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Abstract. Cobalt tellurides in the composition range CoTe1.3–CoTe2 crystallize in a CdI2-type
structure with short intra- and interslab Te–Te contacts indicating a polymeric network with
multiple Te–Te bonds explaining the very lowc/a values of 1.38 to 1.41 of the hexagonal cells.
Single-crystal x-ray investigations performed on CoTe2 confirm the marcasite-type structure in
the centrosymmetric space groupPnnm.

Experimental valence band spectra (UPS) confirm that the Co tellurides in the composition
range CoTex (1.3< x < 2) are metals. The emission at the Fermi levelEF decreases with the
Te content and is due to Co 3d and Te 5p states. This assignment is supported by the results
of the calculated density of states curve (DOS) which demonstrates that Te p states contribute
about 50% in the CdI2-type and about 35% in the marcasite-type structure. The Te d states
contribute about 15% to the total Te contributions. This behaviour cannot be understood on the
basis of a simple tight-binding description, ignoring d-valence states of Te.

Core level spectra (XPS) suggest that all CoTex samples are best described as intermetallic
compounds. Small chemical shifts between the different samples are mainly due to the different
Madelung contributions rather than to changes of the electron density located on the Co atoms.
An oxidation number for Te< −1 in all CoTex samples is deduced, in good agreement with the
value of about−1.3 for the Te in CoTe2 that would be deduced from the relation between the
Te–Te distances versus oxidation states of the anion in(Te2)

−II , Te−II . The three-dimensional
character of the Co tellurides deduced from the crystal structure is further confirmed by the
calculated energy dispersionE(k).

1. Introduction

In a number of studies concerning the bonding properties in transition metal ditellurides it
was demonstrated that the ‘classical’ description of the bonding properties of ditellurides of
the late transition elements with the CdI2-type structure corresponding to MIV (Te−II )2
does not adequately illuminate the bonding situation [1–6]. The formation of three-
dimensional pyrite and marcasite structures on the right side of the periodic table reflects the
destabilization of the higher oxidation states of the cations when going from the left to the
right of the periodic table. This observation is in line with the successive lowered energy
of the d electronic band levels, the loss of directionality of the bonds when moving from
sulphur to tellurium and the decrease of electronegativity within the column, which leads to
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an essentially sp valence band higher in energy. The lower d levels of the elements on the
right of the periodic table and the energetically higher sp valence band of tellurium may lead
to a d cationic/sp anionic redox competition making further studies of the ditellurides of
particular interest. In the past the Co–Te system was intensively investigated with respect to
the crystallographical, thermal, electrical and magnetic properties [7–24]. In the composition
range Co:Te= 1:1–1:2 only two distinct phases exist. The trigonal CdI2 type is stable
between CoTe1.19 and CoTe1.79 [7, 8] with very low c/a ratios ranging from 1.380 to 1.423
[7, 11, 16]. A further decrease of the Co content leads to the formation of the orthorhombic
marcasite-type structure, which occurs at a composition CoTe1.98 for samples annealed at
450◦C and is stable up to CoTe2.29 [10–12]. In the composition range CoTe1.79–CoTe1.98 the
CdI2 and orthorhombic phases coexist. It was reported that CoTe2 with the marcasite-type
structure melts peritectically at 764◦C [11].

From the continuous variation of the magnetic susceptibility, thermal and electrical
conductivity in the region of the CdI2-type structure it was concluded that no ordered
structures exist in this composition range. Magnetic measurements showed a Curie–Weiss-
like behaviour with little dependency on temperature [16, 22] and a smooth decrease of
susceptibility with increasing Te content [7]. The weak temperature dependence observed for
some compositions is ascribed to a Pauli paramagnetism [19]. A more detailed explanation
of the magnetic properties is given by [20] using a model of fluctuating magnetic moments.
The CdI2 phase as well as the marcasite-type ditelluride show metallic conductivity [12, 19]
and the sign of the Seebeck coefficient as well as its temperature dependence are in
agreement with the metallic behaviour [7]. The bonding properties of cobalt tellurides
were studied by125Te Mössbauer spectroscopy [13, 23]. For CoTe2 an effective charge of
−1.61 for Te was calculated. M̈ossbauer studies confirmed the absence of a stochiometric
CoTe phase and the presence of two different crystallographic sites according to a fully and a
partly occupied Co layer respectively [21]. High absorption for the composition Co2Te3 led
to the assumption of the existence of a superstructure. In addition a minimum of formation
enthalphy for this composition was assumed by the fact that it is found in crystals grown
by chemical transport reactions [15]. X-ray absorption spectroscopy performed on the Co
K edge showed shifts of 0.5 eV and 1.21 eV for CoTe and CoTe2 relative to metallic Co
[9].

