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The X-ray emission spectroscopy (XES) and X-ray absorption spectroscopy (XAS) methods have been
used to study the electronic structure of substoichiometric tantalum mononitrides synthesized at high
pressures. Cubic {NaCl structure) and hexagonal (WC structure) tantalum nitrides were-obtained using
the method of self-spreading high-temperature synthesis (pressures up to 0.1 GPa) or at conditions of
high temperature — high pressure treatment (pressures 7 to 10 GPa). Both the Ta Lf5 and N Ka X-ray
emission spectra of cubic nitrides TaNy (NaCl structure, 0.81 < x < 1.172) and hexagonal nitrides
TaNg. g9 (CoSn-structure) and TaNp gp (WC structure) have been derived and compared in a single
energy scale. The Ta Ly XAS spectra of the above cubic nitrides TaN, were investigated. In all the
tantalum nitrides studied the Ta 5d-like and N 2p-like states are strongly hybridized, and the charge
transfers from Ta atoms to N atoms. In the series TaN (CoSn structure) — TaN (WC structure) — TaN
(NaCl structure) a decrease of the XES N K, band half-width was observed. In the most substoi-
chiometric on the metal sublattice cubic tantalum mononitrides (1.134 < x < 1.172) a creation of the
subband of non-binding N 2p-like states arranged in the region of the energy gap between the Ta 5d —
N 2p- and Ta 5d-like bands has been detected.

1. Introduction

Transition metal (TM) carbides and nitrides are of great interest because these com-
pounds exhibit an unusual combination of a number of physical and chemical properties
(high hardness and high melting points, good electrical and thermal conductivity, supercon-
ductivity, etc. [1,2]). The chemical bond in these compounds is a superposition of covalent,
metallic, and ionic component, which make an interpretation of their electronic structure
very difficult. The above compounds exhibit wide regions of homogeneity within the limits
of which they contain a considerable number of structural vacancies. Nonstoichiometry ef-
fects are greatly important in TM carbides and nitrides, because they strongly influence the
properties of the mentioned compounds [1]. Some of properties of the substoichiometric
carbides and nitrides can be understood by considering the electronic structure of these ma-
terials.
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The electronic structure of substoichiometric binary TM carbides and nitrides with vacan-
cies on their non-metal sublattices has been studied in detail (see, e.g., Refs. [3-7]). The
understanding of the electronic structure of substoichiometric on the metal sublattice binary
refractory compounds has also been of quite some interest. The influence of metal vacancies
on the electronic structure of binary TM compounds has been theoretically studied for TiyC
and TiyO by Gubanov et al. [8]; for the compounds M3Ny (M = Ti, Zr, Hf) by Schwarz et
al. [9]; for carbides, nitrides, and oxides of Ti and V by Ivanovsky et al. [10]; for the zirco-
nium nitride Zrg7sN by the authors [11,12]. The X-ray photoelectron spectroscopy (XPS)
method has been used by Ihara et al. [13] to study the XPS valence-band spectra of the
MoN;, films, with x over the range 0.5 < x < 1.8.

The X-ray emission spectroscopy (XES) and X-ray absorption spectroscopy (XAS) meth-
ods have not been used so far for investigation of the electronic structure of TM carbides
and nitrides with vacancies on the metal sublattice (see, e.g., monographs [5,14,15]). Moreo-
ver, while the electronic structure of stoichiometric cubic tantalum mononitride was investi-
gated in a series of theoretical [16-20] and experimental [21-23] works, the substoichiomet-
ric cubic tantalum nitride in the region of its homogeneity was not studied [5,14,15]. The
electronic structure of substoichiometric hexagonal tantalum mononitrides with the WC-type
structure was ivestigated by Tsvyashchenko ez al. [24] by means of the non-self-consistent
symmetrized augmented plane wave method. The XES investigations of hexagonal (CoSn
structure) stoichiometric tantalum mononitride have been carried out in Refs. [21-23, 25].

