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High-resolution titanium K x-ray absorption spectra from pure metal, carbide, and ni-
tride are measured using synchrotron radiation. It is shown that the local partial density
of states at the metal site is adequate to describe the near-edge features observed. The
magnitude of the electron screening to a suddenly switched-on core-hole potential is inves-
tigated and found to be correlated to the density of occupied electron states at the Fermi
surface. The dynamical aspects of the screening process show up in the extended x-ray
absorption fine-structure region of the spectra and influence the phase and amplitude of
the photoelectron wave function. Several structural properties of these compounds are

also considered.

I. INTRODUCTION

Metallic carbides and nitrides belong to a class
of refractory transition-metal compounds which
exhibit a number of unique physical properties
such as high melting temperatures and great hard-
ness, which are typical of covalent crystals, as well
as good metallic conductivity.! They crystallize in
a face-centered-cubic rocksalt structure in which
metalloid atoms occupy the octahedral interstices
of the close-packed sublattice of metallic atoms.
Departure from stoichiometry is commonly found?
due mainly to the carbon lattice vacancies in car-
bides® and/or metal vacancies in nitrides.* Since
these materials combine properties of insulators
and metals, they are not only interesting for tech-
nological applications but also from a fundamental
point of view. The direction and the amount of
charge transfer between the metal and nonmetal
atoms, which is connected to the ionic character of
their bond, have been the subject of long debate,
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and several theoretical studies for TiC (Refs.
5—11) and TiN (Ref. 11) which favor either model
have been reported. The largest differences be-
tween the methods employed—augmented plane
wave (APW) and semiempirical tight-binding—
were in the density of states (DOS) and the direc-
tion of the charge transfer. This controversy has
now been resolved experimentally. Experimental
data—x-ray emission!>~1> and absorption,'® soft x-
ray,'%1¢17 and ultraviolet'®~?° photoemission
measurements—support strongly the electron
transfer of charge from titanium to metalloid.
Moreover, the valence and conduction states near
the Fermi level (Ef) are fairly well probed by
photoemission'*~2! and optical®?~2* measurements,
but the detailed structure of the energy bands up to
20 eV above Er has not conclusively been estab-
lished so far. We have recently found that valu-
able information on the Ti 3d-like final states may
be provided by high-resolution near-edge spectra of
titanium perovskites.?
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In this paper we present an analysis of the elec-
tronic excitations of titanium metal and
stoichiometric titanium carbide and nitride based
on measurements of x-ray absorption spectra above
the Ti K-threshold using synchrotron radiation.
We will show that the one-electron treatment based
on the local partial DOS and transition probability
concepts describes fairly well the details of near-
edge structures but dynamical relaxation effects
have to be considered in the extended x-ray absorp-
tion fine-structure (EXAFS) regime. More specifi-
cally, from the comparison between x-ray L ab-
sorption (XAS), emission (XES), and x-ray photo-
emission (XPS) data, we find that the magnitude
of screening of a suddenly created core hole, deter-
mined by the redistribution of charge in the final
state, depends on the density of occupied states at
the Fermi level. In metallic titanium the flow of
charge leads to complete screening, and all spectral
edges coincide with the Fermi level. In the car-
bides and nitrides the screening is less complete
than in the metal, because of the lower movable
charge density at Er, and the XPS edges do not
coincide with the XAS and XES edges.- In all
cases, however, Er should be placed at the emis-
sion threshold which corresponds to a fully relaxed
ion core. At energies of interest for EXAFS
(100— 1000 eV beyond threshold) the time depen-
dence of the central atom potential is expected to
modify the amplitude and phase of the excited
photoelectron in a way which depends upon the ki-
netic energy of the photoelectron. Such modifica-
tions are genuine many-body corrections to the
one-electron EXAFS theory which involve an
energy-dependent reduction factor S for the
EXAFS amplitude, as discussed by Stern et al?
The corrections to the total backscattering phase
&(k) of the photoelectron are also important and
we concentrate mainly on this aspect in the discus-
sion of the EXAFS spectra of titanium carbide and
nitride. In these metals we find that the un-
screened potential used by Lee and Beni*’ to calcu-
late the central atom phase shift 26(k) is too large
for low-energy photoelectrons when the core hole
is screened by the conduction electron gas. Similar
conclusions seem to hold for bromine molecules?®
and aluminum.?’ From the theoretical side, the ef-
fects of dynamical screening on the central atom
potential have been recently considered by Noguera
and Spanjaard, who present quantitative estima-
tions for aluminum.*

Finally, we examine the reliability of phase
shifts for the light elements C and N and we con-

clude that the use of the theoretical phase and am-
plitude functions of Teo and Lee’! for low-Z
atoms gives only qualitative agreement with the ex-
periment.

In Sec. II we outline some experimental details.
In Sec. III A we analyze the near K-edge regions of
Ti, TiC and TiN within the one-electron scheme,
while in Sec. III B we consider the effects of the
electron-electron interactions. Section IV deals
with the analysis of the EXAFS part of the spec-
tra.

II. EXPERIMENTAL

The experiments were performed at the x-ray
beam line of the Frascati synchrotron radiation fa-
cility PULS (Programma Utilizzazione della Luce
di Sincrotrone). The storage ring ADONE was
operated at an energy of 1.5 GeV, and the typical
electron current was 50 maA.