In a previous contribution concerning the bonding properties of nickel ditelluride
we demonstrated that NiTe2 can be viewed as a true three-dimensional compound with
appreciable Te–Te bonding interactions [6]. We also demonstrated that stoichiometric NiTe2

does not exist but the deviation from stoichiometry is very small [6]. As was noted in an
earlier study thec/a ratios for Ni1+xTe2 and CoTe1.7 are very similar and cannot be explained
on the basis of the differences of the ionic radii of Nin+ and Con+ (n = 2, 3 or 4) [1]. It
is also interesting to notice that CoTe2 adopts the marcasite-type structure whereas NiTe2

crystallizes in a polymeric CdI2-type structure [1]. To obtain a better understanding of the
bonding properties as well as of the physical properties of the late transition metal tellurides
we decided to reinvestigate the Co–Te system in the composition range CoTe1.3–CoTe2.
The present contribution reports the results of crystal structure determination, experimental
band structure investigations using XPS and UPS and electronic band structure calculations
based on the LMTO niveau.

2. Experiment

Different CoTex samples (x = 1.3, 1.6, 1.7, 1.8, 1.9 and 2.0) were prepared by heating the
elements in evacuated and sealed silica tubes. Prior to use the ampoules were heated in order
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to remove adsorbed oxygen or H2O. The elements were used as delivered (Heraeus AG; Co:
99.9%; Te: 99.9999%). The mixtures were heated to 870 K at 100 K h−1 and kept at this
temperature for one week. In the case of CoTe2 phase equilibrium was achieved by heating
the ground sample for another 7 weeks at 720 K. The absence of the hexagonal CoTex phase
was confirmed by x-ray powder diffractometry. The products were characterized with x-ray
powder diffractometry (STOE STADI P diffractometer; Cu Kα, λ = 1.540 56Å).

Table 1. Technical details of data acquisition and selected refinement results for CoTe2 and
CoTe1.3. Note: CoTe1.3 was twinned with a twin fraction of 27(1)%. The refinement was
performed with the SHELXL 93 software.

CoTe2 CoTe1.3

Space group Pnnm P − 3m1
Cell parameters [̊A] a = 5.3267(5) a = 3.893(1)

b = 6.3219(4) c = 3.9059(3)
c = 5.371(1)

Cell volume [Å3] 131.53 70.49(3)
Absorption coefficient [mm−1] 27.87 18.89
Extinction parameterx 0.0110(5) 0.16(2)
Measured reflections 2268 781

−96 h 6 9,−106 k 6 10 −56 h 6 5,−56 k 6 5,−76 l 6 7
−66 l 6 6

Independent reflections 307 103
Used reflections (Fo > nFo) 307 (n = 4) 103 (n = 2)
Number of variables 12 9
R/Rw [%] 1.70, 2.04 2.13, 4.04a

Weight y/a, b 0.0015 0.0106/0.185
GOF 1.47 1.356
Max. difference peaks [e̊A−3] 2.12/− 2.10 0.81/− 1.70

aDefinition used in the SHELXTL plus software (CoTe2):
weight: w = 1/(σ 2(Fo)+ yF 2)

