
PHYSICAL REVIEW B, VOLUME 63, 245105
Theoretical investigation of the ELNES of transition metal carbides for the extraction
of structural and bonding information
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We present the results of theoretical modeling studies of the electron energy loss near-edge structure
~ELNES! of Group-IVA ~Ti, Zr, Hf! and Group-VA~V, Nb, Ta! transition-metal carbides exhibiting a cubic
NaCl structure. Calculations of the unoccupied densities of states at both metal and nonmetal sites have been
performed using both multiple scattering~MS! and full linearized-augmented-plane-wave~FLAPW! band-
structure calculations. The effects of self-consistency and the inclusion of the core hole produced during the
ELNES excitation process have been investigated for the case of the MS calculations, while the size of the
basis set and the effect of charge transfer have been examined for the case of the FLAPW calculations. The
results are compared to high-energy-resolution ELNES measurements. We demonstrate the sensitivity of
ELNES features to quantities such as the lattice parameter, chemical composition, and stoichiometry.
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I. INTRODUCTION

Transition-metal~TM! carbides are an important class
materials. They are unusual in possessing high mel
points, extreme hardness, and electrical and thermal con
tivities similar to those of the pure transition metals.1 The
early transition-metal carbides studied here have a cubic
dium chloride structure, and are able to exist over a rang
compositionsMCx with 0.5,x,1.0.2

TM carbides are employed as both single, multilayered
graded coatings which are both hard and inert, and can e
as complex solid solutions with varying compositions a
morphologies, depending on deposition and process
conditions.3,4 A further engineering application of such m
terials lies in the precipitation strengthening, via dislocat
pinning, of microalloyed steels. Here, complex mixed me
TM carbides, nitrides, and carbonitrides of varying stoic
ometry, as well as duplex particles of nanometer dimensio
can all be present within a microalloyed steel structure.5 The
precipitation mechanisms and kinetics of such complex p
ticles and their dependence on processing~heat treatment,
rolling, etc.!, including their behavior in the heat-affecte
zone produced during welding, are of prime importance if
accurate modeling of processing-property relationships
the consequent prediction of the remanent life of steel st
tures is to be achieved.

A parallel electron-energy-loss~EELS! spectrometer
combined with a field-emission conventional or scann
transmission electron microscope~CTEM/STEM! enables
high-energy-resolution electron-energy-loss near-edge s
ture~ELNES! measurements to be made at nanometer sp
resolution.6 ELNES measurements probe the local unoc
pied electronic structure in a solid. The technique theref
allows us to investigate localized changes in chemis
structure, and bonding on a scale ideal for the study of na
crystalline or nanostructured coatings and nanometer-s
0163-1829/2001/63~24!/245105~13!/$20.00 63 2451
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precipitates of materials such as TM carbides. Further b
efits of the high spatial resolution associated with EELS
clude the ability to interrogate grain boundaries, interfac
and defects.7

Many theoretical studies have been conducted on TM c
bides, concentrating on TiC in particular.8–12 The influence
of vacancies on these materials has also been examined13–15

These electronic band-structure calculations have been
rected at understanding the fundamental bonding and p
erties of these materials. Bonding in these materials is do
nated by strong covalent bonding between the metal
nonmetal; their band structures show a hybridization
tween the metald states and the nonmetalp states. Although
there is little metal-metal bonding in the carbides, this b
comes more significant for the TM nitrides and substoich
metric materials, but at the expense of the metal-nonm
interaction. Further electronic structure calculations of th
materials will be presented in this work. However, we w
concentrate mainly on the unoccupied states above the F
energy as these are most relevant for the analysis of ELN
data.

Significant ELNES data on the TM carbides has alrea
been reported.16 Complex ELNES, particularly for the non
metallic element, are observed. This work presents theo
cal electronic structure calculations specifically aimed
modeling experimental ELNES spectra from these mater
and at ultimately increasing our comprehension of their m
terial behavior and properties at the scale of nanometers

Techniques for modeling ELNES from bulk crystallin
materials are relatively well established. These methods
based on density-functional theory within the local-dens
approximation~LDA !. However, many previously publishe
band-structure calculations have not provided the neces
site and symmetry projections of the total unoccupied d
sity of states~DOS! required for a comparison with exper
mental ELNES data. Furthermore, restrictions in comput
©2001 The American Physical Society05-1
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power have limited these studies to relatively simple s
tems, and have not incorporated any effects due to the E
excitation process. Consequently, in many previous stud
non-self-consistent cluster-based methods have been
ployed for the interpretation of EELS and X-ray-absorpti
near-edge structure~XANES! data.