The radiation was monochromatized by a
channel-cut Si(220) crystal and monitored by a gas
ionization chamber I,. The experimental ap-
paratus used to perform x-ray absorption measure-
ments has been described elsewhere.’> We repro-
duce in Fig. 1 the measured intensity versus the
photon energy of the light emerging from the
monochromator under the conditions specified in
the figure. In the spectral range of interest for this

Si(220) crystal monochromatcr
Yhor 076 mrad
¥ ver Q285 mrad
Istor 100 mA
Be 70.5um

] v ADONE 2935.5
{ Ec ADONE 1.497 keV
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FIG. 1. Photon flux measured at the exit of the
$i(220) channel-cut monochromator. ‘The source of radi-
ation is the storage ring ADONE. ¥ represents the elec-
tron energy in units of electron rest energy moc? and E,
is the critical energy. Opor and Dy are the horizontal
and vertical angles with respect to the electron orbit
plane seen by the detector. I, is the average current in
the machine.
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work, the vertical divergence of the source is about
0.12 mrad. This implies an average resolution
AE/E~10"*, using a 1-mm entrance slit before
the monochromator.

The spectral purity of the light, determined by a
Si(Li) detector,> was fairly good, containing less
than 1.4% of second harmonic and 0.01% of third
harmonic at 5 keV. The intensity transmitted
through the sample was collected by a second
chamber I,. Both chambers were filled with Ar
gas at a pressure chosen to provide a 20% absorp-
tion for Iy and maximum absorption for I;. Two
slits, of dimensions smaller than the sample, were
placed at the entrance and at the exit of the sample
vacuum chamber and carefully aligned in order to
minimize spurious effects. During a typical scan
of the monochromator from 5 to 6 keV the beam
spanned a distance of about 4 mm on the vertical
plane, and the sample holder moved accordingly to
follow the beam, within an accuracy of 100 um.

A PDP 11/03 computer controlled the whole ap-
paratus and the data collection.* The carbides
and nitrides were 99.9% pure polycrystalline
powders obtained from the Material Research
Corp., N.Y. They were stoichiometric TiC, oy and
TiN| oo samples chemically refined and vacuum
melted with an oxygen content less than a few
ppm. For the measurements the samples were
prepared in form of powders sandwiched between
two stripes of kapton tape. The Ti samples were
6-pm-thick films free of pinholes. Great care was
taken to ensure uniformity over the samples area
exposed to the beam. All spectra were measured at
room temperature.

III. RESULTS AND DISCUSSION
A. X-ray absorption near-edge structure

Figure 2 shows the x-ray absorption near-edge
structure of Ti, TiC, and TiN in the region of the
Ti K-shell excitation. The absorption coefficient
starts rising around 4964 eV, which corresponds to
the excitation of electrons to the Fermi level, and
in titanium compounds it remains low over a re-
gion of few eV before rising again rather steeply.
The region of relatively weak absorption is quite
characteristic of the lowest conduction band DOS
of Ti compounds, as found in TiO, and perov-
skites?® and, more recently, in some transition-
metal dichalcogenides.>* In all these compounds,
the lowest conduction band is formed by the de-
generate metal 3d states split by the octahedral

field of the ligands into t,, and e, levels. In the
perovskites the average t,, —e, splitting is rather
well reproduced by a molecular orbital calculation
applied to the Ti-O cluster, but fine details—such
as bandwidth and relative intensity of the peaks—
require a description in terms of one-electron con-
duction-band DOS. The 3d lowest conduction
bands hybridize mainly with the 2s oxygen states
located about 17 eV below the top of the valence
band and the 2p oxygen states which form the
valence band. The p-d hybridization is particularly
strong for the e, band whose width is controlled by
the (pdo) two-center integrals.”> Higher conduc-
tion levels are Ti 4s(a,g) and 4p(t,,) antibonding
states lying ~ 10 eV above the bottom of the con-
duction band. A similar sequence of levels is en-
countered in titanium carbides and nitrides. For
these materials, Neckel et al.!! have recently pro-
vided a self-consistent band structure using the
APW method. They have computed partial densi-
ties of states inside the 2s and 2p carbon and nitro-
gen and the 3d titanium spheres using a Slater-
Koster linear combination of atomic orbitals
(LCAO) tight-binding interpolation of APW ener-
gy eigenvalues with a total of 41 interaction in-
tegrals up to five nearest neighbors. They used the
partial densities of states to analyze the metal and

ABSORPTION  COEFFICIENT
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FIG. 2. X-ray absorption near-edge structure
(XANES) of Ti in metallic titanium and stoichiometric
TiC and TiN. The onset of K absorption in Ti metal
occurs at 4964.0+0.5 eV. In TiC and TiN a chemical
shift of ~1 eV with respect to pure Ti is observed. The
estimated experimental resolution around 5 keV is better
than 0.5 eV.
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nonmetal x-ray emission spectra of titanium and
vanadium carbides, nitrides, and oxides.’> The
agreement was qualitatively good for K and L
spectra provided the appropriate local density of
states inside the metal and nonmetal atomic sphere
was used.

Here we follow a similar approach for Ti K-shell
absorption in Ti metal, TiC, and TiN. The absorp-
tion coefficient px(E) can be written as

px(@)=Cw|Mr(p,1s,E) | 2
X NJ(E)S(E —E;—#io)T , (1)

where M =(1s | €-T|p) is the dipole transition
matrix element between the Ti ls core state and
the partial p-like orbitals of the conduction band.
N,(E) is the local p-like DOS (character density
of states) giving the number of electron states with
I=1 per unit energy and unit cell at energy E
which reside in the Ti sphere. In the APW
scheme, the partial DOS is given by!!