In the present paper we have performed the XES investigations of cubic tantalum
mononitride TaN, (NaCl structure) with vacancies on the non-metal sublattice or on the
metal one (0.81 < x < 1.172). For comparison the XES Ta 5d-like and N 2p-like spectra of
the hexagonal nitrides TaNgpgg (CoSn structure) and TaNgpgg (WC structure) have been
studied.

2. Experimental

The technique of the present XES and XAS investigations of the electronic structure of
substoichiometric tantalum nitrides are analogous to those described elsewhere [26--28].
Therefore, in this paper only the main details of the experiment are described.

The N Ko emission bands (K — Ly transition) reflecting the energy distribution of
filled valence states of p-symmetry of nitrogen in tantalum nitrides were measured with an
RSM-500 ultrasoft X-ray spectrometer. The dispersing element was a diffraction grating with
600 lines/mm and a radius of curvature of R = 6000 mm. The detector was a secondary
electron multiplier with a CsI photocathode. The X-ray chamber was evacuated to 1-10° Pa.
The resolution of the RSM-500 spectrometer was about 0.3 eV.

The fluorescent X-ray emission Ta LBs bands (Ly; — Opyy transition) reflecting pri-
marily the occupied Ta 5d-like states were measured with a DRS-2M spectrograph in the
second order of reflection from the (0001) plane of a quartz crystal prepared according to
Johann (for more detailed information see Refs. [15,26]). The resolution of the DRS-2M
spectrograph was also about 0.3 eV. The BHW-7 X-ray tube with gold anode was used as a
source of primary radiation. The accumulation times for the Ta LPs spectra were about 130
to 150 hrs.

The Ta Ly absorption spectra (empty Ta S5d-like states) were measured in the first order
of reflection from (13 4 0) plane of a quartz crystal using the method of “a variable field of
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absorption” (see Refs. [26,29,30]). For the comparison of the absorption coefficient u(E) in
substoichiometric cubic tantalum mononitrides the Ta Ly absorption edges were reduced to
a single effective thickness d of absorber as described in Refs. [26,28]. The N Ko absorption
spectra in tantalum nitrides could not be investigated, probably, as the result of strong
screening of the N atoms by the Ta atoms [15,28].

The Ta LBs bands were normalized to one and the same peak intensities of the X-ray Ta
LBg lines. The relative intensities of the N K, bands were not measured because there was
not a standard X-ray line in the range of energies corresponding to the energy of the N K
band [15,31]. A comparison of the Ta LBs and N K, emission bands in a single energy
scale was realized on the basis of the XPS Ta 4f and N 1s core-level binding energies which
were measured with an ES-2401 spectrometer [32,33].

The substoichiometric cubic tantalum nitrides and the hexagonal nitride TaNggy (WC
structure) investigated _in the present paper were synthesized from the initial hexagonal
nitride TaNggg9 (CoSn structure) by high pressure — high temperature treatment (at
1000-2400°C and 7-10 GPa) or by means of the method of “self-spreading high-
temperature synthesis of refractory inorganic compounds” (at pressures up to 0.1 GPa, for
more detailed information see Refs. [28,33]). All the tantalum nitrides studied were single-
phase specimens. The X-ray diffraction analysis data and lattice parameters of the tantalum
nitrides investigated in the present work were reported in Refs. [28,32,33].

3. Results and discussion

3.1. Tantalum nitrides with vacancies on the non-metal sublattice

The results of comparison in a single energy scale of the Ta LBs5 and N Ko emission
bands of cubic tantalum nitrides TaN, with vacancies on the non-metal sublattice (x < 1.00)
are presented in Fig. 1. For comparison the results of XES investigations of the hexagonal
tantalum nitrides TaNg g9 and TaNggg with the structures of CoSn-type and WC-type, re-
spectively, are also shown in the mentioned figure. As one can see from Fig. 1, in all the
cubic and hexagonal tantalum nitrides investigated the main peaks "b" of the X-ray Ta LPs
and N Ko bands coincide with each other within experimental errors in the single energy
scale (Table 1). Therefore, as it was detected for tantalum carbides [26,27], the metal 5d-like
and non-metal 2p-like states in tantalum nitrides investigated are also strongly hybridized.

