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destabilization of the higher oxidation states of the cations
Nickel ditelluride was prepared in different ways. Single when going from the left to the right of the Periodic Table.

crystal X-ray investigations reveal that the products are always This observation is in line with the successive lowered
nonstoichometric with respect to the Ni content. Relatively energy of the d electronic band levels, the loss of direction-
short intra- and interslab Te–Te contacts are indicative of a ality of the bonds when moving from sulfur to tellurium,
polymeric network with multiple Te–Te bonds explaining the and the decrease of electronegativity within the column,
very low c/a value of 1.37 of the hexagonal cell. Experimental

which leads to an essentially sp valence band higher invalence band spectra (UPS) confirm that NiTe2 is a metal. The
energy. The lower d levels of the elements on the rightemission at the Fermi level EF is due to Ni d and Te p states.
side of the Periodic Table and the energetically higher spThis assignment is supported by the results of the calculated
valence band of tellurium may lead to a d cationic/sp an-density of states curve (DOS) which demonstrates that Te p

states contribute more than 50% to the DOS at EF . Core level ionic redox competition, making further studies of the di-
spectra (XPS) give evidence that Ni is in the paramagnetic tellurides of particular interest. The present contribution
Ni(II) (d8) state. The chemical shift of the Te 3d core level leads reports the results of crystal structure investigations, elec-
to the assignment of an oxidation state of 21, in good agreement tronic band structure calculations (LMTO and extended
with the oxidation state of about 21.2 deduced from the relation Hückel), as well as experimental band structure investiga-
between the Te–Te distances versus oxidation states of the

tion obtained on nickel ditelluride.anion in (Te2)22, Te22. The three-dimensional character of NiTe2

deduced from the crystal structure is further confirmed by the
calculated energy dispersion E(k).  1996 Academic Press, Inc.

EXPERIMENTAL

A variety of nickel ditelluride samples were prepared
INTRODUCTION

in different ways.

Method A. Weighted amounts of the elements with aAlthough the transition metal disulfides and diselenides
MX2 have been studied extensively with respect to their ratio 1 : 2 for Ni and Te were placed in evacuated and

sealed silica tubes. Prior to their use, the ampoules werechemical and physical properties, little is known about the
tellurides. In previous contributions (1–5) it was demon- dried under vacuum at elevated temperatures to remove

the thin water film on their inner wall. The mixture wasstrated that the ‘‘classical’’ description of the bonding prop-
erties of ditellurides of the late transition elements with heated at 975 K for 3 days and afterward cooled to room

temperature. After the sample was ground, it was heatedthe CdI2-type structure corresponding to M4 (Te22)2 does
not adequately illuminate the bonding situation. The for- at 1065 K for 2 days and at 645 K for 4 days. The product

was reground and annealed at 645 K for 2 weeks. Finally,mation of three-dimensional pyrite and marcasite struc-
tures on the right side of the Periodic Table reflects the the tube was slowly cooled to room temperature. The prod-
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TABLE 1 duced to F0 . Lorentz, polarization, and a numerical absorp-
Technical Details of Data Collection and Some Refinement tion correction were applied. The final weighting scheme

Results for Three Different Ni11xTe2 Samples was varied until no significant dependence on F/Fmax or
sin u/l was observed. All calculations were done with the

Ni1.027(5)Te2 Ni1.055(2)Te2 Ni1.060(7)Te2 software package SHELXTL plus. Atomic coordinates and
the equivalent displacement parameter as well as the aniso-Space group P3m1 P3m1 P3m1

a(Å) 3.8635(5) 3.8690(3) 3.8659(5) tropic displacement parameters are listed in Table 2 and
c(Å) 5.275(2) 5.288(1) 5.292(2) selected interatomic distances are given in Table 3.
V(Å3) 68.19(4) 68.55(2) 68.49(4) The band structure of NiTe2 has been calculated, assum-
Z 1 1 1

ing charge self-consistency, by means of the linear muffinmg 316.4 317.0 317.4
tin orbital (LMTO) method (7) in the ASA mode. Ex-rcalc(mg/m3) 7.704 7.667 7.694

e(mm21) 27.983 27.895 27.974 change and correlation have been treated within the frame-
T(K) 298 298 298 work of local density functional theory using the parametri-
Index ranges 21 # h # 6 23 # h # 5 25 # h # 5 zation of Hedin and Lundqvist. Relativistic effects have