NJ(E)= 3 g(n,k)g, (n,K)8(E, x—E), ()
nk

where the double sum runs over all the empty elec-
tron states (n,k) of degeneracy g(n,fz) and energy
E, g q;'(n,k) is a weighting factor for the DOS
giving the probability of finding a p electron (due
to the dipole selection rule) in the muffin-tin sphere
centered on Ti. The finite lifetime of the core hole

I
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FIG. 3. XANES of Ti metal on an expanded scale.
The total mainly-d-like DOS calculated by Jepsen
(Ref. 37) is shown in the inset. The dashed curve
represents the convolution with a Lorentzian function
with a FWHM of 1.3 eV.

is taken into account in Eq. (1) through an energy-
independent I factor determined by the radiative
and not radiative Auger decay (0.9 eV) of the core
hole®® and instrumental resolution.

In Figs. 3—5 we plot the threshold in an ex-
panded scale together with the total and partial p-
like DOS’s of the lowest conduction band for TiC
and TiN, taken from Neckel et al.!' as well as the
total DOS of Ti calculated by Jepsen.’” The
dashed curves are obtained after convolution with
a Lorentzian function with a full width at half
maximum (FWHM) of 1.3 eV. We take the transi-
tion matrix elements to be constant considering
that for vanadium carbide the computed transition
probability | My(p,1s,E)|? is only slightly depen-
dent on energy.’® Moreover, the K edges of the
first-row transition metals do not exhibit the
strong resonance known as a “white line” which
occurs, for instance, at the As, Se, and Ge K edges.
On the other hand, the L edge of titanium metal
displays such a resonance.”* The origin of these
resonances is not completely understood, being due
to atomic shape resonances, cage effects, or partial
density of states.*

We can see from Figs. 4 and 5 that the partial
DOS describes rather well the peaks of the 3d-like

Total DOS
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T
p

Partial DOS Np

6 (ev above E;)

4964 4968 4972 4976
PHOTON ENERGY (eV)

FIG. 4. XANES of TiC on an expanded scale (solid
curve). The upper and lower insets show the total and
partial N,;r i(E) p-like DOS, respectively, after Neckel
et al. (Ref. 11). The two curves are not drawn on scale.
For their relative intensities, see Fig. 9. The dashed
curves are as in Fig. 3.
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TiN
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FIG. 5. XANES of TiN on an expanded scale (solid
curve). The upper and lower insets show the total and
partial N, (E) p-like DOS, respectively, after Neckel
et al. (Ref. 11). The two curves are not drawn on scale.
For their relative intensities, see Fig. 10. The dashed
curves are as in Fig. 3.

bands which extend from approximately 5.5 and 8
eV above Er in TiN and TiC, respectively, in close
agreement with band calculations.!! These bands
are reproduced in Figs. 6 and 7. They show the
C(N) 2s-filled states lying between 8.8 and 12.1 eV
in TiC and between 14.4 and 16.8 eV in TiN. The
C(N) 2p-derived bands extend to ~6 eV (~8 eV)
below Er while Ti 3d and 4s bands are empty and
form upper conduction states. The higher bands
of TiC, C3s and Ti4p, are those of Trebin and
Bross.® The dispersion of the electronic states of
TiC near critical points or along I'-A-X and I'-A-L
lines has been recently measured by Weaver et al.?!
with angle-resolved photoemission. They found re-
sults in good agreement with the theoretical
bands'! within 0.5—1 eV. The extremal energies
of the C2s band are, however, deeper than those
calculated by about 1 eV. Comparison of the main
experimental peaks of Fig. 2 with the theoretical
bands allows to correlate qualitatively the features
to the average position of the upper unoccupied
bands up to about ~20 eV from Er in TiC and
~12 eV in TiN. The shoulder in both compounds
corresponds to transitions concerned with Ti4s
bands, while the strong peak at 4982 eV in TiC is
mainly related to Ti4p bands and, partially, to C3s
bands. A similar correlation has been attempted

: 5
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FIG. 6. APW self-consistent valence and conduction
bands of TiC after Ref. 11 at high-symmetry points and
along high-symmetry lines of the Brillouin zone. The
dashed bands are those of Trebin and Bross (Ref. 8).
Full circles indicate the angular photoemission data of
Weaver et al. (Ref. 21). The zero of the energy scale is
at the Fermi level.

by Ihara et al.'® for TiC on the basis of their own
band calculation.

B. Relaxation effects

Until now we have confined ourselves to an in-
dependent electron model which, at least insofar as
K-shell near-edge excitations are concerned,?
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FIG. 7. APW self-consistent valence and conduction
bands of TiN after Ref. 11. The zero of the energy
scale is at the Fermi level.

seems capable of providing a coherent picture of
the lowest empty DOS’s in these compounds.
Many-body effects, such as relaxation of conduc-
tion electrons and edge singularities,*' due to the
presence of the core hole are neglected. To investi-
gate to what extent this approximation is valid in
transition metals, we consider x-ray photoelectron
spectra (XPS), K and L emission (XES), and ab-
sorption (XAS) spectra for Ti, TiC, and TiN. We
anticipate that the screening efficiency of the core
hole depends on the amount of electron charge at
Ep, i.e., on the density of occupied states N (Ef).
In Figs. 8— 10 we have collected the 2p XPS
(Ref. 16), the LII,III (RefS. 13— 15) and Kﬂs
(Ref. 12) emission spectra, the Ly iy XAS of Ti,
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FIG. 8. Juxtaposition of (a) x-ray photoemission, (b)
Ly, emission and absorption, (c) appearance potential,
(d) K emission and absorption of Ti metal after different
sources. The K-edge absorption curve is the same as in
Fig. 3. (e) and (f) curves represent the total DOS calcu-
lated by Jepsen (Ref. 37) and the K-edge absorption of
Ti in TiFe (Ref. 65), respectively.