With this in mind, the purpose of this work is to presen
comparison of previous methods with those currently av
able, albeit on systems possessing a relatively hi
symmetry structure. Although LDA-based methods are
pected to provide accurate total energies, there is noa priori
guarantee that they will efficiently describe the distributi
of unoccupied states probed by the excited electron in EE

For this work we have employed a number of metho
the full linearized augmented plane wave~FLAPW! band-
structure method as well as two differing methods ba
upon the multiple-scattering~MS! cluster based approach
We critically compare the results obtained from a number
publically available software packages. However, the abi
to model ELNES should not necessarily be an end in itse
deeper understanding of the origin of ELNES features
terms of structural and bonding parameters within a solid
required. We have attempted to undertake this for the cu
TM carbides, and indicate how various ELNES features
pend on quantities such as lattice parameter, chemical c
position, and stoichiometry.

II. MODELING METHODS

A. Multiple scattering „MS…

The multiple-scattering calculations were performed
ing the XANES code of Pendry, Durham, an
co-workers.17,18 The multiple-scattering technique is bas
on the theory of interference between the outgoing elec
wave, created by the ionization of an inner-shell electr
and the returning wave which has been elastically backs
tered by the surrounding atoms in the solid. Scattering ph
shifts and atomic matrix elements were calculated usin
modified version of the PendryMUFPOT code19 based on the
superposition of neutral atom potentials within the muffin
approximation ~phase shifts are based on a non-se
consistent calculation!. The muffin-tin radii were chosen s
as to minimize potential discontinuities at the boundary

TABLE I. Muffin-tin sphere radii~a.u.! employed in the MS
calculations of the TM carbides.

ICXANES FEFF8

Metal
~a.u.!

Nonmetal
~a.u.!

Metal
~a.u.!

Nonmetal
~a.u.!

TiC 2.2046 1.8848 2.5625 2.0787
VC 2.0510 1.8848 2.4491 2.0182
ZrC 2.4600 1.9793 2.8761 2.1184
NbC 2.3046 1.9196 2.6861 2.0730
HfC 2.4522 1.9348 2.8421 2.0938
TaC 2.2750 1.9348 2.7131 2.0182
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tween individual muffin tins and to be nonoverlappin
~Table I!. For our calculations we have used a maximu
angular momentum for the atomic phase shifts (Lmax) of 3,
and a maximum angular momentum for the symmetrized
pansion (Lout) of 11. Lout describes how the complex inte
ference pattern is expanded about the central atom.
multiple-scattering calculation is performed in real space
dividing a cluster into concentric shells of atoms surround
the central absorbing atom. Multiple scattering is solved fi
within each shell~intrashell!, then between each shell~inter-
shell! before the results are combined. For the TM carbid
convergence was generally achieved after the addition
seven shells out to a radius of approximately 0.6 nm,
cluster containing a total of 93 atoms. The effect of the c
hole was treated using the empirical (Z11)* approximation:
i.e., the central absorbing C atom in the cluster is treated
nitrogen atom with the electronic configuration, 1s12s22p4.
The use of the core-hole approximation results in an
creased intensity close to the absorption edge, giving be
agreement with experiment. For the materials studied
core hole does not have a great influence, especially at
nonmetal edge. This is due to the high degree of screenin
the core hole by the relatively free valence electrons, wit
large weight on the nonmetal site, present in these cond
ing materials. Experimental broadening can be taken i
account by varying the imaginary partVim of the photoelec-
tron energy, this being set, typically, to a constant value
0.5 eV over the whole ELNES energy range. The main
vantage of the real-space multiple-scattering technique o
band-structure calculations is the ease with which nonp
odic systems may be modeled. Substoichiometric syst
and structures containing vacancies may be examined
little extra effort or computing cost. The inclusion of ap
proximations to account for the core hole produced dur
the excitation process is also relatively straightforward. O
point to note concerning the multiple scattering method~spe-
cifically the calculation of phase shifts usingMUFPOT! used
here, is that theXa exchange potential~a is set to 0.8! used
is independent of energy.20 The exchange term, which ac
counts for the exchange correlation introduced by the P
exclusion principle is, however, known to be dependent
energy. The effect of this is to cause a deviation of the p
positions with energy compared with the experimental d
and FLAPW results.

We have recently begun to investigate the real space
code FEFF8.21 Similar to the method described above, t
scattering potentials are calculated by initially overlappi
the free-atom densities within the muffin tin approximati
@the muffin tins are overlapped by 15% to try and reduce
effects of potential discontinuities~Table I!#. However, in
contrast to theICXANES method, the phase shifts calculate
within the FEFF8package are based on a self-consistent-fi
calculation with a Hedin-Lundqvist exchange correlation p
tential which is energy dependent.22 FEFF8 also differs from
the ICXANES MS method in its treatment of multiple scatte
ing within the cluster.FEFF8does not divide the cluster into
shells and treat intershell and intrashell scatterings se
rately; instead it solves for the relevant Green’s function
direct inversion for all atoms in the cluster.FEFF8is showing
promising results, and these have been included in this p
to not only aid in the interpretation of the experimental da
5-2
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but also to give a useful comparison between the two m
tiple scattering modeling methods.

