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X-ray emission spectroscopy (XES) was used to study the electronic structure of substoichiometric cubic
tantalum carbonitrides TaC,N,, where x+y = 0.75. For the above system, the XES TaLBs, NKa and CKo. bands were
obtained. It has been established that, substitution of carbon atoms by nitrogen atoms in the TaC,N_ 75, system under
study results in decreasing the intensity of the main maximum of the TaLps band and increasing its half-width. For all
the studied substoichiometric tantalum carbonitrides, half-widths of the NKo. and CKa bands remain constant within
the experimental error. Results of the present experimental studies of the TaC,N_y7s., system indicate that,
substitution of carbon atoms by nitrogen atoms leads to increasing the metallic component and decreasing covalent
component of the chemical bonding. A strong hybridization of the TaSd-like and C(N)2p-like states is characteristic

for all the compounds of the TaC,N_, 75., system studied.
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Introduction

Transition metal carbides and nitrides attract a great
deal of interest both in technology and in science because
of their unique physical and chemical properties. The
compounds possess high hardness and high melting
temperature, good corrosion resistance, metallic
conductivity, they show plasticity at intermediate and
high temperatures etc. [1-3]. Many transition metal
carbides and nitrides are capable to form unlimited solid
solutions with one other [2]. Some physical and chemical
properties of such carbonitrides as a function of the
MC/MN ratio, where M denotes a transition metal atom,
are non-monotonous and depend strongly on the
composition [1,4]. The alloying of the sub-lattices of
transition metal interstitial alloys with atoms of a
different type is one of the most promising methods for
modification of their service characteristics. Changes of
physical and chemical properties of the compounds can
be predicted and understood by considering their
electronic structure. Therefore, studies of the electronic
structure of transition metal carbides and nitrides are of
great importance in theoretical and experimental science
[4,5].

It is well known that, synthesis of a continuous solid
solution of cubic TaC (NaCl structure) and hexagonal
TaN (CoSn structure) compounds is not possible using
conventional powder metallurgy methods: specimens of
the TaC-TaN system containing less than 40 at.% cubic
TaC are two-phase materials [2,6,7]. As it was
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established in Refs. [7,8], a continuous TaC-TaN solid
solution can be obtained either by “the method of self-
spreading high temperature synthesis” or under high
temperature-high pressure conditions. The latter method
was used in Ref. [9] for synthesis of the stoichiometric
cubic TaC,N,, system. In this work, the electronic
structure of the TaC,N, system was investigated using
spectroscopy methods.

However, transition metal carbides and nitrides are
well known for their ability to form rather wide
homogeneity regions, where the compounds contain a
great number of vacancies in some of their sublattices
(mainly, in the non-metal sublattice) preserving their
crystal structures unchanged. Physical and chemical
properties of the compounds (e.g., electrical and thermal
conductivities, hardness, melting points etc.) change
dramatically with an increasing number of the non-metal
vacancies [1,2,4]. Some of the properties can be
explained by considering the electronic structure of
transition metal carbides and nitrides. Therefore, it is
interesting to investigate the influence of formation of
vacancies on the non-metal sublattice upon the electronic
structure of cubic tantalum carbonitrides.

In the present work, the X-ray emission spectroscopy
(XES) method was employed to investigate the electronic
structure of a cubic TaC,N.j 5., system synthesized due
to high pressure-high temperature treatment. The content
of the non-metal atoms in the above system is close to
the lowest borders of the homogeneity region of both
cubic tantalum monocarbide and cubic tantalum
mononitride [1,2,10]. The aim of the work was to study
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the influence of non-metal vacancies upon the electronic
structure of cubic tantalum carbonitrides. Therefore, the
present results are compared with the previous results of
similar studies of stoichiometric cubic TaC,N.,., system

[9].