TiC, and TiN (Ref. 15) measured by several au-
thors and our K-absorption spectra. For Ti we
have also included the Ly iy soft-x-ray appearance
potential spectrum (SXPAS) measured by Konishi
and Kato.*? The position of the L peak corre-
sponds well to the onset of the L XAS and marks
the position of the lowest conduction band. It is
also seen that the edges of the L XAS and XES lie
at smaller binding energies than the corresponding
Ti2p;,, peak determined by XPS. This energy
shift is not the same in all compounds but de-
creases from TiC to TiN to Ti.

The threshold for absorption and emission oc-
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FIG. 9. Juxtaposition of (a) x-ray photoemission, (b) 8; l (e)
Ly, emission and absorption, (d) K emission and ab- 0 -

sorption of Ti in TiC after different sources. (e) and (c)
hystograms are the theoretical N,,Ti(E ) and NJ(E),
Nj\(E) partial DOS (states/Ry unit cell, Ref. 11). The
K-edge absorption curve is the same as in Fig. 4. The
zero of the energy scale in (e) and (c) is placed at the
emission edge, as discussed in the text.

curs at the relaxed energy, since the excited elec-
tron moves slowly enough from the ion core that
the final-state electrons have time to relax around
the hole.** The resulting hole potential can thus be
imagined to be turned on adiabatically. On the
other hand, the relaxation of the Ly iy hole poten-
tial is fast, being due to a Koster-Kronig Auger
decay mechanism of Ly ;i V'V type that we will
consider in greater detail later. The sudden filling
of the hole is accompained by the emission of sat-
ellites from double- or multiply-ionized atoms,!>**
as can be seen in Figs. 8 —10.

In the photoelectron emission the ejected elec-
tron has energy in excess of 1 keV with respect to
the binding energy of 2p electrons'® and the hole
potential is thus switched on suddenly. The elec-
tron leaves swiftly leaving the core ion in an excit-

=15 -10 -5 0 5 10 15 ENERGY(ev)

FIG. 10. Juxtapostion of (a) x-ray photoemission, (b)
Ly, i1 emission and absorption, (d) K emission and ab-
sorption of Ti in TiN after different sources. (¢) and (c)
hystograms are the theoretical N, (E), N;Y(E), and
NJ(E) partial DOS (states/Ry unit cell, Ref. 11). The
K-edge absorption curve is the same as in Fig. 5. The
energy scale zero of (e) and (c) is placed at the emission
edge, as discussed in the text.

ed state. The spectrum is composed of discrete
shake up peaks satellites lying above the adiabatic
threshold energy. These satellites in solids merge
in a continuous tailing off** above the threshold.
This process has been first observed in neon gas*®
by exciting the 1s states with 1.5-keV x-rays and
measuring the distribution of charged ions. The
photoelectron line shape is asymmetric*’ with an
asymmetry index a depending upon the switching-
on time of the hole potential.*’ The peak intensity
of the XPS line is not at the 2p core-state binding
energy (relative to Ep), E Ef,ak=ﬁm —Ein —9,
where ¥ is the emitter work function. Because of
the sum rule on the response Green’s function of
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the system,*® the position of the photoelectric line
(first momentum) is at the frozen (unrelaxed) ener-
gy in the sudden approximation. An intimate con-
nection may then exist between the presence of sa-
tellites and the relaxation shift. Then in the sud-
den limit the peak energy is shifted towards higher
binding energies by a quantity*’

A=—-Tcot[7/(2—a)], (3)

where a=2(8/m)? is the s-wave scattering phase
shift (higher / partial components are neglected for
simplicity) of plane wave electrons at Er and on
the lifetime of the core hole I'. Thus the “ap-
parent” binding energy depends strongly on the
scattering potential of the hole. As discussed by
Gadzuk and Sunjié,*’ the finite hole lifetime pro-
duces a core-state broadening which forces to aver-
age over the shakeup energy distribution, resulting
in a centroid of the spectrum displayed to higher
binding energies. For § ~#/2, displacements A as
large as T can be obtained.*

The energy difference between the peak energy
of the XPS lines and the Fermi energy position,
determined by the onset of the L absorption and
emission, is shown in Fig. 11 as a function of the
total, mainly d-like density of occupied states at
Er. In Table I we have reported the energies of
the main L absorption peaks including those of
TiO and the total DOS after Neckel et al.!! The
decrease of A with increasing the DOS at Ey indi-
cates that this shift is connected to the availability
of flowing charge at Ep, as also suggested by Eq.
(3), since the threshold exponent « is inversely pro-
po;’otisolnal to the DOS function at the Fermi lev-
el.”™

We emphasize that this dynamical relaxation
shift could be of relevance while employing XPS to
determine the Fermi-level position and then the
binding energy of core excitons in semiconductors.
In the case of Si a large spread of binding energies
ranging from 100 to 900 meV has been reported.*?

We explicitly notice that the L absorption edge
is sharp, while the K edge is rounded, suggesting
the possibility of a Mahan — Noziéres —De Domin-
icis infrared singularity.*»>* This occurrence
seems likely in view of the creation of e-4 pairs at
the Fermi surface following the switching of the
Ly 1y core hole. Many-body interactions at the L
emission threshold have been studied both experi-
mentally>* and theoretically®® in simple metals.
However, the sharpening of the emission edge is
hard to observe because of the comparatively short
lifetime of the hole due to incomplete relaxation®®
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FIG. 11. Energy difference A between the peak ener-
gy of XPS lines and the Fermi energy position deter-
mined by the onset of the L absorption and emission
edges for Ti, TiC, TiN, and TiO. The DOS (states per
spin/eV unit cell) are those computed in Ref. 11.

or phonon broadening.