The influence of the core hole on ELNES was appro
mated in allFEFF8 MS calculations via use of theZ* ap-
proximation, i.e., the central C atom is given a 1s12s22p3

configuration. The differences in the models for the core h
used in the two multiple-scattering approaches probably
flects the differences in the calculation of the scatter
phase shifts. (Z11)* is an empirical, overapproximatio
used to account for deficiencies in the non-self-consis
phase shifts.23 The FEFF8 MS calculations used identica
clusters to those employed in theICXANES MS calculations.

B. Full linearized plane augmented plane-wave method
„FLAPW …

The electronic structure calculations were performed
ing the full linearized augmented plane-wave method us
the packageWIEN97.24 The unit cell is separated into non
overlapping atomic spheres and an interstitial region. T
wave functions are described using radial solutions of Sch¨-
dinger’s equation inside the spheres and plane waves in
interstitial regions. Exchange and correlation effects w
treated using the generalized gradient approximation.25 Un-
like MUFPOT, no spherical average is taken inside the muffi
tin spheres nor volume average in the interstitial region.
each calculation, typically, 104k points were used in the
irreducible Brillouin zone~3000k points in the whole cell!, a
maximum angular momentum for the radial wave functio
( l max) of 12 and a plane-wave cutoff (RMTKMAX) of 8 or 9.
Local orbitals were added to the basis set. This allow
better treatment of the problem of semicore states prese
early transition metal compounds; semicore states are
lying, relatively extended core states~e.g., the Ti 3p
states!.26 Also, addition of extra local orbitals, e.g., nonmet
s andp and metald orbitals, at energies high above the Fer
energy, enables a better and more reliable description o
unoccupied states. Subsequently, we were able to obtain
culated absorption spectra extending up to 40 eV above
edge onset. To our knowledge, this is the first time such
accurate modeling has been achieved so far in energy a
the Fermi level.

The nonmetalK-edge spectra were obtained by multipl
ing the respectivep-DOS by their essentially atomic matri
elements. A 1.0-eV Lorentzian broadening function was th
applied.

III. EXPERIMENT

Full details concerning the acquisition of the experimen
EEL spectra presented in this paper have already b
reported.16 To summarize, the spectra were collected usin
GATAN 666 parallel electron energy-loss spectrome
mounted on a VG Microscopes HB5 dedicated FEGSTE
with post-specimen lenses. The microscope was operate
100 kV. Spectra were recorded with a dispersion of 0.1
per channel. The energy resolution, estimated from the
width at half maximum of the zero-loss peak, is appro
mately 0.3 eV. No attempt was made to deconvolute
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plural scattering for the carbide spectra as they were
corded from very thin material. The spectra were acqui
using a convergence semiangle of 11 mrad and a small
lection semi-angle of 12.5 mrad, which implies that the
pole selection rule applies for the observed ELNES tran
tions. For the case of nonmetalK edges, this means that th
excited electron is probing emptyp-like states in the conduc
tion band. For the metalL2,3 edges, the emptyd- ands-like
states, weighted by the appropriate matrix elements,
probed, thed states being dominant.

IV. RESULTS AND DISCUSSION

A detailed comparison of both experimental and theor
ical results are summarized graphically in Figs. 4–9.

A. Multiple scattering and FLAPW calculations
of TiC carbon K-ELNES

A modeling of the near-edge structure using multip
scattering methods is achieved by building a real-space c
ter surrounding the central absorbing atom. The cluste
increased in size until the calculated spectra have fully c
verged. Figure 1 shows the effect of increasing the clus
size on the results of MS calculations for the CK edge in
TiC calculated using the self-consistentFEFF8 method. The
peak labeling scheme, shown in Fig. 4, follows that used
Pflügeret al.27 and Craven and Garvie.16 For both sets of MS
results, convergence is achieved after addition of se

FIG. 1. Effect of increasing numbers of scattering shells for
FEFF8MS calculation of the CK-ELNES of TiC.
5-3
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shells, this equating to a 93-atom cluster with a radius
approximately 0.6 nm. For TiC, the compositions of she
1–7 are as follows: shell 1, 6 Ti; shell 2, 12 C; shell 3, 8 T
shell 4, 6 C; shell 5, 24 Ti; shell 6, 24 C; and shell 7, 12
The ICXANES MS results show a good correspondence w
the FEFF8 MS results. However, there are some differenc
which are presumably due to the effects of self-consiste
in the charge distribution, the different muffin-tin radii em
ployed~and whether they overlap!, the energy dependence o
the exchange-correlation potential and, most probably,
different calculational algorithms employed in each ca
Specifically in Fig. 2, we show the effects of including se
consistency for a fully converged calculation of the
K-ELNES in TiC usingFEFF8, although these difference
seem less dramatic than those observed using the non
consistentICXANES code ~Fig. 4!, they do highlight the
strong influence of charge redistribution on both peak int
sities and peak positions observed in ELNES data. We
cuss the magnitude of the charge redistribution later in
paper, where we consider the FLAPW band-structure res