I. Experimental

The method of synthesis of substoichiometric cubic
tantalum carbonitrides TaC,N,, where x+y=0.75, was
analogous to that wused earlier for obtaining
stoichiometric TaC,N;, system [9]. The synthesis was
made at the Institute of Solid State Physics and
Semiconductors (National Academy of Sciences of
Belarus, Minsk) using high pressure-high temperature
treatment  (p~7-10 GPa, ¢~2100-2400°C).  The
synthesis of the cubic TaC,N_y7s., system under study
was made using the following powder precursors:
hexagonal mononitride TaNgg9 (CoSn structure), cubic
monocarbide TaCgog (NaCl structure), and metallic
tantalum. Into preliminary mixtures of the above powder
substances, the following nitrogen-containing hetero-
cyclic compounds were also introduced in order to
achieve additional nitriding of the final products:
melamine (C3HgNy), 5,6-dimethylbenzimidazole
(CngoNz), y,y’—dlpyrldyl (CloNzHg). The method of
synthesis of cubic tantalum carbonitrides was discussed
in detail in Refs. [7,11]. Oxygen content in the studying
TaC,N.o75., carbonitrides was found to be less than
0.3 wt.%, but nonbonded carbon was either absent or its
content was less than 0.1 wt.%. The TaC,N_g7s5.
specimens under study were prepared in the form of
cylinders, d = 4—-5 mm diameter and h = 2-3 mm height.
X-Ray diffraction analysis employing CuKa. radiation (a
DRON-3 diffractometer) revealed that all the TaC,N_g 75.,
specimens investigated in the present work were single-
phase materials (Table 1). As data of X-ray diffraction
analysis indicate, the lattice parameter a increases from
0.434540.0008 nm for TaNj s to 0.4416+0.0004 nm for
TaCy7s5, with some deviation from Vegard’s law. It
should be mentioned that the sample TaN, ;3 was found
to contain a small admixture of carbon and the
TaCy 5Ny 7g formula can be ascribed to the compound.

Table 1
Lattice parameters of the substoichiometric cubic
TaC,N_g 5. carbonitrides studied

Compound a, nm

TaCg 75 0.4416
TaCys7No22 0.4410
TaCy42No 34 0.4398
TaNg7s 0.4345

"The sample contained some admixture of carbon as
mentioned in the Experimental section

The technique of the present XES studies of the
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electronic structure of cubic TaC,N_y7s.. carbonitrides
was analogous to that described in detail when studying
the stoichiometric TaC,N;, system [9]. Briefly, the
fluorescent XES TaLPs bands (Lyy — Oy transition)
reflecting primarily the energy distribution of the Ta5d-
like states were collected using a DRS-2M  X-ray
spectrograph. A BKhV-7 X-ray tube with gold anode
operating at accelerating voltage of U,=45 kV and
anode current of /,=75 mA was used as a source of
primary excitation. The bands were derived with the
spectrograph energy resolution of AE ;= 0.3 eV in the
second order of reflection from the (0001) plane of a
quartz  crystal prepared according to Johann.
Accumulation time for receiving spectra of sufficient
intensities was 140-190 h depending on surface sizes of
the sample under investigation. The CKa and NKo
emission bands (K — Ly transition) reflecting the
energy distribution of the C2p- and N2p-like states,
respectively, were obtained with the same energy
resolution using an RSM-500 X-ray spectrometer-
monochromator. The dispersing element was a
diffraction grating with 600 lines/mm and a radius of
curvature of R ® 6 m. The detector was a secondary
electron multiplier VEU-6 with a CsI photocathode. The
spectra were recorded under conditions of oil-free
evacuation eliminating impact of hydrocarbon vapours
on the target. The X-ray chamber was evacuated to ca.
1x10° Pa. The operating conditions of the X-ray tube
during the present experimental studies of the cubic
TaCN_.p75.. system were the following: U,=5 kV,
I,=5-7 mA. Surfaces of the tantalum carbonitrides under
study were prepared by argon-ion bombardment in the
spectrometer chamber as described in Ref. [9].

The XES Talfs bands were normalized on the same
integral intensities of the X-ray Talf, lines of the
corresponding compound. The relative intensities of the
CKo and NKa emission spectra could not be measured
because there were not standard X-ray lines in the range
of energies corresponding to the energy of the bands
[12].