Quite recently, experimental evidence of many-
body relaxation in the final state on the L x-ray
emission, absorption, and photoelectron spectra of
some vanadium compounds has been reported by
Curelaru et al.’’ and discussed in terms of dynami-
cal screening of the deep hole. In semiconducting
vanadium pentoxide V,0s the outer electronic
states, both occupied and empty, are deepened 4 eV
below Er when a core hole is created on the V P;,
states. The electronic relaxation in the final state
(exciton shift) is explained in terms of the Lang-
Williams-Kotani-Toyozawa*®~% mechanism,
which is effective in those cases where highly-
localized empty levels exist near E, as in rare
earths and transition metals. For semiconductors
and wide-gap insulators, these localized levels do
not become filled on the time scale of the experi-
ment. Thus it is possible to find the XPS edge,
corresponding to empty pull down levels, above the
absorption and emission edges, which correspond
to direct excitation or emission from those levels.

The above analysis indicates that the Fermi ener-
gy position has to be located at the intersection be-
tween the L emission and absorption edges, which
thus correspond to fully screened holes in the final
state of the excitation. One can notice from Figs.
8 — 10 that this choice for Er brings the partial
DOS peaks for valence and conduction levels in
close agreement with the experimental features of
the K and L XES and XAS in all compounds.

The K-edge absorption has been considered
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TABLE 1. Main peaks of the Ly 1y absorption after Ref. 15. The density of states (elec-
tron states per spin/eV unit cell) of TiC, TiN, and TiO are those of Ref. 11. All energies

are in eV.

Ti TiC TiN TiO
a 452.840.3 452.3 453.7 453.6
b 453.540.3 453.0 454.6 454.6
¢ 456.2+0.3 456 457 456.5
Eg? 453.8 455.1+0.1 455.3+0.2 454.8+0.2
DOS 0.456° 0.14 0.40 0.62

aAfter Ref. 16.
bAfter Ref. 37.

above. Let us discuss the Ly y;; emission spectrum
of TiC. The Ly emission intensity can be ex-
pressed as®!

I1,(0)=Co’[ T | Mx;(s,2p,E) | "N (E)
+3 | M(d,2p,E) | 'NJ(B)]
XS(E "'E2p3/2 "“h&)) ’ (4)

where | My;(,nl',E) |* denotes the transition prob-
ability for the s-like and d-like components of the
valence wave functions, and N;"(E) and N, (E) are
.the corresponding local partial DOS forming the
valence states. To account for the lifetime of the
core 2p state we have assumed that a Koster-
Kronig Auger mechanism is the main source of
that lifetime. In Ti (Ref. 62) and titanium car-
bides,'® the Ly iy spin-orbit splitting is large,
6.1+0.1 eV, as seen from the XPS spectra. This
means that when a core hole is created at the Ly
level of Ti and moves to the Ly level, the energy

(SL

N W p

P(E) (arb. un)

—

o

-8-6-4-2 02 4 6 8
(eV)
FIG. 12. Auger core density of states p.(E) according
to Watts’s theory (Ref. 63). The satellite peaks corre-
spond to plasmon loss and gain at +w,=3.23 eV.

to be released is large enough to create a sizable
number of e-h pairs and plasmons at the Fermi
surface. The resulting emission edge broadening
can be described by a parameter I'(E) proportional
to the average number of Auger electrons excited
by the hole decay, i.e.,

L(E)=b [ [ p(E")p(E'—E")
X p(E —E')dE'dE" , (5)

where, according to Watts,® p.(E —E’), the core
DOS function, contains the coupling of the excited
electron to the plasmon modes. This function, cal-
culated for TiC, is displayed in Fig. 12. We have
used @, =3.23 eV for the plasmon frequency and
lifetime, as determined by Alward and Fong by re-
flectivity measurements® and a plasmon lifetime
Yp =0.6 eV.% This kind of dynamical screening is

2]
p=

TiC

INTENSITY ( arb. units)
W

EMISSION

-5 -4 -3 -2 -1 0 1 21;.4
(E-E.)

FIG. 13. Comparison between the calculated Ly
emission intensity of Ti in TiC (solid line) with the ex-
perimental curves from Fischer (Ref. 13, dotted) and
Fischer and Baun (Ref. 15, dashed). The zero of the en-
ergy scale is at the Fermi edge.
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effective when the lifetime of the core is compar-
able to that of the plasma oscillation of the con-
duction electrons. In this case the electron gas is
still in disequilibrium when the Auger transition
takes place. The Auger distribution consists of a
central peak and two satellites corresponding to the
emission and absorption of plasmons.

The emission intensity is then calculated by con-
voluting®! I(E) from Eq. (4) with ['(E) from Eq.
(5):

Ep I(E"T(E'")/2 ,
fo dE

1
I, (E)=—
LE=" (E —E"2+[T(E") /2]

(6)

As before, the transition probability is taken con-

stant in first approximation. The intensity distri-
bution resulting from Eq. (6) is plotted in Fig. 13
and is compared with the emission data of Fisch-
er'® and Fischer and Baun.!® It appears clearly
that peak 4 is related to the d-like density of states
N}f(E ) whereas shoulder B is associated with
NJ(E). The overall bandwidth is also in fairly
good agreement with experiment. Most of the
features discussed for TiC should also be found in
TiN and Ti. In the latter case the correspondence
between theory and experiment cannot be checked
because partial DOS calculations are lacking. In
the case of intermetallic TiFe such calculations
have been performed for the 3d conduction levels®
and the comparison with the K-absorption edge
data (Fig. 8) is satisfying.