One advantage of the MS method is the ability to ass
particular scattering events from different shells in the clus
to peaks in the ELNES data. Examination of Fig. 1 reve
that peak 1 is predominantly due to scattering from the fi
shell of six Ti atoms. Upon the addition of the second sh
of 12 carbon atoms to the cluster, peaks 4 and 6 app
Following the work of Rezet al.28 and Kurataet al.29 on the
O K-ELNES of transition-metal oxides with the same NaC

FIG. 2. Effect of self-consistency in the potential calculation
modeled CK-ELNES of TiC ~FEFF8!.
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type structure, we conclude that peak 6 is due to inters
scattering from this first nonmetal shell while peak 4 is d
to intrashell scattering within the same shell~shell 2!. Fur-
ther evidence of this conclusion is given later in the pa
where we compare the nonmetalK-edge spectra of TiC, TiN,
and TiO. The MS approach is also attractive in that it eas
lends itself to the investigation of the effects of the core h
on the experimental spectra. As mentioned above, the ef
tively positive potential of the core hole tends to pull sta
down in energy, and so increase the intensity near the e
onset. This is clearly seen in Figs. 3~a! and 3~b! for the C

FIG. 3. Effect of the core hole approximation on the MS calc
lation of the CK-ELNES of TiC @~a! FEFF8, ~b! ICXANES#.
5-4
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K-ELNES in TiC modeled using theFEFF8 and ICXANES

codes. As the metal carbide materials under study have
tively high conductivities, the core hole tends to be scree
from outer electrons, significantly lessening its impact on
spectra. This fact is supported by the FLAPW results, p
sented below, which show excellent agreement with the
perimental data even though they are ground-state calc
tions. However, for insulating materials, it is extreme
important to model the core hole correctly. For example
strong effect may be seen on cation edges, especially
light elements, whereas the effect of the core hole on an
edges may be negligible. The degree of screening of the
hole also depends upon the degree to which the valence
trons are localized on the excited atom. In the TM carbid
the valence band is predominantly of C 2p character signifi-
cantly reducing the effect of the core hole in inner-shell e
citations from carbon sites.

The various steps in the FLAPW calculation are as f
lows: ~a! Initially, the partial density of states ofp character
projected onto the carbon site was calculated using the
consistent FLAPW procedure.~b! Next, the square of the
dipole matrix elements, which are essentially atomicl
quantities, were calculated for the transitions from the Cs
level to the emptyp-like states projected onto the carbon si
~c! The p-DOS and matrix elements were multiplied to pr
duce the transition intensity.~d! This transition intensity was
then broadened~typically by 1 eV! to take into account both
the lifetimes of the initial and final states as well as inst
mental effects such as overall energy resolution of the m
surements. This produces the final broadened transition
tensity which can be compared with ELNES data. A simi
set of procedures also applies in the case of the MS calc
tions; however, here thep-DOS is calculated using scatte
ing theory.

Figure 4 shows a direct comparison of the FLAPW
sults, both sets of MS results, and finally the experimenta
K-edge spectrum for TiC. The FLAPW results are in exc
lent agreement with experiment, both in terms of peak po
tions and peak intensities, and these agree well with the
calculations, particularly the self-consistentFEFF8 results. It
is important to reiterate that the FLAPW calculations~unlike
the MS calculations! do not include any approximation t
account for the effect of the core hole; this is particula
evident in the relative intensity of peak 1 to peak 2, which
significantly lower than experimentally observed. T
ICXANES MS results do include an approximation for the co
hole, but lack self-consistency in the potential and this a
leads to problems with relative peak intensities. TheFEFF8

results, where both effects have been taken into account
pear to provide the most satisfactory agreement with exp
ment.

From a detailed study of the FLAPW results on TiC, w
can divide the ELNES into two distinct regions; this is in lin
with previous band-structure calculations.8 The region from
0 to 8 eV above the edge onset can be assigned to em
metald orbitals ~Ti 3d! hybridized with carbon 2p orbitals.
The peak separation between peaks 1 and 2 can be view
a form of ‘‘crystal-field splitting’’ due to the octahedral co
ordination of titanium by carbon. For TiC, the measur
24510
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separation is 2.2 eV. The region above 8 eV from the e
onset can be assigned to Ti 4s and 4p orbitals hybridized
with C 2p orbitals.

B. Comparison of MS and FLAPW calculations
with experimental carbide carbon K-ELNES

Figures 5–9 show a comparison of the FLAPW resu
both sets of MS results, and the experimental data for th
K-ELNES in VC, ZrC, NbC, HfC, and TaC. Overall, th
agreement between experiment and the theoretical resu
good, especially for the FLAPW and, to a lesser extent, s
consistent MS calculations. In particular, theFEFF8 MS cal-
culations show poor agreement with experiment for the c
of TaC. The non-self-consistent MS calculations struggle
adequately model the spectra for the heavy element carb
and this is also apparent to a lesser degree in theFEFF8 MS
calculations.