II. Results and discussion

Figure 1 shows the XES Talfs bands of TaC,N_g 75
normalized, as mentioned in the Experimental section, on
the same integral intensities of the corresponding X-ray
TaLPy lines not subjected to the effect of the chemical
bonding. As can be seen from the figure, in addition to
the main peak “B”, the existence of one low-energy
peculiarity “4” and one high-energy feature “C” is
characteristic for every X-ray emission TalLs band in the
cubic TaC,N_y7s,.  carbonitrides  studied.  The
deconvolution of the Md-like states in cubic tantalum
carbides and nitrides indicates [13,14] that the main
maximum “B” of the band is created by the TaSd-like
states taking part in the formation of covalent dr,-px
bonds owing to the Ta5d—X2p-like hybridization (X = C,
N), while the high-energy feature “C” of the band is
formed due to contributions of the TaSd-like states
responsible for the forming Ta-Ta bonds in cubic
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Fig. 1. X-Ray emission TaLfs bands of TaCy 5 (a),
TaCy57No22 (b), TaCy4:No 34 (¢) and TaNg 75 (d). The
dashed line indicates the position of the Fermi energy,
EF, of the ES-2401 spectrometer energy analyzer.

TaC(N) compounds.

As one can see from Fig. 2, in the sequence TaCg 75
— TaNj g the intensity of the main maximum “B” of the
TaLs band decreases (for clarity, in the figure the peak
intensity of the band in cubic TaCiy¢s carbide is
normalized to 1.00), while the intensity of the high-
energy feature “C” of the band increases (see Fig. 1). The
above facts indicate that the covalent component of the
chemical bonding decreases, but the metallic component
increases with increasing nitrogen content in the cubic
TaC,N_y7s.. carbonitrides studied. From Fig. 2 it is
apparent that the same effect was also characteristic for
the stoichiometric cubic TaCN,, system studied
previously in Ref. [9]. However, the smallest peak
intensity of the TalPs band was observed for the
intermediate composition of the stoichiometric TaC,N_,
system (mainly, for the TaCgs,Ng49 compound), while
decreasing the peak intensity of the band is almost
monotonous when going from TaCy 75 to TaNj ss.

It should be mentioned that, as Fig. 2 reveals, the
intensities of the maximum “B” of the TaLfs bands in the
cubic TaC,N_j7s., carbonitrides are smaller somewhat as
compared to those in compounds with close nitrogen to
carbon ratios in the TaC,N,, system. The above fact
indicates that the formation of vacancies on the non-
metal sublattice of the cubic tantalum carbonitride leads
to breaking some covalent dr,-px bonds. As a result, part
of the TaSd-like states, which do not take part in forming
covalent dr,-px bonds due to Ta5d—X2p-like
hybridization, according to the calculation [15] should
fill the high-energy Tadty,-like orbitals. The mentioned
filling of the Tadt,, orbitals leads to significant
increasing the TalPs band half-width in the sequence
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TaCy 75 — TaNy 75 (Table 2). As it was established in Ref.
[9], in the stoichiometric TaC,N,., system the half-width
of the TalLPs band is maximum for the TaCysNg49
compound, while in the substoichiometric TaC,N_.g7s.,
carbonitrides under study the TalLfs band half-width
increases monotonously in the sequence TaCy;s —
TaN s (see Table 2).

The XES CKa and NKo bands in the studying cubic
TaC,N_g 5., carbonitrides are presented in Figs. 3 and 4,
respectively (it should be mentioned that, the intensity of
the NKa band in TaCy57Ng,, was too small to be able to
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Fig. 2. Dependence of the peak intensity of the
normalized TaLs bands upon content of carbon and
nitrogen atoms in the cubic TaC,N_ 7s., carbonitrides

studied (®). For comparison, the similar results from
Ref. [9] for stoichiometric TaC,N,_, system (&) are
also presented.