extinction correction:F ∗c = Fc[1+ 0.002xF 2
c / sin(22)]−1/4

Definitions used in the SHELXL 93 software (CoTe1.3):
weight: w = 1/[σ 2(F 2

o )+ (aP )2 + bP ] whereP = (max(F 2
o or 0)+ 2F 2

c )/3
extinction correction:F ∗c = kFc[1+ 0.001xF 2

c λ
3/ sin(22)]−1/4

wR2 used instead ofRw : wR2 = [6[w(F 2
o − F 2

c )
2]/6[w(F 2

o )
2]] 1/2

For the single-crystal investigation a needle shaped crystal of CoTe2 and a hexagonal
platelet of CoTe1.3 were selected. Intensity data were recorded on an STOE AED II
diffractometer (graphite monochromated Mo Kα radiation,λ = 0.7107 Å) in the 2/22
scan mode. The intensities were reduced toFo by applying Lorentz polarization corrections.
Numerical absorption corrections (indexed faces) were also performed. Some technical
details of the data collection as well as refinement results are summarized in table 1.
Atomic coordinates, isotropic and anisotropic displacement factors are listed in table 2
and selected interatomic distances are given in table 3. All calculations for the ditelluride
were undertaken with the software package SHELXTL plus using scattering factors for
neutral atoms. Because the CoTe1.3 crystal was twinned the refinement of the structure
was performed with the SHELXL 93 software. Lists of structure factors are available on
request from the authors. X-ray photoelectron spectroscopy (XPS, Mg Kα = 1253.6 eV)
and ultraviolet photoelectron spectroscopy (UPS, He I= 21.2 eV, He II = 40.8 eV)
were carried out in a Leybold LHS 12 MCD system equipped with an EA 200 analyser.
The base pressure of the apparatus was 2× 10−10 Torr. The energy scale was calibrated
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using Au 4f7/2 = 84.0 eV. The quantitative results were obtained after Shirley background
substraction and integration using empirically derived cross sections of [25]. The CoTex

samples were transferred into the preparation chamber (base pressure 1×10−9 mbar) as loose
powders in a mortar-like stainless steel sample holder. A wobble stick (VG Instruments)
equipped with a stainless steel pestle was used to grind the samples in UHV.

Table 2. Atomic coordinates, equivalent displacement parameterUeq (Å
2
) and anisotropic

displacement parameters for CoTe2 and CoTe1.3. Note: the Co2 atom in CoTe1.3 was refined
with an isotropic displacement parameter.

CoTe2 x y z Ueq

Co 0 0 0 0.0079(1)
Te 0.220 76(4) 0.363 60(3) 0 0.007 11(8)

U11 U22 U33 U23 U13 U12

Co 0.007 52(27) 0.007 93(30) 0.008 34(32) 0 0 −0.000 15(20)
Te 0.006 57(15) 0.006 91(14) 0.007 85(14) 0 0 0.000 67(6)

CoTe1.3 x y z Ueq

Co1 0 0 0 0.0088(5)
Co2 0 0 0.5 0.0097(8)
Te 2/3 1/3 0.2461(2) 0.0074(3)

U11 U22 U33 U23 U13 U12

Co1 0.0098(6) 0.0098(6) 0.0068(9) 0 0 0.0049(3)
Te 0.0072(4) 0.0072(4) 0.0078(4) 0 0 0.0036(2)

The band structure of stoichiometric CoTe2 with the CdI2- and marcasite-type structures
have been calculated charge self-consistently by means of the linear muffin tin orbital
(LMTO) method [26] in the ASA mode. Exchange and correlation have been treated
within the framework of local density functional theory using the parametrization of Hedin
and Lundqvist. Relativistic effects have been accounted for by using the so-called scalar-
relativistic approximation ignoring the influence of spin–orbit coupling. For the basis
functions a maximum angular momentum oflmax = 2 has been used for all components.
The results presented here have been obtained by using the tetrahedron method performing
the necessary Brillouin zone (BZ) integration with 840 and 864k points during the SCF
cycles. Important numerical results are listed in table 4.

3. Results and discussion

3.1. The crystal structures

The x-ray powder patterns of CoTex samples withx = 1.3–1.7 could be indexed on the
basis of the trigonal CdI2-type structure. The lattice parameters area = 3.893(1) Å,
c = 5.371(1) Å (c/a = 1.380), a = 3.8223(4) Å, c = 5.388(1) Å (c/a = 1.410) and
a = 3.820(1) Å and c = 5.391(4) Å (c/a = 1.411) for CoTe1.3, CoTe1.6 and CoTe1.7,
respectively, which agree well with the data reported in the literature. For samples with
1.7 6 x 6 2 the CdI2- and marcasite-type structures coexist. This finding is in agreement
with the observations reported earlier [7, 11, 16].
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Table 3. Interatomic distances (Å) for CoTe2 and CoTe1.3. The super- and subscripts refer to
the definitions provided in the diagrams in the the lower part of the table for CoTe2 (marcasite)
(left) and CoTe1.3 (CdI2 type) (right).