For the 4d and 5d TM carbides, the experimental C
K-ELNES spectra show a considerable amount of inten
and structure over the whole energy region between 0 an
eV above the edge onset, whereas the 3d TM carbides ex-
hibit an intensity minimum between peaks 2 and 3~roughly
8 eV above the edge onset!. The lack of an intensity mini-
mum in the CK-ELNES of the 4d and 5d carbides may be
due to the more extended overlap of the TM 4d and 5d
orbitals ~relative to TM 3d for TiC and VC! with the C 2p
orbitals, leading to the lack of a distinct division between t
TM d- and the sp-hybridized regions as has been discuss
for TiC in Sec. IV A. TheICXANES MS calculations for the

FIG. 4. Comparison of CK-edge spectra of TiC@~a! experimen-
tal, ~b! FLAPW, ~c! FEFF8, and~d! ICXANES#.
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4d and 5d TM carbides appear to be missing some of t
intensity. As we will see, apart from NbC, the magnitude
‘‘charge transfer’’ in this series of carbides is predicted to
similar; thus the discrepancies may, in part, be due to
spherical and volume averaging of the potential in the mu
tin based methods for the calculation of phase shifts e
ployed in the MS methods. This may be a limitation for 4d
and 5d TM carbides where the potential may possess
creased directionality due to metal-metal interactions.

The current results also suggest that for higher ato
number TM carbides the effect of the core hole on the
K-edge of the carbides may be weaker as we go down
TM group and is perhaps overestimated by the approxi
tions used in the MS calculations. Indeed, for HfC the agr
ment with experiment is marginally better for a calculati
with no core hole.

A general trend in the data is that the MS methods c
sistently place the higher energy peaks~e.g., peak 6! at too
low an energy relative to both the FLAPW method and e
periment. This is discussed further in Sec. IV E. Howev
for the present we note that inclusion of the core hole in
MS methods will tend to reduce the energy of these featu
and, second, it may be the case that the less accurate

FIG. 5. Comparison of CK-edge spectra of VC@~a! experimen-
tal, ~b! FLAPW, ~c! FEFF8, and~d! ICXANES#.
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methods have difficulty in describing accurately the ene
positions of features near the edge onset and thus the c
sponding alignment of the higher-energy features contain
systematic error.

Another noteworthy feature is that the peaks in t
ICXANES MS calculations are all consistently too sha
which, in this method, may be a manifestation of the divisi
of the scattering into intershell and intrashell compone
within the cluster. Multiple intershell scattering would b
expected to lead to a sharpening of these resonances.

General trends observed in the experimental CK-ELNES
of the series of TM carbides were already discussed by C
ven and Garvie,16 and, on going from the 3d to 4d to 5d TM
carbides, these involve~a! an increase in absolute energy
peak 1, and~b! a decrease in the energy separation betw
peaks 1 and 4. This second systematic change is mod
extremely well by the FLAPW calculations.

The success of the FLAPW ground-state calculations c
firms the high degree of screening of the core hole from
unoccupied states during the EELS excitation process.
account for the core hole within the FLAPW method, w
envisaged requiring a large(23232) supercell~64 atoms,
and a core-hole–core-hole distance of 0.8656 nm! sufficient

FIG. 6. Comparison of CK-edge spectra of ZrC@~a! experimen-
tal, ~b! FLAPW, ~c! FEFF8, and~d! ICXANES#.
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THEORETICAL INVESTIGATION OF THE ELNES OF . . . PHYSICAL REVIEW B 63 245105
to avoid possible interaction between neighboring core ho
This would have been prohibitive in terms of computi
cost. However, the recent work of Paxton, who has p
formed linear muffin tin orbital calculations on TiC, ind
cated that a primitive cell~eight atoms, and a core-hole
core-hole distance of 0.4328 nm! would suffice.30 Though
taking significantly longer than the ground state~fcc! calcu-
lations, with access to parallel processing facilities they w
readily accomplished. The core hole on the absorbing car
atom was accounted for using theZ* approximation, i.e., an
electron from the 1s orbital from removed and placed in th
valence band. Figures 10 and 11 compare the experimen
K-ELNES of TiC and ZrC respectively with the FLAPW
calculations for the ground state and excited state~core-hole-
approximated! structures. As expected, the differences b
tween the ground- and excited-state calculations are not
matic. However, accounting for the core hole is manifes
in a movement of states down toward the edge onset, giv
a superior match of the peak energies and intensities.

