonal
VS (13, 14) show a relatively well resolved
feature around 2 eV which is attributed to
a pure V 3d band. The XPS study of ortho-
rhombic V8§ gives no details about the va-
lence band structure (15). In the sulfides
investigated here the gap is not resolved de-
spite the high resolution of the UP spectra.
One reason may be the overlap of the con-

duction band with the He 1 3 satellite of
the main peaks. Furthermore, the LMTO
calculations for VS, , with the orthorhombic
structure demonstrate that within the gap
the density of states does not drop to zero
but there are appreciable contributions from
S 3p and V 34 states. Keeping in mind the
different experimental cross sections for S
and V states, the residual density of states
may occur as exaggerated experimental in-
tensity in the UP spectra so that the calcu-
lated gap is not reproduced.

No significant differences are observed
in the DOS curves between the different
modifications indicating that the changes of
the vanadium sulfur bonding interactions
have only a minor influence on the metallic
character, which seems to be determined by
the V-V interactions. Therefore, the small
and not well resolved feature around 1 eV
below Ep may be due to a band of predomi-
nantly metal ¢ character.

With decreasing V abundance, the num-
ber of V-V contacts increases and the aver-
age V-V bond distance decreases. Conse-
quently the height of the Fermi edge
increases with increasing V:8 ratio. It is
noted that the feature around 6 eV below
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Fi1G. 5. The He I and He H valence band spectra of VS, with the MnP type structure. The He II
UP spectrum of V metal is shown for comparison. In the upper part the resulting DOS of the LMTO

calculations is displayed.

Ey of the monosulfide with the orthorhombic
MnP structure (see Fig. 5) is quite different
compared to that displayed in the literature
for the hexagonal sulfide VS, o5 (13). These
significant differences are not reproduced
by the band structure calculations for VS
(NiAs)and VS (MnP). It is noted, however,
that the peak shape in the literature spec-
trum is similar to that observed for VO, (/6)
and hence may be caused mainly by oxygen
2p states.

The variation of the intensity of the fea-
ture at 6 eV as a function of composition at
different excitation energies is displayed in
Fig. 6. Taking advantage of the cross section
modulation of the He I and He II radiation

it is demonstrated that the peak around 6
eV is mainly due to S states.

The LMTO calculations for VS in the
MnP structure reveat a strong mixing of sul-
fur p with vanadium s and p states in the
valence band. It is assumed, that such a high
degree of rehybridization is also present in
the other sulfides. Hence, the broad and not
resolved feature in the binding energy range
2-8 eV can be interpreted as composed
of sulfur p states with extensive broaden-
ing due to hybridization with vanadium
s and p orbitals. Comparison of the VS
spectra with that of pure elemental V
(no oxygen seen in XPS) reveals an ad-
ditional contribution of a wvalence band
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Fi6. 6. The change of the intensity of the UP band
maximum centered at around 6 eV b.e. as a fupction
of composition, Note the different behavior for He |
and He II radiation.

Auger transition to the intensity around
6beV.

3.3. The He I and He II UP Spectra at
Low Temperatures (78 K)

At 78 K the height of the Fermi edge ex-
hibits the same trend as at 300 K except that
VS, ;; has a clearly higher Fermi edge than
VS, . No further significant changes are
observed in the 78 K spectra of these two
compounds.

Room temperature and low temperature
UP spectra of VS, jand VS| ¢ are displayed
in Fig. 7. Comparing the He 1I UP spectra
only small differences are observed. The
height of the Fermi edge seems to be slightly
higher at 78 K and the separation between
the conduction band and the broad valence
band is more pronounced at 78 K. These
observations are explained with low temper-
ature single crystal structural data which
demonstrate that the V-§ interactions are
not significantly altered at 100 K. In con-

trast, striking changes occur within the va-
nadium metal network (/7) which may ac-
count for the differences observed in the
He 1I spectra at 78 K. Remarkable changes
occur for VS, ; in both the He I and He 1I
spectra. The broad valence band between
about 2 and 10 eV below Ep reveals a less
pronounced peak at about 7 ¢V. Further-
more, in the He 1 spectrum the valence band
is clearly broader at 78 K and the intensity
is enhanced. These observations indicate a
change of the vanadium sulfur bonding in-
teractions at 78 K. Unfortunately, no low
temperature structural data are available
which may help to explain the differences.
It is known, however, that a number of com-
pounds which crystallize in the orthorhom-
bic MnP structure exhibit anisotropic
expansion of the lattice parameters as func-
tion of temperature (/8). Such an anisotropy
may lead to a significant change of the V=8
bonding interactions in VS, ;.