CoTe2

Te–Tea 2.916(1) Te–Teb 3.439(1)
Te–Tec 3.601(1) Te–Tec 3.729(1)
Co–Te 2× 2.582(1) Co–Te 4× 2.602(1)

CoTe1.3

Co(1)–Te 6x 2.608(1) Co(1)–Co(2) 2.686(1)
Co(2)–Te 6x 2.629(1)
Te–Teintra 3.470(1) Te–Teinter 3.534(1)
Te–Te‖ layer 3.893(1)

For CoTe2 with the orthorhombic marcasite-type structure the two space groupsPnn2
or Pnnm are possible. The first crystal structure determination was performed in the
centrosymmetric space groupPnnm [14]. Later, a detailed study of the anisotropic
displacement parameters of Co and Te led to the conclusion that CoTe2 adopts the acentric
space groupPnn2 [10]. A further study of the prototype FeS2 (marcasite) [27] revealed that
the deviation of thez parameter ofS from zero was within the estimated standard deviation
giving no evidence for the absence of the mirror plane. Furthermore a recent investigation
of iron ditelluride FeTe2 (marcasite) shows that it crystallizes in the centrosymmetric
space groupPnnm [28]. It was argued that absorption effects were responsible for the
uncertainties in the earlier studies of the crystal structure of CoTe2.

In the present work the refinement of the crystal structure of CoTe2 was performed in
both space groups. The refinement inPnn2 revealed that thez parameter of Co is zero
within three times the standard deviation (−0.000 88(116)). In addition the analysis of the
anisotropic displacement factors give no hints of the absence of the mirror plane. Hence,
the final refinements were performed in the centrosymmetric space groupPnnm.

The structure of CoTe2 is build up by pairs of Te2 ions lying in theab plane. They are
arranged alternatingly diagonally within the unit cell [8, 10]. The Co atoms are in a nearly
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Table 4. Numerical results of band structure calculations for CdI2-type and marcasite-type
CoTe2. S(atom) is the Wigner–Seitz radius in multiples of the Bohr atomic radius;Q(atom) is
the charge transfer; the contributions of the different atoms to the DOS atEF and the total DOS
are given in states eV−1/atom/spin. Note: the lattice parameters for CoTe2 were taken from
[16].

CoTe2 (CdI2) CoTe2 (marcasite)

a [Å] 3.802 5.3267
b [Å] 6.3219
c [Å] 5.4094 3.9059
Co DOS 0.841 1.867
Co s DOS 0.008 0.037
Co p DOS 0.190 0.075
Co d DOS 0.643 1.755
Te DOS 0.476 0.457
Te s DOS 0.012 0.079
Te p DOS 0.398 0.308
Te d DOS 0.067 0.071
Total 1.793 2.781
Q (Co) 0.04 0.014
Q(Te) −0.02 −0.007
S(Co) 2.760 2.760
S(Te) 3.531 3.489
k points 840 864

perfect octahedral environment of Te centres. The CoTe6 octahedra share common edges
parallel to thec axis and have common corners within theab plane (see figure 1).

The Te–Te distance in the Te2 pair amounts to 2.916(1)̊A, longer than the Te–Te distance
in elemental Te (2.76̊A) or in Te2−

2 containing phases like HfTe5 [45] or ZrTe3 [46], but
in the range which is treated as a weaken single bond. The shortest distance between the

Figure 1. The crystal structure of marcasite-type CoTe2. One CoTe6 octahedron is outlined
with the dotted lines.
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(a)

(b)

Figure 2. (a) The He I valence band region of the CoTex samples (x = 1.3, 1.6, 1.7 and 2.0).
(b) Enlarged view of the He I valence band region of the CoTex samples (x = 1.3, 1.6, 1.7 and
2.0) around the Fermi energy.

pairs is 3.439Å, clearly longer than within the pairs but about 0.7Å shorter than the sum
of the ionic radii of Te2− anions. In addition, every Te has four Te neighbours at 3.601Å
and four additional Te at 3.729̊A, leading to a complex polymeric Te–Te network (see the
sketch in table 3). Averaging all Te–Te distances below about 3.6Å the 〈Te–Te〉 amounts
to 3.46Å.