Fig. 1 shows that the transformation of the electronic structure of cubic TaN owing to
creation of new vacancies on its non-metal sublattice as a whole is analogous to that of
cubic TaC with vacancies on its C-sublattice. The maxima "b" of the Ta LBs and N K,
bands reflect the hybridized Ta 5d-like and N 2p-like states responsible for the formation of
the direct Ta-N bonds [32,33]. The removal of nitrogen atoms from the non-metal sublattice
of cubic TaN leads to breaking of some Ta-N bonds. Therefore, the number of the hybrid Ta
Sd-like and N 2p-like states is decreased with the increasing number of N-vacancies. Conse-
quently, part of the Ta 5d-like states, which do not take part in the formation of covalent
dr,—pN bonds owing to Ta 54 — N2p-like hybridization, will be located in the high-energy
region, about -2 eV below the Fermi energy Ej mainly as Ta S5d-like states of #p,-
symmetry [33]. The mentioned redistribution of the Ta Sd-like states due to the creation of
vacancies on the non-metal sublattice of cubic TaN, is reflected on the changes of the
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Fig. 1. A comparison in a single
energy scale of the Ta LPs5 (solid
curve) and N Ko (dashed curve)
emission bands of cubic tantalum
nitrides TaNy with x < 1.00: 7 — x
=097;2 -x=0.88; 3 —x = 0.81.
For comparison the spectra of the
hexagonal nitrides TaNg g9 (CoSn
structure) (4) and TaNggg (WC
structure) (5) are also shown

Table 1

Energy position, in eV, of maxima of the XTS and XAS spec-
tra in tantalum nitrides investigated (in a single energy scale)

Com- Struc- TaLfs N Ko Ta Ly ab-
pound ture type band band sorption edge
: ("white line")
TaNg.99 CoSn -5.7 -5.8 +2.7
TaNg.g0 wC -5.5 -5.6 +2.6
TaNgs; NaCl -5.8 -5.8 2.8
TaNg gg NaCl -5.8 -59 33
TaNp g7 NaCl -5.9 -5.9 3.2
TaN; gos NaCl -5.9 -5.8 2.7
TaNj 109 NaCl -6.0 -5.8 3.0
TaN| j34 NaCl -6.0 -5.9 34
TaN1_144 NaCl -5.8 -5.9 3.3
TaNy 7, NaCl -5.9 -5.8 3.6
Uncert- - +0.2 0.2 +0.3
ainty
normalized Ta Lfs spectra of these - compounds

(unfortunately, as mentioned, the N Ko bands could not
be normalized). As one can see from Fig. I, the normali-
zation of the Ta LPs bands with respect to the corre-

sponding Ta L{Bg lines shows that the intensity of the Ta
LPBs spectra decreased in the row TaNgpgy; — TaNggi.

One can observe the increase of the Ta 5d-like density of
states about 1-2 eV below Ey in going from TaNgg7 to

TaNggi. Fig. 2 shows that the ratio I./I;, monotonously
increases for the Ta L35 band in the mentioned row. The
above redistribution of the Ta 5d-like states due to the
creation of vacancies on the non-metal sublattice of TaN,
results in appreciable broadening of the Ta LBs band in
the direction TaNg g7 — TaNgg; (Table 2).