3.4. Sulfur 2p Core Level Spectra

The 300 K S 2p core level spectra of the
different sulfides are of similar shape and
the peaks are asymmetric with respect to
higher b.e. The widths of the S 2p core level
lines indicate the presence of at least two
sulfur species in the sulfides. The S 2p,
component is totally hidden under the broad
peaks. The line shapes gave no hints to the
number of different sites. Therefore, no at-
tempts were made to fit different sulfur spe-
cies under the observed core level peaks.

The binding energies of 162.2 to 163.0eV
(see Table V) are in the range observed for
other covalent transition metal sulfides (see
Table VI), but clearly below the value for
sulfates. From the comparison of the ob-
served b.e. with that of elemental sulfur only
a low formal charge on the sulfur atoms can
be expected. If a linear relationship between
chemical shift and formal oxidation state is
assumed the formal charge on the sulfur
atoms is of about 1 — in VS, 3; and less than
1— in the other three sulfides. No system-
atic trend of the b.e. is observed when going
from V§,,; to V5, At 78 K the formal
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Fic. 7. He I and He II UP valence band spectra of VS, determined at 78 K and 300 K (left) and
the He II UP spectra of VS, recorded at 78 and 300 K {right).

charge on the sulfur atoms in VS, g, VS,
and V5§, 4 1s lowered and now less than 1 —.
The small changes in the b.e. may be caused
by a contraction of the crystal axes at lower
temperatures, and hence a different charge
transfer from vanadium to sulfur, and vice
versa, due to better orbital overlap. It
should be noted here that these changes of
the V-8 bonding interactions are *‘hidden’’
under the broad and featureless valence
band region in the UP spectra. Only small
changes of the width and intensity of the
valence band spectra are observed due to
the low sensitivity of the low energy valence
band data for small changes in the charge
distribution characteristic for covalent com-
pounds (see Section 3.2).

It is noteworthy, that only very small
changes in b.e. and width of the § 2p core
level are observed in VS, ;. The variation
of the crystal lattice parameters with tem-
perature has a compensatory effect, thus
leading to no appreciable changes in the 78
K spectrum.

The S 2p core level spectra as well as the
V 2p spectra of VS, ; recorded at 300 K and
78 K are shown in Fig. 8. Whereas the 78

K 8 2p core levels of VS, o and VS, ¢; (not
shown) shift only to slightly higher binding
energies, both a shift and a line broadening
are observed for VS, ; (compare Fig. §). As
discussed in the previous section an aniso-
tropic contraction of the lattice parameters
with temperature is assumed which may
lead to pronounced changes of the V=S
bonding interactions, especially a larger dis-
tribution of the V-8 separations. These al-
tered bonding properties may result in both
a shift and a broadening of the S 2p core
level. It should be stressed here that the
changes in the S 2p region are in agreement
with the observations discussed in Section
3.3.

3.5. Sulfur 25 Core Level Spectra

The 300 K S 2s core level spectra are
displayed in Fig. 9. Additionally, the 78 K
spectrum of VS, , together with the b.e. of
elemental sulfur are also shown. The S 2s
line exhibits an asymmetric shape towards
higher b.e. in all sulfides, not only at 300 K
but atso at 78 K. Since the 2s core level
is a single line the observed asymmetry is
highly indicative of several chemically in-
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TABLE VI

Compound S 2 S2p §(25s-2p) Ref.
Cu,S 7266  162.2 64.0 “@hn
CuS 2259 1613 64.6 42)
CuS0, — 169.5 42)
CuS 162.5 43)
Cu,S 16£.77 44)
CuS 161.8 {44}
CuV,S, 160.6 (44)
Ag,S 162.3 45)
(NH,), VS, 161.9 45)
PbS 2253 — (46)
NiS — 162.8 “7)
MnS 2259 161.8 64,1 (48}
MnS 162.0 (15)
NiPS, 227.3 163.9 63.4 (49)
Rh,S, — 1825 (50)
SnMogS; — 1625 1)
VS, o4 162.3 (15)
VS, 0 2263 162.0 64.3 (3)
VS 225.5 161.6 63.9 (14)
CrS 225.8 161.7 64.1 (14)
TiS 226.0 162.3 63.7 (14)
V.S, 161.9 (52)
TiS 163.5 (15)
S¢S 163.65 (15)
SrS 161.95 (15}
MgS 162.0 (15)
ZnS0, 2336 169.8 63.8 43)
S (element) 2279 163.7 64.2 (13)