IV. EXAFS REGION

Extended x-ray absorption fine structure has proven to be a rather accurate technique to determine intera-
tomic distances and coordination numbers.®® The modulation of the atomic absorption coefficient X(k) is
caused by the interference between the direct and backscattered electron waves at the atomic sites. In the
simplest single-scattering approximation for K-shell excitation X(k) has the well-known expression®’:

4
Xi(k)= X

where g;;(r) is the radial distribution function for
the (ij) pair, ®;;(k)=28;(k) + @;(k)— is the total
phase shift of the p-photoelectron wave propagat-
ing from the absorber (i) to the backscatterer (j)
and vice versa, | f;(k,7)| is the amplitude of the
backscatterers, a,?j is the thermal Debye-Waller fac-
tor, and A(k) is the mean free path of the pho-
toelectron which describes the damping of the elec-
tron wave function due to inelastic scattering pro-
cesses. p; is the mean density of the jth back-
scatterer in the sample.

Several refinements to the one-electron picture
have been introduced to include the electronic
correlation,?’ the intra-atomic relaxation of the or-
bitals,%® and the dynamic screening of the core
hole.*® Moreover, the applications of Eq. (7) to the
case of strongly disordered® ™ or anisotropic sys-
tems’! has also been made. All these corrections
aim to establish the quantitative limitations of the
technique and its applicability to different systems.
The processing of the data also involve subtle
problems which have been discussed recently.”?

In order to obtain reliable distance information
from EXAFS oscillations, one needs correct phase
functions ®;;(k) and amplitudes f;(k,7). The best
®;;(k)’s and f;(k,7)’s available to date are those
calculated by Teo and Lee’! using Clementi-Roetti

© —20%k2
S o5 [ ayre =" 0 sin[2kr + (k)] | £(k,m) | dr &
~F

I

and Herman-Skillman atomic wave functions. It is
generally believed that they are good enough to
provide accurate values for the bond lengths, par-
ticularly for intermediate-Z atoms.

The Fourier transform of X (k) yields the radial
distribution function F(R) around the absorbing
atom,? i.e.,

k

max

1
=75 o

where the integral is taken over a finite k interval,
typically Ak=kp —kmin=12 A~ W(k)is a
window function, usually a Gaussian function,
which reduces side lobes caused by termination ef-
fects on X(k). Because of the phase shift ®;;(k) in
the argument of the sine function in Eq. (7), intera-
tomic distances derived from the peaks of F(R)
have to be properly corrected to coincide with
those of x-ray diffraction.

The zero of the energy (momentum) scale has
often to be changed by parametrizing the reference
energy E, defined as

# 2
Ey=fiw— > k.
The choice of E, is made on the basis of the Lee
and Beni®’ criterion, which requires that the mag-

F(R dk e 2% k" (k)W (k) , (8)

9)
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nitude F(R) and the imaginary part of the normal-

ized Fourier transform of X(k)e * should peak
at the same distance, or on the prescription that
the bond lengths R; should be mdependent on the
kinetic energy of the photoelectron.”® By letting
E, vary, the measured distances R; could be made
coincident with x-ray diffraction data within 0.02
A or better. Both procedures are essentially
equivalent but their use may mask possible relaxa-
tion effects, since A<I>,,(k)—2R /AEy/k (Ref. 27)
and thus changes in E, affect Iargely Ad;(k) a
small k, where electronic relaxation is important.
Hence in those systems in which sizable electron
screening is envisaged, the vave-vector dependence
of ®;;(k) must be considered with care. In the fol-
lowing we will analyze the EXAFS of Ti, TiC, and
TiN K spectra with the above considerations in
mind.

A. Titanium

The absorption above the Ti K edge after pre-
edge subtraction is shown in Fig. 14. The EXAFS
function kX (k) of Ti is derived from the corre-
sponding spectrum using the usual procedure and
is plotted in Fig. 15(a). The Fourier transform of
kX(k) yields the amplitude of the radial distribu-
tion fuction F(R) around each Ti atom, which is
also plotted in Fig. 15(b). The F(R) of hcp Ti in
Fig. 15(b) consists of a main peak located at
2.5240.01 A which corresponds to two nearest-
neighbor titanium subshells of six atoms located at

10 +—— 01
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FIG. 14. Experimental Ti K absorption spectrum
after pre-edge subtraction and extracted EXAFS modu-
lation kX (k).
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2.889 and 2.940 A, respectively.”* The following
peaks are the third, fourth, and fifth shells located
at 3.87, 4.68, and 5.46 A. The position of the first
shell differs somewhat from that found by Denley
et al.® from the analysis of the L edge, R=2.672
;\, mainly because of the smaller contribution of
the central atom 25'”(k) and 28'2(k) terms to the
total phase shift ®;;.

In the hep structure the third, fourth, and fifth
shells have intensities consistently weaker com-
pared to the first shell than in fcc structure where
the central atom is also surrounded by twelve
neighbors. This behavior might be related to the
high degree of shadowing around the central atom
due to the compactness of the hcp lattice. Accord-
ingly, kX(k) in Fig. 15(a) is basically built from a
single frequency.

We have applied the Teo and Lee criterion to
find E, because, according to the results of Sec.
II1, large relaxation effects do not occur in Ti met-
al. We have found that the Lee and Beni condi-
tion is fulfilled when E is close to the steepest
part of the edge of Fig. 14, marking the onset of
transitions to the Fermi edge.