25 # k # 6 25 # k # 3 25 # k # 5
been accounted for by using the so-called scalar–relativistic28 # l # 8 28 # l # 8 0 # l # 8
approximation, ignoring the influence of spin–orbit cou-oI 879 599 445

Unique data 181 117 117 pling. For the basis functions a maximum angular momen-
No(Fo . 4s(F)) 180 115 115 tum of lmax 5 2 has been used for all components. The
Min./max. trans. 0.646/0.800 0.590/0.734 0.625/0.962 results presented here have been obtained by using the
xa 0.033(3) 0.029(1) 0.037(4)

tetrahedron method, performing the necessary Brillouinyb 0.000025 0.0000 0.0005
zone (BZ) integration with 1080 k-points during the SCFNp 8 8 8

R(%) 2.17 0.92 2.89 cycle. Important numerical results are listed in Table 4.
Rw(%) 2.21 0.90 3.23 X-ray photoelectron spectroscopy (XPS, MgKa 5
GOOF 1.39 1.17 1.01 1253.6 eV) and ultraviolet photoelectron spectroscopy
DF(e2/Å3) 2.67/23.54 0.97/20.66 1.22/22.12

(UPS, He I 5 21.2 eV and He II 5 40.8 eV) investigations
were performed in a Leybold–Heraeus ultrahigh vacuuma Extinction correction: F* 5 F [1 1 0.002xF 2/sin(2Q)]21/4.

b Weighting scheme: w 5 1/(s 2(F) 1 yF 2). (UHV) environment. The analyzer was operated in the
constant pass energy mode. The resolution of the XPS
spectra was 1.3 eV for all samples. For UPS the resolution
was better than 100 meV. The base pressure was always

uct consisted of silver-gray irregularly shaped crystals and better than 3 3 10210 mbar. The energy scale was calibrated
black hexagonal-shaped needles of elemental tellurium. using Au 4 f7/2 5 84.0 eV. The sample was ground in UHV

Method B. To prepare better quality crystals a chemi- until a clean oxygen-free surface was obtained. After sub-
cal transport reaction was tested using iodine as transport traction of the satellites and correction of the background
agent. As a starting material a mixture with an excess of using a Shirley background, the composition of the sample
elemental Te (Ni : Te 5 1 : 2.5) was placed in the colder
zone (973 K) of a silica tube (length 15 cm), the hotter
zone being set at 1020 K. After 8 days irregularly shaped TABLE 2
silver-grayish crystals deposited in the ampoule hot zone. Atomic Coordinates and Equivalent Isotropic Displacement

Coefficients Ueq (Å2), Occupation Ratios and AnisotropicMethod C. Crystals of excellent quality were obtained
Displacement Parameters for Ni1.055(2)Te2during an attempt to prepare NiTaTe5 at temperatures

above those reported in Ref. 6. The nickel ditelluride could x y z Ueq t
be easily identified as silver-gray needle-like crystals.

Ni(1) 0 0 0 0.010(1) 1.Out of batches A and B several crystals were tested for
Te 1/3 2/3 20.2508(1) 0.011(1) 1.single crystal X-ray work before a suitable crystal could
Ni(2) 0 0 1/2 0.010(2) 0.055(2)be found for structure determination. The peak profiles

of the reflections of all other crystals were very broad, U11 U33
indicative of a poor crystalline quality. Intensity data were

Ni(1) 0.0102(2) 0.0111(2)collected on a STOE AED II diffractometer, using mono-
Te 0.0114(2) 0.0116(1)chromated MoKa radiation (l 5 0.7107 A8 ). Oscillation

photographs were taken about the different axes. They
Note. U22 5 U11 ; U12 5 AsU11 ; U13 5 U23 5 0. Equivalent isotropic U

gave no indications of twinning. Technical details on the defined as one-third of the trace of the orthogonalized Uij tensor. The
data acquisition as well as some refinement results are anisotropic displacement factor takes the form: 22f 2(h2a*2U11 1 ? ? ? 1

2 hka*b*U12).summarized in Table 1. The observed intensities were re-
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TABLE 3 site occupation factor and a freely varying isotropic dis-
Bond Lengths (Å) for Ni1.055(2)Te2 placement parameter.