The refinement of the crystal structure of a single crystal with nominal composition
CoTe1.3 was started assuming the CdI2 structure type with Co1 on site 1a and Co2 on site
1b located in the van der Waals gaps. The refinement clearly showed that the crystal was
twinned with the twin plane 001. The subsequent refinements resulted in a twin fraction of
27(1)%. With a fixed displacement factor for Co2 comparable to theUeq of Co1 the site
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occupation factor converged to 0.050(2) resulting in a finalR value of 2.13%, and a final
composition of this crystal of CoTe1.25(2). Thec/a ratio of 1.380 is in good agreement with
values reported in the literature for a composition near CoTe1.3 [7, 11, 16]. The Co1 centres
in the full layers have Co2 neighbours at about 2.69Å, which is only 0.19Å longer than
in Co metal. The shortest Te–Te intralayer contact amounts to 3.470Å and the interlayer
distance is 3.534̊A, with an average of 3.502̊A and clearly shorter than the sum of two
Te2− ionic radii. We note that this value is only 0.042Å longer than the average obtained
for marcasite CoTe2. Using the axes of the CoTe1.7 sample an average Te–Te distance
of 3.482 Å is calculated, a shortening of the interatomic Te–Te separation by about 0.02
Å. These relatively short distances suggest Te–Te bonding and the lowc/a ratio is easily
understood.

The intralayer distance is identical to that found in NiTe2 [6], but the interlayer contact
is longer in agreement with the differentc/a ratios of the two tellurides (Ni1.027(5)Te2:
1.365; CoTe1.3: 1.380). In marcasite CoTe2 the Co–Te distances range from 2.582(1)Å to
2.602(1)Å with an average〈Co–Te〉 of 2.594Å. Assuming a radius of 2.11̊A for Te2− the
radius for Co is about 0.484̊A, clearly smaller than the values tabulated in the literature for
Co2+(r(Co2+) = 0.65 Å, low spin) [47]. The calculation of the expected Co–Te distance
using the oxide radius of Co2+ yields 2.76Å. If we subtract this value from the observed
average Co–Te distance a negative value of−0.166 Å is obtained. It is generally accepted
that M–Te bonds are more covalent than M–O bonds and hence the contraction of the
telluride distance relative to the oxide distance can be attributed to the covalence occurring
in our system due to the smaller electronegativity difference between Co and Te. On the
other hand, if the oxide radius for Co2+ is used, we calculater(Te2−) = 1.944 Å.

In CoTe1.3 the Co1–Te and Co2–Te distances of 2.609Å and 2.632Å are longer than
in the marcasite sample, and they are reduced to about 2.576Å and 2.596Å for CoTe1.7

(calculated using the lattice parameters of CoTe1.7). The decreasing Co–Te distances with
increasing Te content suggest a change of the valence state of the Co centres, in agreement
with the decrease of d-electron density located on the Co when the Te content is raised.

To the best of our knowledge no other Co tellurides with Co atoms in an octahedral
environment are reported in the literature. In the ternary tellurides Nb2Co2Te4, TaCo2Te2

[48], NbCoTe2 [49, 50], TaCoTe2 [50] the Co atoms are either in a tetrahedral coordination
or threefold coordinated by Te. The Co–Te distances in these compounds scatter between
2.479Å and 2.649Å and the average is about 2.56Å.

3.2. The electronic structure

3.2.1. The experimental electronic structure.The valence band spectra of CoTex (x = 1.3,
1.6, 1.7 and 2) recorded with He I and He II are displayed in figures 2(a), 2(b) and 3,
respectively. The heights of the emission intensity at the emission threshold convincingly
reveal that all samples are metals. With both excitation energies the density of states at
EF decreases with increasing Te content for samples with the CdI2-type structure. These
changes are associated with the decrease of the intensity of a not well resolved peak directly
located belowEF . This can be seen more clearly in figure 2(b) which shows an enlarged
view of the region around the Fermi energy. In CoTe2 the Fermi level cuts this peak near
the emission maximum. A well resolved peak is located belowEF which shifts from 0.7 eV
to 0.9 eV when going from CoTe1.3 to CoTe2.

The differences between the He I and He II spectra are due to the different cross sections
for the excitation energies of He I and He II, and using the cross sections for the different
excitation energies given by Yeh and Lindau [29] (He I: Te 5p, 4.758; Co 3d, 4.356. He II:
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Figure 3. The He II valence band region of the CoTex samples (x = 1.3, 1.6, 1.7 and 2.0).

Figure 4. The Co 2p core level region of the CoTex samples (x = 1.3, 1.6, 1.7 and 2.0).