Compound V 2py
Li,VO, 517.5 54)
V,04 517.7 54
V.04 516.6 55)
Va0 516.9 “5)
VOS8O, 515.9 (55)
vCl, 518 (56)
VN 514.4 @7
VP 512.6 38)
VS 512.7 (15)
VS 513.4 14)
VS, s 512.7 U3
V.S, 514.4 (59)
VO, 516.3 )
T1,VSe, 518.0 “5)
(NH,);VS, 513.6 (45)
\% 512.9 5)
v 512.14 60)
v 512.0 (.73}

equivalent sites which are expected from
the crystal structures discussed above.

A second possibility for the occwrrence
of the asymmetry may be an unresolved
complex satellite structure due to different
final states which lead to the asymmetry of
the S 2s line. In such cases a fit of the data
always yields unreasonable results. In addi-
tion, only for compounds with a high density
of states at Ep (which the present com-
pounds do not show; see Section 3.2) a pro-
nounced asymmetry to the higher binding
energy side 1s observed due to coupling of
the core-hole with delocalized valence elec-
trons (/9).

At 300 K the binding energy for V§,,,
VS 5, and VS, is about 0.9 eV lower than
for elemental sulfur. Comparing this small
shift with those observed for other transition
metal sulfides (see Table VI) we again con-
clude that only a small negative charge is
on the sulfur atoms. The S 25 b.e. of VS, ;3
is shifted by about 1.3 eV to lower b.e. rela-
tive to elemental S indicative for a more
negative charge on the sulfur atom in this
compound.

At 78 K the same trend as in the § 2p
spectra is observed. The S 25 b.e. of V§,
and VS, shifts to higher values, whereas
that of VS, ;; shows no shift. Ascan be seen
from Fig. 9 the S 25 peak of VS, is clearly
broadened compared with the 300 K spec-
trum, which may be explained by the argu-
ments discussed in Section 3.4.

3.6. Vanadium 2p Region

The 300 K V 2p core level spectra are
displayed in Fig. 10. As was pointed out in
the experimental section the as-grown sam-
ples were covered by a layer consisting of
vanadium sulfate/sulfite and/or vanadium
oxide. During the sputter cleaning most of
the oxygen bonded to the sulfur was re-
moved. Nevertheless, the V 2p region
clearly shows an O 1s peak located at around
531.5 eV (see Fig. 2). The b.e. is unusually
high for a V oxide for which typical b.e.’s
range from 529 to 530 ¢V (20). 1t is noted
that the O 1s exhibits a reversible shift at
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F1G. 8. The S 2p (left) and V 2p (right} core level XP spectra of VS, 4 recorded at 300 K {full lines)

and 78 K (dotted lines).
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FiG. 9. The § 25 core level XP spectra of VS, ,,
V8 13, VS, 5, and VS, ; determined at 300 K. For VS, 4,
the S 25 emission obtained at 78 K is also displayed
(dotted line). The reference line represents the binding
energy of elemental sulfur.

78 K, the direction of the shift depends on
the V sulfide. In all cases the FWHM is
clearly larger at 78 K suggesting the exis-
tence of more than one oxygen species.
One might argue that the sputter cleaning
procedure leads to the formation of a mix-
ture of VO, and VS. But as was discussed
in Sections 3.2 and 3.3 all samples show a
sharp Fermi edge, the height being a func-
tion of the V : S ratio. To our knowledge V
oxides are at 300 K insulators or semicon-
ductors. Furthermore, the change of the po-
sition as well as the width of the V 2p;, core
level in the series VS to VS, ( would suggest
that more VQ, is present in the monosulfide
than in V8, 4. This is highly unlikely due to
the fact that all samples were sputtered for
the same time intervals. Additionally, it is
more likely that the “*open’” system VS; is
more easily oxidized than the dense VS with
the MnP structure. Therefore, if the argon-
ion etching procedure leads to the formation
of V oxides, the VO, abundance in VS
should be larger than in VS. The V 2p region
around 515 eV shows two different signals.
The V 2p signal at lower b.e. coincides well
with the b.e. reported for V monosulfides
(13-15) and the ternary compound TI1, V.S,
(21, 22). The component at the higher b.e.
may be due to vanadium suboxides which
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FiG. 10, The V 2p core level region of the XP spectra
for the different sulfides. The line for VS taken from
the literature is displayed for comparison. Note the
change of the shape and width of the emission peaks.

have been ‘‘produced’’ during the sputter
cleaning. This assumption is supported by
the calculation of the surface elemental sam-
ple composition which in all sulfides yields
a‘‘ternary’’ oxosulfide with the formal com-
position VO S, (x < I, y near the ex-
pected value).