The slightly poorer R values obtained for Ni1.027(5) and
Ni1.060(7) may be the result of an inappropriate absorption
correction due to the irregular shape of the crystals. As
mentioned under Experimental oscillation photographs of
the different crystals gave no indication of twinning. Hence
we exclude twinning as the reason for the somewhat poorer
R values.

The possibility of a Frenkel defect equilibrium with in-
terstitial Ni atoms and vacancies in the full layers cannot
be excluded. A small deviation from a full occupation of
the Ni(1) site is difficult to detect by X-ray diffraction. But
to achieve stoichiometry via Frenkel defects about 5% of
the Ni atoms in the full layers must reside on interstitial
sites, an anomalously high percentage.

The smallest deviation from stoichiometry was observed
for the crystal selected from the product of the chemical
transport reaction which was conducted with a large excess

Ni(1)–Te 2.598(1) Ni(2)–Te 2.644(1) of tellurium. Lattice parameters as well as c/a ratios for
Te–Teintra 3.468(1)a Te–Teilayer 3.8690(3)a

different nickel ditellurides are presented in Table 5. As
Te–Teinter 3.455(1)a

can be seen, the values reported are somewhat at variance,
a iLayer, parallel to (NiTe2) sandwich; intra, intra-sandwich; and inter,

inter-sandwiches.

TABLE 4
Lattice Parameters

was calculated with the empirical cross sections given by and Numerical Results
Briggs and Seah (8) and was found to be in good agreement of the Band Structure

Calculations for NiTe2with the nominal composition.

NiTe2RESULTS AND DISCUSSION

a 3.869The Crystal Structure
c 5.288
STe 1.879In a previous contribution the existence of stoichiometric
SNi 1.459nickel ditelluride was questioned due to the fact that the
QTe 20.023unit cell volume of ‘‘NiTe2’’ reported in the literature is
QNi 0.046

nearly identical to that of CoTe1.7 (1). Our experiments nTe,s(EF) 0.018
confirm these doubts but the deviation from the stoichio- nTe,p(EF) 0.256

nTe,d(EF) 0.070metric composition is only small.
nTe(EF) 0.344As mentioned under Experimental we successfully se-
nNi,s(EF) 0.016lected three different crystals for the three different prepa-
nNi,p(EF) 0.061

ration methods. In all cases the difference Fourier synthe- nNi,d(EF) 0.428
ses calculated with stoichiometric NiTe2 (Ni and Te refined nNi(EF) 0.505

ntot(EF) 1.192anisotropically) showed the highest residual peaks in the
van der Waals gaps between the Te layers. It was therefore

Note. The lattice parame-assumed that excess Ni atoms occupy part of the octahedral
ters a and c as well as the

holes in these gaps in a statistical way. The site occupation Wigner Seitz radii S are
factor was determined by fixing the isotropic displacement given in Å, and Q stands for

the atomic charge. Theparameter of the excess Ni (Ni(2)) at a value identical with
component and angular mo-that obtained for the Ni atom in the NiTe2 layers (Ni(1)).
mentum resolved DOS atAt the same time the site occupation factor was refined.
the Fermi level na , l(EF) is