Te 5p, 0.5043; Co 3d, 8.738) a qualitative assignment of the different emissions seems to
be possible. The height of the emission at the Fermi level is slightly lower for He II than
for He I. If only Co 3d contributes to the DOS atEF , the height should be twice as large
in the He II spectra. On the other hand, if only Te 5p states are responsible for the DOS at
EF , the emission should be about nine times smaller in the He II spectra. Hence, it can be
assumed that both Co 3d and Te 5p states contribute to the DOS atEF .

For He I the cross sections for Co 3d and Te 5p are comparable. Therefore, if the
emission atEF is due to Co 3d as well as Te 5p states in the proportions of composition it
should increase fromx = 1.3 to x = 1.7 by about 10%, in contrast to what is observed. In
addition, a rough estimate shows that the expected height of the DOS for CoTe2 should be
about 20% larger than for CoTe1.3. This value is clearly smaller than the value estimated
from the spectra (30%).
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Figure 5. The Te 3d core level region of the CoTex samples (x = 1.3, 1.6, 1.7 and 2.0). Note:
the small peak at 575.7 eV is caused by a tellurium oxide on the surface of the samples.

A similar discussion can be given for the changes in the He II spectra. The cross section
for Co 3d for this radiation is about 17 times larger than for Te 5p. Consequently, if the
emission atEF is only caused by the increased contributions of Te 5p states an increase
of the DOS at the Fermi level of about 1% is expected whenx is raised from 1.3 to 1.7,
and this increase should only amount about 3% between CoTe1.3 and CoTe2. Such small
changes are outside the limits of the method and contradict the observations in the He II
spectra.

The detailed analysis of the spectra in connection with alterations of the cross sections
as function of radiation let us conclude that Te 5p and Co 3d states both contribute to the
emission atEF , but the changes observed are mainly due to the change of contributions
of Co 3d states. This implies that the 3d electron density is reduced whenx is increased
from 1.3 to 1.7. This conclusions are in accordance with general considerations. In CoTe1.3

the Co centres have the formal oxidation state+2.6 (3d6.4), which increases to+3.4 for
CoTe1.7, i.e. a decrease of the Co 3d electron density.

The peak at about 0.7–0.9 eV below the Fermi level is mainly due to Co 3d states.
The shift by 0.2 eV to higher binding energies for CoTe2 is probably due to the different
electronic band structure. In CoTe2 there are Te2−2 anions and Co is in the formal oxidation
state+2 (3d7).

Two additional emissions are observed in the He II spectra located at about 2.5 and
5.4 eV belowEF (figure 3). These peaks are caused by Te p states which are hybridized
with Co d states.

The Co 2p core level region for the CoTex (x = 1.3, 1.6, 1.7, 2.0) samples are displayed
in figure 4. The intense peaks centred at 777.4 and 777.7 eV, respectively, are due to the
Co 2p3/2 core level, and the Co 2p1/2–2p3/2 spin–orbit coupling amounts to about 15 eV.
The full width at half maximum (FWHM) is 1.8(1) eV forx = 1.3, 1.6 and 1.7 and
slightly increases to 2.1(1) eV for CoTe2. We note that the FWHM is nearly identical to the
value given for metallic Co and it is significantly smaller than the value reported for CoO
(≈3.6 eV). The slightly broader peak for CoTe2 may be caused by unresolved final-state
effects.
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Figure 6. The calculated density of states curve for CoTe2 with the CdI2-type structure (top).
Bottom: the contributions of Co (left) and of Te (right).

The binding energy of the Co 2p3/2 core level shifts from 777.4 eV to 777.7 eV when the
Te content is raised fromx = 1.3 to x = 1.7 indicative of a reduced electron density located
on the Co centres, in good agreement with what is expected from formal considerations. But
for the stoichiometric sample the binding energy of 777.7 eV is identical to that obtained
for CoTe1.7. This observation can only be explained on the basis of different Madelung
contributions to the chemical shifts. As discussed above in the CoTex phases with the
CdI2 structure the Co centres in the full metal atom layers have short contacts to the Co
centres in the van der Waals gaps. With increasing Te content the number of Co–Co
contacts is reduced and in CoTe1.7 only 30% of the Co atoms in the full layers have Co
neighbours in the van der Waals gaps. The next-nearest Co neighbours are located within
the full layers at the distance of thea axis, which amounts to 3.821̊A in CoTe1.7, a value
comparable to the shortest Co–Co distance in CoTe2 (3.906 Å). Therefore, it is rather a
change of the Madelung contribution which causes the small shift of the Co 2p3/2 core
level than a ‘true’ chemical shift due to alterations of the electron density located on the
Co atoms.