The creation of vacancies on the non-metal sublattice of cubic TaN, does not change the
shape of the N Ka band (Fig. 1). As one can see from Fig. 2 and Table 2, with an increase
of the number of nitrogen vacancies in cubic tantalum nitride both the N Ko band half-
widths and the ratios I./[, of the band remain unchanged. Figs 1 and 3 show that the N Ko
bands in substoichiometric cubic tantalum nitrides are narrower than the analogous spectra of
hexagonal tantalum nitrides with close content of vacancies in their non-metal sublattices
(compare, e.g., dashed curves / and 4 or 2 and 5 in Fig. 1). In contrary to the N Ko bands,
the Ta LPBs band haif-widths of the hexagonal nitrides TaNggg and TaNg g are somewhat
smaller in comparison with those of cubic TaN, with close content of N-vacancies (Fig. 3).
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Fig. 3. The XES band half-widths vs the nitrogen-to-tantalum ratios x in cubic tantalum nitrides: / -
N Ko band and 2 -Ta LB5 band. The results of analogous investigations of the hexagonal nitrides
TaNg g9 (CoSn structure) and TaNg g9 (WC structure) are shown by data (3,4) and (5,6), respectively

Fig. 4. The normalized Ta Ly; absorption spectra of cubic TaN, with vacancies on the non-metal

sublattice: 7 —x=097;2-x=10.88; 3 - x=0.81

The results of the XAS investigations of cubic tantalum nitrides with vacancies on the
non-metal sublattice are shown in Fig. 4. As one can see from Fig. 4, the creation of vacan-
cies on the nitrogen sublattice of cubic TaN, does not result in the formation of fine struc-

tures on the Ta Ly absorption spectra. Fig. 4 shows that an increase of intensity of the nor-
malized Ta Ly spectra is only observed in the row TaNgg7 — TaNgg; (for more detailed
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information see Refs. [32,33]). The increase of the absorption coefficient p(E) in the region
of "white” line of the Ta Lj; absorption spectrum going from TaNgg7 to TaNgyg; is con-
nected with increasing relative number of tantalum atoms in cubic TaN, in the mentioned
row. Earlier analogous results were detected for substoichiometric cubic TaC, and hexagonal
W,C, carbides with vacancies on their non-metal sublattices [26,34].

3.2. Cubic tantalum nitrides with vacancies on the metal sublattice

The results of comparison in a single energy scale of the Ta LPs and N Ko emission
bands of cubic tantalum mononitrides with vacancies on the metal sublattice (x > 1.00) are
shown in Fig. 5. Fig. 5 shows that the another changes of the shape of the emission bands
are observed owing to introduction of vacancies on the metal sublattice of cubic tantalum
mononitrides. Both the shapes and half-widths of the Ta LBs band remain almost constant in
going from TaNj gg5 to TaN ;77 (see Figs 3 and 5). Only a decrease of the ratio I./I}, of the
Ta LPs band was observed in the mentioned sequence (Fig. 2). But the N Ko band half-
width increases in the row TaNj gg9s — TalNj 7, (Table 2), and the creation of an additional
feature "d" of the N Ko band has been detected in the most substoichiometric on the metal
sublattice cubic tantalum nitrides (with x = 1.134 to x = 1.172, Fig. 5). As one can see from
Fig. 5, the energy position of the subband "d" is in the
energy gap between the TaSd- N2p-hybridized band
(feature "b" of the Ta LPs and N Ko emission spectra)
and the Ta 5d-like band (feature "c" of the Ta LPs spec-
tra). The relative intensity of the feature "d" of the N Ka
band (//I, ratio) increases in the row TaNj (34 —
TaN; 172 (Fig. 5). As shown in Refs. [32,33], the creation
of the feature "d" of the N Ko band in the most substoi-
chiometric on the metal sublattice cubic tantalum
mononitrides is due to the formation of the subband of
the non-binding N 2p-like states in these compounds. The
creation of the subband of the non-binding X 2p-like
states (X = C, N) has been predicted by theoretical cal-
culations of the electronic structure for group IVb and Vb
carbides and nitrides contained structural vacancies on
their metal sublattices [9-12]. The above theoretical cal-
culations indicate that the creation of the subband of the
X 2p-like non-binding states in substoichiometric on the
M-sublattice compounds M,X (y < 1.00; X = C, N, O)
should lead to some broadening of the X 2p-like bands
with increasing number of metal vacancies in the men-
tioned compounds. This was true for cubic tantalum ni-
trides TaN, (with x > 1.00) investigated in the present

Intensity (arb.un.)