This procedure led to Ni1.027(5)Te2 (Method B), Ni1.055(2)Te2 given as states/eV ? atom
(Method C), and Ni1.060(7)Te2 (Method A). In the final while the total DOS is given

per FU.refinement cycles the Ni(2) atom was refined with a fixed



90 BENSCH ET AL.

TABLE 5 sional material, tight-binding band structure calculations
Lattice Constants and c/a Ratio for NiTe2 Taken from (12) were carried out using an extended Hückel type Ham-

the Literature iltonian (13). A modified Wolfsberg–Helmolz formula was
used to calculate the nondiagonal Hen values (14). The

a c c/a Ref.
ionization potentials (eV) and exponents used were (15,
16) 220.78 and 2.51 for Te 5s, 213.20 and 2.16 for Te 5p,NiTe2 3.855 5.256 1.363 1

Ni1.05Te2 3.879 5.300 1.370 29 29.70 and 2.10 for Ni 4s, 25.15 and 2.10 for Ni 4p. Double
NiTe2 3.835 5.250 1.371 29 z orbitals were used for Ni 3d. The ionization potential
NiTe2 3.8542 5.2604 1.365 39 exponents and contraction coefficients were 213.49, 5.75,
NiTe2 3.8547 5.2610 1.365 40

2.30, 0.57979, and 0.57819, respectively. A 150 k-point setNi1.053Te2 3.8605 5.2784 1.367 40
for the density of states calculation was chosen accordingNi1.026Te2 3.8567 5.2690 1.366 40

NiTe2.05 3.8547 5.2605 1.365 40 to the geometrical method of Ramirez and Böhm (17).
Ni1.027(5)Te2 3.8635(5) 5.275(2) 1.365 This work Calculated overlap population at the Fermi level (which
Ni1.055(2)Te2 3.8690(3) 5.288(1) 1.367 This work is not identical to the bond order but which scales it) for
Ni1.060(7)Te2 3.8659(5) 5.292(2) 1.369 This work

the three different Te ? ? ? Te contacts (3.468(1), 3.455(1),
and 3.8690(3) Å) are 10.04, 10.07, and 20.01, respectively.
Thus bonding Te ? ? ? Te interactions do exist between
tellurium atoms of two different layers. Hence NiTe2 be-even for ‘‘stoichiometric’’ NiTe2 and for tellurides with a

similar composition. These differences may be due to the longs to the subgroup of the CdI2-type which was classified
as the polymeric CdI2-type (1).fact that most of the crystal structure determinations were

performed using the multiple Weissenberg method, and In IrTe2 , with an iridium cation III, the Te–Te interlayer
and through-slab distances correspond well to an oxidationhence the data are less accurate than those obtained during

the present study. state of 21.5 for Te (1). Because these distances are shorter
in NiTe2 we may conclude that the oxidation state shouldBecause there are only minute differences between the

crystal structures of the three samples, the following discus- lie between 21 and 21.5. This conclusion is supported by
electronic band structure investigations (see below).sion is valid for all three samples. Using charge balance

arguments and with the usual configuration, NiTe2 must
be formulated as Ni4(Te22)2 with an unexpectedly high THE EXPERIMENTAL BAND STRUCTURE
oxidation state for a telluride compound. At first, the re-

The Valence Band Regionsults of crystal structure refinement suggest that NiTe2

belongs to the CdI2-type structure. But a detailed analysis The valence band spectra of NiTe2 recorded with He I,
of the interatomic Te–Te separations reveals that the He II, and XPS are displayed in Fig. 1. The height of the
Te–Te parallel to the layers as well as the interlayer emission intensity at EF convincingly reveals that NiTe2 is
distances of 3.468(1) and 3.455(1) Å, respectively, are a metal. Two relatively well-resolved peaks are located
significantly shorter than the sum of two Te22 ionic radii
(r(Te22) 5 2.11 Å (9)). It is also to be noted that these
interatomic distances are larger than Te2 pair-containing
phases (2.763 Å in HfTe5 (10) and 2.793 Å in ZrTe3 (11).
Actually, the short Te–Te separations found in NiTe2 are
comparable to the values reported for other ditellurides
of the late transition elements (1), values which are indica-
tive of Te–Te bonds. Because the Te atoms are not only
bonded through the van der Waals gaps but also through
the structure slabs the small value for the c-axis as well as
the low c/a ratio is easily understood. A probably nonbond-
ing separation between the anions is found at 3.869 Å (not
too far from the Te ? ? ? Te distances across the van der
Waals gap observed in HfTe2 and ZrTe2 (1)). This analysis
strongly suggests that NiTe2 is not a layered phase but a
three-dimensional phase. This assumption is supported by
the fact that the anisotropic displacement components U11

and U33 of Ni(1) and Te are nearly identical (compare
Table 2). FIG. 1. The valence band region of NiTe2 recorded with He I, He