The evaluated binding energies for the 2p3/2 level are in the range of the values
reported for elemental Co (NIST XPS database: Co 2p3/2: 777.8 eV–778.5 eV, average:
778.2 eV). They are lower than the values tabulated for different Co chalcogenides like
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Figure 7. The calculated density of states curve for CoTe2 with the marcasite-type structure
(top). Bottom: the contributions of Co (left) and of Te (right).

Co9S8 (778.5 eV), CoMo2S4 (778.9 eV) [30], CoS2 (778.1 eV) or CoSe2 (778.3 eV) [31]
or CoSe (778.7 eV) [32] and Co oxides (780–781.3 eV). But they are significantly lower
than the binding energies given for Co(II) halides (780.5–783 eV) or more ionic Co(II)
compounds (782.4–782.6 eV ) [33].

The small emission at about 780.4 eV is caused by a slight surface contamination by
CoO. From the ratios of the peak areas of the main peak and of the oxide peak we estimated
that the contamination is less than 5%.

The not well pronounced structures above about 781.5 eV are due to shake-up satellite
structures, as observed in CoF2, CoCl2 [34], Co(acac)2 [35] or CoO. The energy separation
between the main peak and the shake-up satellite depends on the covalency of the Co-
X bonds. For CoO it amounts to about 9.6 eV. Because the shake-up satellites are not
well resolved, the energy separation between the main peak and the satellites is difficult to
determine. But a rough estimate yields about 4.5 eV, an energy separation reflecting the
pronounced covalency of the Co–Te bond.

The Co 2p3/2 peaks exhibit an asymmetric shape towards the high-binding-energy side.
Such an asymmetry was reported for metallic CoS2 (pyrite type) and was attributed to the
coupling of the core hole with the conduction electrons [36]. Because all CoTex samples
are metals with a high DOS at the Fermi level the observed asymmetry may also be caused
by such a coupling process.
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The Te 3d core level region is displayed in figure 5. The evaluated binding energy of the
Te 3d5/2 core level of 572.5 eV is smaller than the values given for elemental Te (572.98 and
572.85 eV [37, 38]; average: 572.9 eV using 18 data; range: 572.1 to 573.54 eV), but it is
significantly lower than in Te halides or oxides (575.8–576.9 eV [39, 40]). Compared with
the binding energy published for the ditellurides IrTe2 or Ir3Te8 (573.0 eV and 573.5 eV [1])
and NbTe4 (572.8 eV [41]), the values obtained for the CoTex samples are lower and can
better be compared with the binding energies reported for monotellurides (ZrSiTe: 572.5 eV
[42]; CdTe: 572.47 eV [43]), Nb3Te4−yAsy (572.4 eV [51]) or NiTe2 (572.3 eV [6]). The
estimated FWHM is identical for all CoTex samples and amounts to 1.8(1) eV, indicative
for only one Te species in all CoTex samples. The small peak at about 575.5 eV is caused
by a slight surface contamination by TeO2.

In general, the binding energies listed in the NIST XPS database for the different
tellurium compounds scatter by about±0.5 eV for the same compound. A rough estimate
of the binding energies versus oxidation state yields a chemical shift of the Te 3d5/2 core
level line of about 0.6 eV per oxidation number. The average binding energy of the 3d5/2

emission for elemental Te is found to be 572.9 eV. Hence, a shift of 0.4 eV relative
to elemental Te and assuming a linear relationship between chemical shift and oxidation
number would lead to an oxidation number for Te< −1 in all CoTex samples. Using the
relation between the Te–Te distances versus oxidation states given in [1] an oxidation state
of about−1.3 for the Te in CoTe2 would be deduced.

The Te 3d peaks for all samples exhibit a pronounced tail on the high-binding-energy
side. Such highly asymmetric core level lines are observed for the Cu 2p core level as well
as for the S 2p peaks of binary Cu sulphides and selenides [36, 44], which are metals. This
asymmetry was attributed to the coupling of the core hole with the delocalized electron
density located near the Fermi level. Because the Co tellurides are metals and Te states
contribute significantly to the density of states at the Fermi level this final-state effect may
be the reason for the asymmetric line shape of the Te 3d core levels.