Intensity (arbitrary units)
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Fig. 3. X-Ray emission CKa bands of TaCy ;s (a),
TaCo,57N0.22 (b) and TaC0,42N0434 (C) The dashed lines
indicate positions of the X-ray photoelectron Cls
core-level lines in the specimens under study.
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Table 2

Half-widths (in eV) of the emission bands in the cubic
TaC,N_ 75., carbonitrides studied

Compound | Ta LBs | CKaband | N Ko
band band

TaCy 75 8.8 2.80 -

TaCps7No2 | 9.6 2.85 -

TaCp4Noss | 10.3 2.75 2.5

TaN s 11.4 - 24

Uncertainty | +0.2 +0.05 $0.1

[ntensity (arbitrary units)

1 1 1 1

385 390 395 400

Photon energy (eV)

Fig. 4. X-Ray emission NKa bands of TaCy4,Ny34 (a)
and TaNy g (b). The dashed lines indicate positions of
the X-ray photoelectron Nls core-level lines in the
specimens under study.

discuss its fine-structure peculiarities). The CKo and
NKa spectra in the above figures have been normalized
so that the intensities of their main peaks “B” are equal.
From the above figures it is obvious that, similar to the
TaLPs spectra, for the X-ray emission CKo and NKa
bands of cubic TaC,N_, 75., carbonitrides the existence of
one low-energy “A” and one high-energy “C” fine-
structure peculiarities is also characteristic. We have not
observed any changes of shapes (see Figs. 3 and 4) and
half-widths (Table 2) of the CKo. and NKa bands when
carbon atoms were substituted for nitrogen atoms in the
cubic TaCN_o7s., system. The relative intensities of the
features “4” and “C” of the CKa and NKo bands remain
constant within experimental errors for all the cubic
TaC,N_.¢ 5., carbonitrides investigated.

Results of a comparison of the main maxima “B” of
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the XES spectra of the cubic TaC,N. 7., carbonitrides in
a single energy scale are presented in Fig. 5(a). Figure
5(b) represents the similar results from Ref. [9] for the
stoichiometric cubic TaC,N,. carbonitrides. As can be
seen from Fig. 5(a), the main peaks “B” of the TaLfBs and
CKo bands in TaCy7s and those of the TaLBs and NKa
bands in TaN,;s coincide with each other. From the
above figure it is apparent that, while the main peak “B”
of the TaLBs band shifts by about 0.8 eV away from the
Fermi level, Er, when going from TaCy s to TaNg s, the
energy positions of the maxima “B” of the CKo and NKa
bands do not change with respect to the position of Ep. If
one compares Figures 5(a) and 5(b), one finds that the
behaviour of the XES bands in TaC,N_y7s, is very
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Fig. 5. Dependence of energy positions of the main
maxima “B” of the emission bands upon content of
carbon and nitrogen atoms in the cubic TaC,N_¢ 75,
(a) and TaC,N,_, (b) [9] carbonitrides.

similar to that observed previously in Ref. [9] for the
stoichiometric cubic TaC,Ny_, system. Therefore, like in
the stoichiometric TaC,\N;, carbonitrides, in the
substoichiometric cubic TaC\N.g7s, system under
investigation, the existence of strong hybridization of the
Ta5d- and C(N)2p-like states is characteristic. It is
necessary to mention that, the Ta5d- and C(N)2p-like
states are strongly hybridized in substoichiometric cubic
tantalum carbides and nitrides too (see, e.g., Refs. [13,
14]).
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Figure 5(a) reveals that, the energy positions of the Conclusions
main maxima “B” of the XES CKoa and NKo. bands

remain constant (within experimental errors) when Half-widths of the TaLP5 bands increase when

carbon atoms are substituted by nitrogen atoms in the carbon atoms are substituted for nitrogen atoms in the

cubic TaCN.g7s. system. In addition, as Figs. 3 and 4 cubic TaCxN~0.75-x carbonitrides, while those of the
show, no new peculiarities on the shapes of the CKaand 5 and NKot bands remain constant within accuracy of
NKo bands are formed in the sequence TaCyss — the experiments. The present XES studies reveal that the
TaNys. Taking into account the above facts, one can mentioned substitution leads to increasing the metallic
conclude that the C2p—N2p-like hybridization is absent  and decreasing the covalent component of the chemical
in the cubic TaC\N_q7s.¢ system studied. bonding in the cubic TaCxN~0.75-x system studied. For