C. Relative effectiveness of the two modeling approaches

We shall now draw some general conclusions regard
the relative merits of the three approaches to modeling

FIG. 7. Comparison of CK-edge spectra of NbC@~a! experi-
mental,~b! FLAPW, ~c! FEFF8, and~d! ICXANES#.
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transition metal carbideK edges. It is clearly seen from Figs
5–9 that the FLAPW calculations are consistently in agr
ment with the experimental data. They reproduce all the s
nificant peaks with accurate peak energies and intensi
We have shown that for TiC and ZrC the presence of
core hole may be modeled successfully using the FLAP
method, albeit with a significant increase in computing co
As the effect of the core hole upon the CK-ELNES of these
materials is small, we are able to successfully model
experimental data with ground state FLAPW calculations~an
advantage of theICXANES and FEFF8 MS methods is that
approximations for the effect of the core hole may be ma
with no increase in calculation time!. With the rapidly in-
creasing speed and affordability of powerful multiproces
machines, we envisage that periodic supercell calculation
account for the core hole will become common place with
the coming years.

We have performed MS calculations using the establis
MUFPOT/ICXANES and the more recentFEFF8 codes. We feel
that the calculation of the potential self-consistently with
theFEFF8code gives it major advantage for accurate ELN
modeling. We see in Sec. IV G that charge transfer is tak
place from the metal to the nonmetal. Though both co

FIG. 8. Comparison of CK-edge spectra of HfC@~a! experimen-
tal, ~b! FLAPW, ~c! FEFF8, and~d! ICXANES#.
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model the first-row TM carbides well, as we descend
groups we see the advantage that self consistency bring
maintaining the desired accuracy in modeling of the exp
mental spectra. Further investigation and refinement in
running of theFEFF8 code will be undertaken in a futur
publication.

D. Influence of lattice parameter on carbide CK-ELNES

Since all the carbides are isostructural, the main variati
within the range of carbides studied are the effect of cha
ing the metal atom and the effect of changing the latt
parameter. To separate these two effects, we initially k
things simple and artificially adjust the lattice parameter
the calculations. The lattice parameter of TiC was var
between1 and25% of its experimental value, demonstra
ing a significant influence upon the ELNES peak positio
The peaks systematically move toward the edge onset a
lattice parameter increases; the degree of shift increases
the energy of the peak above the threshold. This effect
noted by Natoli,31 whereby certain peak positions in th
near-edge structure may be influenced by the radial dista
to the local coordination shells. These distances are dire

FIG. 9. Comparison of CK-edge spectra of TaC@~a! experimen-
tal, ~b! FLAPW, ~c! FEFF8, and~d! ICXANES#.
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related to the lattice parameter of the compound. In a s
tering description, such events may be termed coordina
shell multiple-scattering resonances~MSR’s! and may be
analyzed using a simple EXAFS/extended electron ene
loss fine structure-type analysis~the latter being based on
single scattering description!.

If a particular ELNES feature may be identified as a sc
tering resonance, then it can be shown32 that

DE5
\

8m

@~2n11!p2f~k!#2

a i
2

1

a2 , ~1!

whereDE is the peak position above threshold,f(k) is a
phase shift from the relevant coordination shell, anda i is the
distance to theith shell of neighbors in units of the lattic
parametera, and n is an integer. Thus the above analys
predictsDE to vary linearly with 1/a2 with the straight line
passing through the origin, assuming thatf(k) does not vary
significantly with energy.

The data for peak 6 are the closest to passing through
origin. Our previous analysis~Sec. IV A! associated peak 6
with intershell scattering from the second shell surround
the absorbing carbon atom~i.e., the first carbon shell!. The

FIG. 10. CK-edge spectra of TiC calculated using the FLAP
method@~a! experimental;~b! core-hole correction, primitive unit
cell; and~c! ground-state calculation, fcc cell#.
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dependence ofDE on variations in 1/a2 for the other peaks
~1–5! shows differing slopes and intercepts. It is envisag
that there is a strong intrashell scattering component in t
origin, as suggested in Fig. 1.

E. Influence of lattice parameter and metal atom

Increasing the complexity of the analysis, we now co
sider the effects of the combined variation of both the latt
parameter and the metal atom on the CK-ELNES via a de-
tailed consideration of our group-IVA and -VA data. Plots
the peak energy above the edge onset (DE) versus 1/a2 for
the experimental CK-edge data of the TM carbides may b
found in Craven and Garvie.32 Straight line graphs are ob
tained for peaks 1, 2, 4, and 6; however, as alluded to in S
IV D, only peak 6 gives a positive slope passing through
origin which is presumably due to it being associated wit
multiple-scattering resonance from the first nonmetal sh
A comparison of theDE versus 1/a2 plots for peak 6, deter-
mined experimentally and from the three sets of calculate
K-ELNES ~FLAPW, FEFF8MS, andICXANES MS!, show the
FLAPW results to be closest to experiment; the se
consistent MS~FEFF8! results also show good agreement.