By back-Fourier inversion of the first peak of
F(R) between 1.5 and 3.15 A, we obtain the modu-
lated component kX (k) of the first coordination
shell. The envelope function

—2R; /A —20%2
-~ N; | filkm)|e e
(k)= |yt ,  (10)
R}

peaks at k=4.95 A~ but does not show any beat-
ing produced by the two Ti subshells which are
separated by ~0.04 A. A model calculation for
kX(k) has been done utilizing Teo and Lee ampli-
tudes and phases®! and assuming a Debye-Waller

o Ti

o [\/\AAM

UL

(a)

6 8 1 °
k™ R(A)

FIG. 15. (a) kX(k) for metallic titanium film. (b)
Magnitude F(R) and imaginary part ImF(R) of the
Fourier transoform of kX(k) vs R. The integration range
i kmin=2.3 A~! and k,,=14.5 A-!. A Gaussian win-
dow W (k) is used.
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factor,
ohm=20%(1—A,), (11)

computed within the classical harmonic approxi-
mation.” o2 A, describes the correlated motion of
the atoms and oi is the mean-square displacement
of the individual atoms. The resulting kX (k),
shown in Fig. 16(a), differs from the experimental
one for a constant phase shift of about 7/2 over
the whole k range and for an amplitude factor of
20%. Moreover, the magnitude of the model radi-
al distribution function F(R), shown in Fig. 16(b),
differs by nearly the same quantity from the exper-
imental F(R). This discrepancy might be due, in
part, to many-body effects which are left out of
the classical formulation of the EXAFS theory.®’
Rehr et al.% have shown that one-electron calcula-
tions overestimate the scattering amplitudes unless
a correction is made for the relaxation of the pas-
sive electron orbitals. Namely, the single-particle
matrix elements have to be scaled by a reduction
factor S3= | (d_1|dn_1) | % where | ¢y _;) and
| 5 —1) are the wave functions of the N—1 elec-
trons with and without the core hole, respectively.
S(z, ranges between 0.6 and 0.9, depending on the
atom considered’® and is generally taken constant
and independent on the kinetic energy of the excit-
ed electron. Multielectron excitation channels—
shake-up and shake-off processes discussed in Sec.
III—give an additional correction factor of 10% to
the amplitude and modify slightly the phase shift.
This phase change may, however, be properly ac-
counted for by shifting the excitation energy zero
scale E,.

When the experimental phase derived by invert-
ing the F(R) of the first shell (Fig. 17) is used in-
stead of the Teo and Lee data and a correction fac-
tor S3=0.85 is applied to the scattering amplitude,
the agreement is quite good for both 4(k) and
F(R), as shown in Fig. 18.

It is interesting to note that the above analysis of
hep Ti does not require the use of an asymmetric
g;;(r) as found by Eisenberger and Brown’' for hcp
Zn. At room temperature the harmonic approxi-
mation, implying g;;(r)=38(r —r;), is still valid for
Ti whose c¢/a ratio and Debye temperature are
similar to those of Zn. The reason of this discrep-
ancy is not clear yet.

B. Titanium carbide and nitride

Figure 19 shows the measured kX (k) for TiC
and TiN around the Ti K edge and Fig. 20 the cor-

k(A
2 .4 6 8 10, 12 1

Ti (a)

XKk

05
(b)
04
fod
L 02
o1
0
0 1 2 3 4 5 6 7

R(A)

FIG. 16. (a) Back-Fourier transform kX(k) of the
first peak of the radial distribution function F(R) of Ti
(solid line) and its envelope function 4 (k) (dashed line).
The dotted curve is a model kX(k) calculated from Eq.
(7), using amplitudes and phases of Teo and Lee (Ref.
31), a Gaussian-type g;;(r) and ¢*=0.007 A% The first
two Ti shells, located at R, =2.889 A and R,=2.940 A
(Ref. 74) are considered. (b) Fourier transform F(R) of
the model kX (k) of (a) compared with experimental F(R).

responding F(R). Placing E at the onset of the K
edge satisfies automatically the Lee and Beni
prescription for the first two peaks, as shown for
TiN in Fig. 20. The ®;;(k) for the Ti-Ti pair ob-
tained by the back-Fourier procedure is shown in
Fig. 21 and compared with the Teo and Lee data.’!
The ®r;.1i(k) for TiC is in excellent agreement
with that reported by Moisy,”” who also takes E,
at the absorption edge. The comparison with that
derived from Ti indicates that the Ti-Ti phase is
transferable in these compounds to a high degree
of accuracy. However, only qualitative agreement
is obtained for the amplitude 4(k), where an un-
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FIG. 17. Total phase shift ® vs k (in radiants) for the Ti-Ti pair in Ti metal (dotted line), TiC (A) and TiN (+).
The Teo and Lee theoretical phase is shown for comparison (solid line).

certainty of about 1 A~! is seen in the position of
the maximum, Fig. 22(b). The reduction factor S3
also differs slightly from that of Ti, being S3
=0.80 for TiC and TiN.?® The first peak of F(R)
in Fig. 20 is associated to the shells of six C and N
equivalent atoms surrounding the central Ti atom
at d=2.164 and 2.121 A. The third shell of the
light elements is barely seen only in TiN because of
the larger backscattering power of N atoms with
respect to C, shown in Fig. 22(a).

To check the reliability of theoretical phases for
light elements, we have computed X (k) of TiN by
introducing into Eq. (7) the appropriate phase and
amplitude functions of Teo and Lee. Only the
first two shells of nitrogen and titanium atoms,
which surround the central Ti atom, are con-
sidered. The F(R) is then calculated by Fourier
transforming kX (k) between appropriate k limits.
In Fig. 23(a) a comparison is made with the experi-
mental F(R). We notice a remarkable disagree-
ment in the position of the nitrogen shell. This
disagreement could be due to the fact that theoreti-
cal phases for light elements are only approximate.
When the same calculation is performed by using
the experimental phase and amplitudes of Figs. 21

and 22 the agreement with the model calculations
improves substantially [Fig. 23(b)].