2015 10 5 0 5
E (V)

Fig. 5. A comparison in a single

energy scale of the Ta LPBs (solid
curve) and N Ka (dashed curve)
emission bands of cubic tantalum
nitrides TaN, with x > 1.00:
]l — x=1172; 2 — x = 1.144;
3-x=1.134;4-x=1.109; 5 -
x = 1.095

work (Figs 3 and 5). As one can see from Fig. 2, an
increase of the relative intensity of the feature "d" of the
N Ko band with increasing number of the M-vacancies in
TaN, leads to some increase of the relative intensity of
the near-Fermi feature "c" of the N 2p-like XES spectra.
The results of the XAS studies of cubic tantalum
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mononitrides with vacancies on the metal sublattice are presented in Fig. 6. Like in cubic
TaN, with N-vacancies, the creation of vacancies on the tantalum sublattice does not result
in any changes of the shape of the Ta Ly absorption spectra. But as one can see from
Fig. 7, inflection points of the Ta Ly absorption spectra monotonously shifted towards Ef in
the sequence TaNgg; — TaNgg7 — TaNj ggs = TaNj 172.

N
/AN
// /\

/ /\ - -
3/ i 26}

R

J/ 3053 ‘ ' : :
0,8 0,9 1.0 1,1 1.2

20 -10 0 10 20 E.eV x=N/Ta

Fig. 6. The normalized Ta Lj; absorption spectra of cubic TaN, with vacancies on the non-metal
sublattice: 7 —x=1.172;2 -x=1.144; 3 - x=1.134; 4 - x = 1.109; 5 - x = 1.095

Fig. 7. Energy positions (with respect to the Fermi level) of the inflection points of the Ta Ly ab-
sorption spectra vs nitrogen-to-tantalum ratios x in the substoichiometric cubic tantalum nitrides

It should be noted that the integral intensities of the Ta LBs bands in all the tantalum ni-
trides investigated (with vacancies on the N-sublattice as well as on the Ta-sublattice) are
15-28% (£7%) smaller than in pure metallic tantalum. Besides, as it was detected in Refs.
[28,32,33], in the investigated specimens TaN, the XPS Ta 4f core-level binding energies
increase compared with the Ta 4f binding energy of pure Ta,,, The above facts indicate

that when tantalum atoms and nitrogen atoms combine to form tantalum nitrides, the charge
transfers from Ta atoms to N atoms. Our results confirm the data of theoretical band calcu-
lations [18-20], which indicate that in cubic tantalum nitrides the charge transfers in the
direction Ta — N. The almost monotonous shift towards E of the inflection points of the Ta

Ly absorption spectra in the row TaNgg; — TaN; (7> points out that an increase of the
positive effective charge on the tantalum atoms is observed when going from TaNgg; to
TaNy 72.

4. Conclusions

The X-ray emission data indicate that in all the studied substoichiometric cubic (NaCl
structure) nitrides TaN, (0.81 < x <1.172) as well as in the hexagonal compounds TaNj gy
(CoSn structure) and TaNg gg (WC structure) the Ta Sd-like and N 2p-like states are strongly

hybridized. In the sequence TaNggg (CoSn structure) — TaNggg (WC structure) — TaN,
(NaCl structure) the N Ko band half-width decreases. The creation of new vacancies on the
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non-metal (metal) sublattice of cubic TaN, increases the Ta 5d-like (N 2p-like) band half-
width. In TaN, studied the charge transfers from Ta atoms to N atoms. In the row
TaNgg; — TaNj 17> the positive effective charge on the tantalum atoms increases.
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