FIG. 11. CK-edge spectra of ZrC calculated using the FLAP
method@~a! experimental;~b! core-hole correction, primitive uni
cell; and~c! ground-state calculation, fcc cell#.
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Some confusion exists as to whether the peak position
scattering resonances should be measured relative to the
onset, the conduction-band onset~not necessarily the sam
quantity as the apparent edge onset due to the effect of
core hole!, or the Fermi level~which would require some
additional information such as x-ray photoelectron spectr
copy binding energies and the band gap!. In order to circum-
vent this problem one method is to measure peak sep
tions. Figure 12 shows the energy difference between pe
6 and 1 plotted against 1/a2 for both the experimental and
calculated CK-ELNES data. It can be seen that the FLAP
results show best agreement with experiment, while
FEFF8 results are considerably superior to theICXANES re-
sults. The separation of peaks 1 and 6 can be seen to
potentially sensitive measure of the lattice parameter of th
materials, this information being available on the nanome
scale through the use of modern TEM’s/STEM’s.

F. Influence of nonmetal atom on nonmetalK-ELNES

Figure 13 shows a comparison between the theoret
nonmetalK edges of TiC, TiN, and TiO calculated using th
FLAPW method. The calculations for TiN and TiO sho
good agreement with the NK- and O K-ELNES obtained
from these materials.32,33

FIG. 12. Plot of the energy difference between peaks 1 an
against 1/a2 for transition-metal carbides: experimental and mo
eled data.
5-9
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As all three compounds are isostructural, the main va
tions between TiC, TiN and TiO are~a! a change in lattice
parameter and hence resonance distance for MSR’s and~b! a
change in the nonmetal atom and hence backscattering p
shift for the MSR associated with peak 6 which is associa
with the first nonmetal shell.

From the work shown in Sec. IV D, we may expect th
the experimentally observed decrease in lattice param
from TiC (a50.4328 nm) through TiN (a50.4241) to TiO
(a50.4176) to be reflected in the movement of the pe
1–6 away from the edge onset in the nonmetalK-ELNES.
However, the opposite effect is observed here~Fig. 13!, and
also in the experimental ELNES. This anomaly must be d
to differences in the backscattering phase shifts of the n
metal atoms. Plotting the phase shiftsf for carbon, nitrogen,
and oxygen atoms in the cluster as a function of energy,
observe a progressive increase in the magnitude of the p
shift as the atomic number increases. This results in a
crease in the numerator in Eq.~1! as the atomic number o
the backscattering shell increases, leading to the experim
tally observed decrease inDE. This change in the back
scattering phase shift also directly affects the relative int
sity of MSR’s involving nonmetal coordination shells, e.g

FIG. 13. Comparison of the theoretical nonmetalK edges of
TiC, TiN, and TiO calculated using the FLAPW method.
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peak 6. The electron backscattering power of an atom
known to increase with its electronegativity, which explai
the increase in the relative intensity of peak 6~e.g., the peak
6:peak 1 intensity ratio! as the second shell changes from
through N, to O.

A further change in going from TiC, through TiN to TiO
is an increase in the number of valence electrons from 8
10. In terms of a rigid band model, this shifts the Fermi lev
to higher energies causing the observed loss in intensit
peak 1.

As mentioned in Sec. IV A, peaks 1 and 2 in the nonme
~NM! ELNES reflect the hybridization between the TM 3d
and nonmetal 2p orbital. The energy difference~crystal-field
splitting! between peaks 1 and 2, observed at the nonmetK
edge, decreases from TiC, through TiN, to TiO. Th
TM 3d– NM 2p hybridization should also be apparent at t
TM L3 andL2 edges. Figure 14 compares theoretical TiL3
edges and nonmetalK edges for TiC, TiN, and TiO calcu
lated using the FLAPW codeWIEN97. The features corre-
sponding to peaks 1 and 2 observed at the nonmetalK edges
are clearly reflected in the metalL3 edges. Further compari
son of these results with experimental metalL2,3 ELNES
data will be made in a forthcoming publication,34 as will a
complete set of experimental and theoretical data for the
nitrides.

G. Charge transfer

Next we address the subject of charge transfer in th
materials. As noted in Sec. IV A, it appears that proper c
sideration of the exact self-consistent charge distribution
essential if accurate agreement with experiment is to
achieved via MS modeling of the CK- and NK-ELNES.

With this in mind, we have investigated the degree
charge transfer present in the TM carbides using the FLA
method. Charge transfer is a very ill-defined concept, a
depends critically on an exact division of the volume with
the unit cell. However, for the purposes of this study we ta
it to be the difference in the total charge within each muf
tin sphere~and the interstitial region!, between the final step
in the self-consistency cycle~i.e., the self-consistent charg
distribution! and the initial step in the cycle~i.e., simply the
superposition of neutral atomic potentials!. This is similar to
the definition employed by Lieet al.,35 and essentially rep-
resents the movement of charge to or from muffin-tin~MT!
volumes~which to some extent are somewhat arbitrary! from
the initial neutral atom values during the achievement of s
consistency in terms of total energy.