II, and MgKa (XPS) radiations.To further support the assumption of a three-dimen-
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is caused by the Ni 2p1/2 level. The evaluated b.e. for the
Ni 2p3/2 level of 853 eV is only about 0.27–0.5 eV larger
than the values reported for elemental Ni (20–22). But it
is significantly lower than the b.e.’s given for Ni(II) oxides
(854.4–856.0 eV) or Ni(II) halides (855.3–856.7 eV). Data
for Ni(II) containing chalcogenides are rare. For NiS the
b.e. ranges from 852.8 to 853.2 eV (23, 24) and for NiSe
only one value of 853.2 eV was reported (25). The disulfide
exhibits a slightly higher b.e. of 853.6 eV and the b.e. for
NiSe2 was reported to be 853.2 eV (26). But it must be
noted that the disulfide, as well as the diselenide, crystal-
lizes in the pyrite structure type with X22

2 anions, giving
rise to the oxidation state of II for Ni. The broad emission
centered at about 860 eV is due to a shake-up satellite
caused by final state effects. This is a highly interesting
observation because a similar shake-up satellite structure

FIG. 2. The Ni 2p core level region of NiTe2 . Note the satellite was observed for the monosulfide NiS (27) as well as for
structure located at about 860 eV.

NiS2 and NiSe2 (25) in which Ni is in the oxidation state
II. On the other hand no shake-up satellites are generally
observed for diamagnetic low-spin Ni2 (d8) compounds

directly below EF and at 1.8 eV below EF , respectively. (28). Because NiTe2 was reported to be a weak paramagnet
The differences between the He I, He II, and XPS (10, 29) the occurrence of this shake-up satellite structure
spectra are due to the different cross sections for the gives evidence for Ni in the d8 state.
excitation energies of He I, He II, and MgKa. In addition,
the resolution of the XPS spectrum is too low to repro- The Te 3d Core Level Region
duce the features observed in the He UP spectra. Using

The Te 3d core level region is displayed in Fig. 3. Thethe cross sections for the different excitation energies
evaluated b.e. of the Te 3d5/2 core level of 572.3 eV isgiven by Yeh and Lindau (18) (He I: Te 5p: 4.758, Ni
smaller than the values given for elemental Te (572.98 and3d: 3.984; He II: Te 5p: 0.5043, Ni 3d: 7.877), a qualitative
572.85 eV (30, 31); average, 572.9 eV using 18 data; range,assignment of the different emissions seems to be possi-
572.1 to 573.54 eV), but it is significantly lower than in Teble. The height of the emission at the Fermi level is
halides or oxides (575.8–576.9 eV (32, 33)). Comparedsignificantly lower for He II than for He I. If the emission
with the b.e. published for the ditellurides IrTe2 or Ir3Te8at EF is only due to Ni 3d states it should be larger for
(573.0 and 573.5 eV (1)) and NbTe4 (572.8 eV (34)) thethe He II radiation. On the other hand, if the emission
value obtained for NiTe2 is lower and can better be com-is only caused by Te 5p states the height should be

reduced by roughly a factor of 9. From the observed
difference in the height of the emission for the He II
and He I radiations and taking into account the tabulated
cross sections, one can assume that Te 5p and Ni 3d
states both contribute to the emission at EF . The peak
at about 1.8 eV below the Fermi level is mainly due to
Ni 3d states. It is to be noted that a similar peak located
at nearly the same binding energy was observed for NiS
in the paramagnetic state (19). In the monosulfide the
Ni 3d band extends from 0 to 3 eV below EF .