3.2.2. The theoretical electronic band structures.The calculated total density of states
curves (DOS) for CoTe2 with the CdI2- and marcasite-type structure are displayed in
figures 6 and 7, respectively. The most important numerical results and lattice parameters
are summarized in table 4. As figures 6 and 7 show, the Te 5s states give rise to a narrow
band at a binding energy of 9.5–14 eV with only weak hybridization with Co states. In the
marcasite type the Te 5s band is clearly split into two subbands separated by a minimum.

The lower part of the valence band (VB) (−5.8 eV to −1.5 eV for CdI2 type and
−6.6 eV to−2.2 eV for marcasite type) is dominated by Te p states. This lower part of the
VB is separated by a DOS minimum from a narrow peak centred at about−0.8 eV for CdI2
and at about−1.2 eV for marcasite type. These sharp peaks are dominated by Co 3d states.
For the CdI2 modification the DOS sharply decreases above the peak, giving rise to a value
of 1.793 states eV−1/FU at the Fermi level (FU= formula unit). For the marcasite-type
structure a pronounced minimum in the DOS curve is observed at about−0.6 eV. Above
this dip the DOS increases again, yielding a value of 2.781 states eV−1/FU atEF .

As can be seen from the figures and from table 4 the contributions from Te states to
the DOS is about 50% in the CdI2-type and about 35% in the marcasite-type structure. The
Te d states contribute about 15% to the total Te contributions. This behaviour cannot be
understood on the basis of a simple tight-binding description, ignoring d-valence states of
Te.

The crystal field should lead to a splitting of the Co 3d states into t2g and eg sublevels.
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Figure 8. The dispersion relationE(k) for CoTe2 with the CdI2-type structure.

Figure 9. The dispersion relationE(k) for CoTe2 with the marcasite-type structure.

This splitting is seen in the DOS curves (figures 6 and 7). Applying the tight-binding
model the change of the oxidation state of Te from−2 in the CdI2-type samples to−1
in the marcasite-type CoTe2 leads to the occupation of Co 3d states which are empty in
the CdI2 samples, and shifts the Fermi energy to higher energies. This can nicely be seen
comparing the DOS curves for CoTe2 (CdI2) and CoTe2 (marcasite). For the latter the Fermi
energy cuts the peak which is located aboveEF in the former compound.

The numerical results obtained for CoTe2 in the two modifications must be compared
with some care. For the calculations of the electronic band structure of the CdI2 type an
ideal stoichiometry CoTe2 was assumed. As was discussed above this structure type is
only stable up to a composition CoTe1.7. That means that due to the higher occupancy of
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the Co 3d states the Fermi level cuts the DOS curve at slightly higher energies leading
to a lower DOS atEF in reality than those calculated. It was reported that the electrical
conductivity of CoTex samples decreases with increasing Co content [12, 19], in agreement
with the above-presented considerations.

It must be noted here that the interpretations of the experimental valence band spectra
given above are in full agreement with the calculated density of states curves.

A rather detailed insight into the anisotropy of the chemical bonding is supplied by the
dispersion relationsE(k) shown in figures 8 and 9. For the CdI2-type structure the Fermi
level crosses at least 3 conduction bands in the directions0–M and0–K, both in the basal
plane of the structure (figure 8). These bands exhibit in part a large dispersion indicating
strong bonding interactions between the atoms in that plane. We note that in the direction
0–A perpendicular to the basal plane one conduction band also crosses the Fermi level,
showing a rather large dispersion. In the other two directions (M–L, K–H) the highest
conduction bands are well belowEF . Another interesting feature of theE(k) relation is the
observation of band crossing points near the Fermi level in the directions A–L and H–A. As
mentioned above, the calculations were done with the assumption of stoichiometric CoTe2

using the lattice parameters given for CoTe2. Within the framework of the rigid-band model
the insertion of excess Co in the van der Waals gaps of the structure should lift the Fermi
level (see the arrow in figure 8) removing this unfavourable situation, and the resulting
dispersion relation becomes very similar to that of stoichiometric NiTe2 [6].

For marcasite-type CoTe2 the dispersion relation clearly demonstrates the three-
dimensional character of the material (figure 9). In all directions of the BZ at least the
highest conduction band crosses the Fermi level.
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