These results are presented in Table II. For all mater
studied, the charge transfer is into the nonmetal MT sph
and lies in the range 0.25–0.33 electrons, which is relativ
small compared to any description in terms of form
charges. This transfer of electrons to the nonmetal is ge
ally balanced by a corresponding reduction in charge on
TM site ~apart from slightly anomalous results for the N
compounds!, with little charge entering the interstitial region

Thus it would appear that, although the degree of cha
transfer in the final self-consistent charge distribution
small relative to the neutral atom values, it does mak
5-10
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significant impact on the MS modeling procedure. Howev
it is important to stress the validity of the assumption of t
previously employed in the majority of MS phase-shift c
culations that, in the absence of a fully consistent poten
calculation, the best approximation is a simple superposi
of neutral atom potentials rather than the assumption of

FIG. 14. Comparison of the metalL3- and nonmetalK-edge
spectra for TiC, TiN, and TiO~FLAPW!.

TABLE II. Muffin-tin radii ~a.u.! employed for the FLAPW
calculations of the TM carbides and the derived charge tran
~electrons! data.

M
~a.u.!

C
~a.u.!

M
(e21)

C
(e21)

Interstitial
(e21)

TiC 1.90 1.80 20.25 10.26 20.01
VC 1.90 1.80 20.25 10.25 0.00
ZrC 2.00 1.80 20.23 10.27 20.08
NbC 1.90 1.80 20.44 10.33 10.11
HfC 2.00 1.80 20.25 10.29 20.04
TaC 1.90 1.80 20.28 10.30 20.02
24510
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formal charges on atomic species.36,37 In other words, the
final self-consistent potential in a solid is approximated w
by a superposition of neutral atom potentials provided a s
sible choice of MT radii are chosen.

H. Influence of nonstoichiometry

Transition-metal carbides can exhibit a range of stoic
ometries. Figure 15 shows the effect of nonstoichiometry
the TiC structure on the CK-ELNES, as calculated by the
FEFF8 MS method. Carbon vacancies were randomly
moved from the cluster so as to simulate TiCx , where x
equals 0.5, 0.83, and 1.0. We have not included any eff
of relaxation in atom positions due to the presence of vac
cies. The C vacancies create nonequivalent C and Ti a
sites, however, repeated calculations revealed that a clu
containing random C vacancies represents a good app
mation for the calculation of the averaged CK-ELNES
which would be measured experimentally.

For the range of stoichiometries chosen here, there is
than a 1% difference in lattice parameter;38 thus we observe
that peak energies are unchanged forx50.5, 0.83, and 1.0.

FIG. 15. Theoretical CK-edge spectra~FEFF8! of TiCx showing
the effect of metal and nonmetal stoichiometries.

er
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However, changes in the relative peak intensities are cle
apparent, which reflects the influence on the scattering
duced by the presence of vacancies. In particular, the in
sity of peak 4 is strongly affected as it arises from intrash
multiple scattering within the first carbon shell.

The intensities of peaks 2, 4, and 6 are strongly affec
as well as the energy separation between peaks 1 and 2
discussed in Sec. IV A, peaks 6 and 4 are due to inters
and intrashell scattering involving the first carbon she
hence it is to be expected that any reduction in carbon c
tent within the cluster would lead to reduced scattering a
hence reduced peak intensities.

The main trends predicted by the MS modeled
K-ELNES as a function of nonstoichiometry are in go
agreement with the experimental results of Pflu¨ger et al.27

Here, as TiCx became increasingly carbon deficient, they o
served a decrease in the relative intensities of peaks 2 a
~their data only extend some 30 eV above the edge on
and therefore do not include peak 6! as well as a reduction in
the separation between peaks 1 and 2.

V. CONCLUSIONS

This work has provided a comprehensive review a
comparison of ELNES modeling procedures as applied to
TM carbides of groups IVA and VA, possessing a Na
structure. Excellent agreement with experimental
K-ELNES has been achieved particularly with the FLAP
code, WIEN97, even up to 40 eV above the edge ons
Multiple-scattering methods have been shown to be us
especially when one considers their flexibility and relative
quick calculational times compared with band-structu
hy
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methods. Consideration of the effects of self-consistency
terms of the charge distribution, the inclusion of an a
equately large basis set, and the influence of the core
have all been included.

We have identified the effects that changes in lattice
rameter and composition have upon the ELNES, thus
abling the extraction of useful information from these co
plicated edge structures. Future work will study the mut
solubility of transition-metal carbides and nitrides. We w
investigate changes in the ELNES for such mixed T
carbides/nitrides and TM carbonitride compounds.34

It should be noted that we recently performed model
upon the group-IVA and -VA transition-metal nitrides. A
are isostructural with the TM carbides, except TaN whi
has a hexagonal structure. Very similar trends are obse
to those found in the transition-metal carbide data. Again,
most successful modeling method was found to be
FLAPW code,WIEN97, with excellent agreement at energie
high above the absorption edge. Space precludes us
including the results or discussion here. However, furt
details are available from the authors and may be found
future publication.
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