Between 2.5 and 7 eV below EF a broad and nearly
featureless valence band is observed. It can be assumed
that the broad emission at about 4 eV below EF is due to
Ni d and Te p hybridized states.

The Ni 2p Core Level Region

The Ni 2p core level region is displayed in Fig. 2. The
intense peak at about 871 eV is due to the Te 3p1/2 core

FIG. 3. The Te 3d core level spectrum of NiTe2 .level. The shoulder on the high binding energy (b.e.) side
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FIG. 4. Total, component, and angular momentum resolved density of states of NiTe2 . The panel a gives the total DOS (full line) together
with the Ni (---) and Te (? ? ?) contributions. The panels b and c give the angular momentum resolved DOS of Ni and Te. The s, p, and d contributions
are represented by the lines ---, ? ? ? and -?-?-, respectively, while the full line gives the sum of these parts.

pared with the b.e.’s reported for monotellurides (ZrSiTe, are metals. This asymmetry was attributed to the coupling
of the core hole with the delocalized electron density lo-572.5 eV (35); CdTe, 572.47 eV (36)).

In general, the b.e.’s listed in the NIST XPS database cated near the Fermi level. Because the ditelluride is a
metal and Te states contribute significantly to the densityfor the different tellurium compounds scatter by about

60.5 eV for the same compound. A rough estimate of the of states at the Fermi level this final state effect may be
the reason for the asymmetric lineshape of the Te 3db.e.’s versus the oxidation state yields a chemical shift of

the Te 3d5/2 core level line of about 0.6 eV per oxidation core levels.
number. The average b.e. of the 3d5/2 emission for elemen-
tal Te is found to be 572.9 eV. Hence, a shift of 0.6 eV THE THEORETICAL BAND STRUCTURE
relative to elemental Te and the assumption of a linear
relationship between chemical shift and oxidation number The calculated total density of states curve (DOS) as

well as the contributions of the two elements to the DOSwould lead to the assignment of Te21 in NiTe2 . Using
the relation between the Te–Te distances versus oxidation are shown in Figs. 4a–4c. The most important numerical

results and lattice parameters are summarized in Table 4.states of the anion in (Te2)22, Te22 (1) an oxidation state
of about 21.2 of the tellurium in NiTe2 would be deduced. As Fig. 4 shows the Te 5s states give rise to a narrow

valence band at a binding energy of 10–14 eV with onlyThe Te 3d peaks exhibit a pronounced tail on the high
b.e. side. Such highly asymmetric core level lines are ob- weak hybridization with Ni states. On the other hand the

valence band between 26 and 21.5 eV has contributionsserved for the Cu 2p core level as well as for the S 2p
peaks of binary Cu sulfides and selenides (37, 38), which from Ni and Te with dominating Ni 3d states. Between
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FIG. 5. The dispersion relations E(k) for NiTe2 (top). The special symmetry points of the hexagonal Brillouin zone (bottom).

the Fermi level and about 21.5 eV a not-well-pronounced basis of a simple tight-binding description, ignoring d-va-
lence states for this element). It must be noted here thatminimum in the DOS curve is observed. Above this dip

the DOS increases again, giving rise to a value of 1.192 the interpretation of the experimental valence band spectra
given above is in full agreement with the calculated densitystates/eV ? FU at the Fermi level (FU 5 formula unit). As

can be seen from Fig. 4 and Table 4 the contributions of states curve.
Together with the component and angular momentumcoming from Te p states dominate (60%) here while Ni

states contribute only 40% to the DOS. This applies not resolved DOS a rather detailed insight into the anisotropy
of the chemical bonding is supplied by the dispersion rela-only to the states at the Fermi level but more or less to the

whole conduction band ranging from 20.5 eV to around 2.5 tion E(k) shown in Fig. 5. As can be seen, the Fermi level
crosses at least four conduction bands within the basaleV. It is quite interesting to note that for Te the d-like

character contributes about 20% to the component pro- plane in the directions (G–M–K–G). These bands exhibit
in part a large dispersion, indicative of strong bondingjected DOS (behavior that cannot be understood on the
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