Dashed lines in Figs. 3 and 4 representing positions all the cubic tantalum carbonitrides studied, the energy
of the binding energies (BEs) of the Cls and Nls core- positions of the main maxima of the NKa and CKa
level electrons, respectively, indicate that, in all the bands do not change with respect to the Fermi energy,
studied TaC:N_o7s.. compounds, values of the N1s core- while the main maximum of the TaLB5 band shifts by
level BEs are within (297.5-297.7)£0.2 eV, but those of about 0.8 eV towards EF when going from TaN0.78 to
the Cls spectra are within (283.0-283.1)£0.1 eV. We did TaC0.75. A strong TaS5d—C(N)2p-hybridization is

not detect any tendency of changes of the Nls and Cls characteristic for the cubic TaCxN~0.75-x carbonitrides.
core-level BEs when going from TaCj;s to TaNyg

. ) L& Acknowledgements
through the intermediate tantalum carbonitrides. The authors would like to thank Prof. V.B. Shipilo
Additior.lally, the Tadf core-level BEs incregse. by.about and Drs. N.I. Sedrenok and E.M. Gololobov (Institute of
0.3 eV in the sequence TaCoss — TaNgss indicating an  Qolid State Physics and Semiconductors, National

increase of the positive effective charge on tantalum  Academy of Sciences of Belarus, Minsk) for their help in
atoms when carbon atoms are substituted by nitrogen the synthesis of the test specimens.

atoms in the cubic TaC,N_7s., system. Therefore, in the
above sequence of compounds the ionic component of
the chemical bonding increases.

[1] L.E. Toth. Transition Metal Carbides and Nitrides. Academic Press, New York/London, 294 p. (1971).

[2] G.V.Samsonov, G.Sh. Upadkhaya, V.S. Neshpor. Physical Material Science of Carbides. Naukova Dumka, Kyiv,
456 p. (1974) (in Russian).

[3] A. Neckel. Recent Investigations of the Electronic Structure of the Fourth and Firth Group Transition Metal
Monocarbides, Mononitrides, and Monoxides // Int. J. Quantum Chem., 23, pp. 1317-1353 (1983).

[4] A.L. Ivanovsky, V.P. Zhukov, V.A. Gubanov. Electronic Structure of Refractory Transition Metal Carbides and
Nitrides. Nauka, Moscow, 224 p. (1990) (in Russian).

[5] E.A. Zhurakovsky, V.F. Nemchenko. Kinetic Properties and Electronic Structure of Interstitial Phases. Naukova
Dumka, Kyiv, 304 p. (1989) (in Russian).

[6] H.J. Goldschmidt. Interstitial Alloys. Butterworths, London, 424 p. (1967).

[71 E.M. Gololobov, N.I. Sedrenok, N.A. Prytkova. Superconducting properties of materials based on tantalum
carbonitrides. In: Cryogenic Materials and their Welding. Naukova Dumka, Kyiv, pp. 114-116 (1989) (in
Russian).

[8] A.B. Avakyan, A.R. Bagramyan, I.P. Borovinskaya, S.L. Grigoryan, A.G. Merzhanov. Synthesis of transition
metal carbonitrides. In: Processes of Burning in Chemical Technology and Metallurgy. Institute of Chemical
Physics of the USSR, Chernogolovka, pp. 98-113 (1975) (in Russian).

[9] O.Yu. Khyzhun, Ya.V. Zaulychny, E.A. Zhurakovsky, V.B. Shipilo. Peculiarities of the electronic structure of
cubic tantalum carbonitrides // Met. Phys. Adv. Tech., 16, pp. 457-475 (1997).