To improve the determination of TiC and TiN
bond lengths we adopt the beating method. This
method was originally developed by Martens

8 8 %
F(R)

S

(b)

1 2 5 6 7

3 4
R(A)
FIG. 18. (a) Model kX(k) and A(k) (dotted lines)
computed from Eq. (7) using the reduced $3=0.85 am-

plitudes of Teo and Lee (Ref. 31) and experimental
phases. The other parameters are as in Fig. 16. The
solid curve is the experimental kX (k). (b) F(R) deduced
from the model kX (k) of (a) (dots) compared with the
experimental F(R).
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FIG. 19. kX(k) EXAFS modulation of TiC and TiN
above the Ti K edge.

et al.’® for two shells containing the same atoms
and then extended by Balzarotti et al.” to different
atomic species. The difference AR in the bond
length of two nonequivalent shells is given by

nm—[@y(k)—@i(k)]
AR1'2= 2k(n)
(n=13,5,...), (12)

where k"), is the minimum of the envelope back-
scattering function of a given pair of beating shells
corresponding to a given n and @;(k) are the
values of their backscattering phase shifts.

By taking the back-Fourier transform of F(R)
for TiC and TiN in the 1.0—3.0 A, we obtain the
results shown in Fig. 24. Minima of 4(k) clearly
occur at values n=3,5,7 for TiC and n=1,3,5,7 for
TiN. The total phase shift of the two beating
shells are®!

12 TiN
|
_o4
o 6 [:|8 6 24 12
il Pl b b
02
(o] %
..... -N
—Ti
o 1 2 i 5 6 7

FIG. 20. F(R) derived from kX(k) of Fig. 19. For
TiN the ImF(R) function is also shown. The labeled
arrows mark the position and the coordination number
of the N and Ti atoms in the lattice.

Oy (k) =28T (k) + @2k (k)—
(1= C,N), (13)

Drip(k) =28T(k) + 2 (k) —r
(2= Ti), (14)

where 28"(k) is the central atom (Ti) phase shift.
So the phase difference

Drip(k) — i (k) =@5*K(k) — @K (k) (15)

contains the difference of the backscattering phase
only. In Table II we compare the crystallographic
data’ for TiC and TiN with the values of AR de-
rived from Eq. (12) by using our experimental
phases for TiC and TiN and those calculated from
Teo and Lee.! Agreement with diffraction data is
fairly good when the set of experimental phases is
used indicating that these low-Z atom phases are
reliable.
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FIG. 21. Experimental phases (a) ®;.c(k) and (b)
®ri.n(k) (in rads). The solid lines are the theoretical
phases of Teo and Lee.

According to Lee and Beni, the hole created by
the absorption of a photon on the Ti atom is al-
ways completely relaxed, no matter how the excita-
tion energy is. This limit is equivalent to replace
the ion core potential in presence of a core hole
with the potential of a Z + 1 ion (equivalent core
approximation). The assumption of atomic relaxa-
tion of the central atom affects the phase term
®;;(k) through the k dependence of the 26(k)
phase shift. The ®;;(k) solid curves of Figs. 17
and 21 are computed within this approximation.
Very recently, effects of the dynamical screened
potential on the 28(k) phase shift have been con-
sidered theoretically by Noguera and Spanjaard*®
for Al. They showed that the inclusion of a
time-dependent scattering potential results in a
wave-vector dependence of ®;;(k), which is inter-
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FIG. 23. Comparison of the experimental F(R) for
TiN with (a) model calculations based on Teo and Lee
phases and amplitudes, and (b) experimental phases and
amplitudes. Only the first two coordination shells (N
and Ti) around the central Ti atoms are included.
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mediate between that of total unscreened and com-
pletely screened case. As expected, ®;;(k) is more
screened-like for small k and approaches the un-
screened ®;;(k) at high kinetic energies. Such a
trend is displayed by the @y 1;(k) in TiC and TiN
(Fig. 21) and, to minor extent, in Ti (Fig. 17),
where the electronic screening is more efficient, as
pointed out in Sec. III A. The difference between
the unscreened ®;;(k) (Teo and Lee) and the
dynamical screened phase shifts is consistent with
the one computed for A1.3

In summary, we have shown that sizable elec-
tronic screening effects may be detected in 3d tran-
sition metals at high kinetic energies of the pho-
toelectron either through the examination of the
energy shift of the photoemission lines with respect
to the emission edge and the wave-vector depen-
dence of the phase shift of the photoelectron in the
EXAFS regime.
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FIG. 24. kX(k) and 4(k) for (a) TiC and (b) TiN ob-

tained by back-Fourier transforming the C and Ti peaks

of F(R) in Fig. 20 between 1 and 3 A. The beating
minima are marked by arrows.

TABLE II. Differences in bond length AR, of two nonequivalent shells of atoms sur-
rounding Ti in TiC and TiN, as determined by the beating method. AR, are the results of
a model calculation using Teo and Lee phases (Ref. 31). AR,y are taken from Ref. 74.

Is in
n (A7) AR AR e AR 1yt
TiC 3 5225 0.899 0.969
5 9.125 0.883 0.878 0.896
7 12.950 0.881 0.868
TiN 3 5.625 0.885 0.979
5 9.425 0.860 0.867 0.879
7 13.150 0.836 0.871
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