The FWHM of the V 2p,, peak seems to
increase with increasing S content. This is
consistent with the fact that the number of
inequivalent V sites increases with increas-
ing V :S ratio. But it is difficult to exactly
evaluate the FWHM of this core level due
to the high asymmetry and presence of a
second peak caused by the V suboxides.
Hence, no attempts have been made to fit
the V 2p,, core level.

The change of the shape of the V 2p core
level spectra is an indication for the alter-
ation of the d ¢lectron density centered at

the vanadium atoms. With decreasing d
electron density the number and intensity of
the possible final states decrease. Because it
is difficult to separate the contribution of
the V suboxides to the total V 2p core level
shape a semiquantitative estimation of the
formal d electron density is highly unre-
liable.

A comparison of the V 2p 300 K and 78
K spectra of VS, is shown in Fig. 8.
Whereas the position of the peak exhibits
no shift, the width and intensity are quite
different at 78 K. Again, this variation is
attributed to structural changes at low tem-
peratures.

4. Conclusions

The metallic character of the vanadium
sulfides in the series VS, 4 to VS, ,, was con-
firmed. Hel and Hell UP spectra demon-
strate that with increasing V : S ratio the me-
tallic behavior increases. This trend is in
accordance with structural properties. With
increasing sulfur abundance the number of
V-V contacts increases. In all compounds
the width of the conduction band is about
2 eV and the band is mainly due to V 3d
states with a small admixture of 8 states,
The hybridization does not broaden the con-
duction band, The valence band consists of
S 2p states hybridized with vanadium s and
p states. The width and shape of the valence
band show no significant differences within
the sulfide series. This observation suggests
that the changes of the V-S bonding interac-
tions do not remarkably influence the va-
lence band.

Electronic band structure calculations
performed for V8, ; with the orthorhombic
MnP structure confirm the assignment of the
different states derived from the Hel and
Hell UP spectra. Low temperature UP
spectra of VS, 4 reveal an increase of the
height of the Fermi edge. This change can
satisfactorily be explained with low temper-
ature structural data. Comparison of the 300
K and 78 K UP spectra of VS, ; exhibit pro-
nounced changes of the valence band. These
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differences are attributed to changes of the
V-8 bonding properties at lower tempera-
tures.

The S 2p and S 2s core level spectra both
strongly suggest that the sulfur atoms carry
a low negative charge. The estimated bind-
ing energies for these peaks are typical for
transition metal sulfides. The pronounced
asymmetry at the high b.e. side is indicative
for more than one S species and/or for the
highly covalent nature of the V-5 bond lead-
ing to satellites. At 78 K the most significant
changes are observed for the monosulfide.
The position as well as the width of the
peaks change significantly and these
changes go hand in hand with the alterations
in the valence band spectra. As mentioned
above such differences must be related to
changes of the crystal structure. The vana-
dium 2p core level spectra are complex and
seem to be affected by artificially generated
‘surface compounds during the sputter treat-
ment. Nevertheless, the low b.e. compo-
nent of V 2p,, demonstrates that the V
atoms in all compounds have a low formal
positive charge. It is noted that the high
energy XP method is more sensitive to the
small geometrical changes within the sulfide
series than the UP valence band spectros-
copy. The chemical information is com-
prised in the satellites which are due to many
electron effects.

All compounds show an intense O 1s peak
which can not be removed with a sputter
cleaning procedure. The evaluated b.e.
characteristic of a weakly charged atom and
the absence of sulfate/sulfite contradicts the
presence of common vanadium oxides
and/or sulfates/sulfites. A reversible low
temperature shift depending on the sulfide
is observed. Hence, it is concluded that the
oxygen is dissolved within the voids of the
crystal structure. The emission of molecular
oxygen upon heating the samples was fur-
ther proved by mass spectrometry with the
abundance being dependent on the prepara-
tion conditions and the actual composition
arn.

In summary, the vanadium sulfides in the

composition range VS, , to VS, 4, are metal-
lic compounds of the alloy type. The
phenomenon of oxygen disselution is remi-
niscent of interstitial compounds character-
istic of conventional metals. The chemical
bonding in VS, is highly anisotropic with
low-dimensional metallic chains embedded
in a covalently bonded V-5 octahedral
framework.
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