[10] W. Pies, A. Weiss. In: Landolt-Bornstein: Numerical Data and Functional Relationships in Science and
Technology, New Series, Vol. III/7c: Crystal Structure Data of Inorganic Compounds, Part 1 (Eds. by K.-H.
Hellwege and A.M. Hellwege). Springer-Verlag, Berlin/Heidelberg, 196 p. (1978).

[11] E.M. Gololobov, V.B. Shipilo, N.I. Sedrenok, A.I Dudyak. The method of synthesis of metallic carbonitrides.
Patent USSR No. 722341 dated 21 November (1979) (in Russian).

[12] A. Meisel, G. Leonhardt, R. Szargan. X-Ray Spectra and Chemical Binding. Springer-Verlag, Berlin/Heidelberg,
458 p. (1989).

[13] E.A. Zhurakovsky, O.Yu. Khyzhun, A K. Sinelnichenko, V.A. Kolyagin, R.K. Chuzhko, V.D. Dobrovolsky.
Electronic structure of cubic TaC, carbide in the homogeneity region // Phys. Metals, 12, pp. 444-459 (1993).

[14] O.Yu. Khyzhun, Ya.V. Zaulychny. Electronic Structure of Substoichiometric Tantalum Nitrides Studied by the
XES Method // Phys. Stat. Sol. (b), 207, pp. 191-197 (1998).

[15] B.M. Klein, D.A. Papaconstantopoulos, L.L. Boyer. Linear-combination-of-atomic-orbitals-coherent-potential-

approximation studies of carbon vacancies in the substoichiometric refractory monocarbides NbC,, TaC,, and
HfC, // Phys. Rev. B, 22(4), pp. 1946-1966 (1980).

533



Ya.V. Zaulychny, A.K. Sinelnichenko, A.Yu. Garmash, O.Yu. Khyzhun

S.B. 3aynuunnii, O.K. Cunensanuenko, O.1O. IN'apmam, O.FO. XuxyH

PentreniBebki emiciiiii ciekTpu KyOiuaux kapooniTpuaiB TaCyN_g 754

Inemumym mamepianosnascmea imeni I. @panyesuua Hayionanonoi axademii nayk Yrpainu,
eyn. Kporcusicaniscoroeo, 3, Kuis, 03142, Yrpaina

I3 BUKOpHCTaHHSIM pEHTreHiBcbKoi emiciiiHol crekTtpockomii (PEC) mocnmimkeHO eNneKTpOHHY CTPYKTYpYy
HECTEXIOMETPHUHUX KyOiunux kapOonitpuais tantanmy TaC,N,, ne x+y~0,75. Jlna BkazaHoi cuctemu otpumano PE
TaLPs-, NKo- i CKo-cMmyru. BeraHoBiieHo, 110 3aMillieHHS aTOMIB ByTJIeLt0 atoMamMu a30Ty B cucteMi TaC,N_g 75,
NPU3BOAUTE JIO 3MCHIIEHHS IHTCHCHBHOCTI TOJIOBHOTO MakcMMyMy Talfs-cMyrn Ta cCyTTEBOrO 3pOCTaHHsS Il
miBIUpHHAU. [ BCiX JOCHIIPKEHUX HECTEXIOMETPHUYHHMX KapOoHITpuiiB TaHTtany miBmupuHu NKo- i CKo-cmyr
3aJIMIIAIOTHCS CTAJMMH B MEXaX TOYHOCTI €KCIIEPUMEHTY. Pe3ysibTaTi eKCIepUMEHTAIBHOTO JOCTIIKEHHS CUCTEMU
TaC,N_y75., BKa3ylOTb Ha Te, IO 3aMILEHHS aTOMIB BYIJIELO a30TOM IPHU3BOAUTH [0 3POCTAHHS METATi4HOI Ta
3MEHILIECHHS KOBAJIEGHTHOI CKIAJOBHMX XiMiyHOro 3B’s3Ky. Jis Bcix cmoiyk gociimxysaHoi cuctemu TaCN_g7s..
XapakTeHa HasBHICTb cuuibHOT Tibpuam3anii TaSd- i C(N)2p-craHis.
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