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ELECTRONIC RELAXATION EEFECTS ON X-RAY SPECTRA OF TITANIUM AND TRANSITION-METAL
CARBIDES AN NITRIDES

A, Balz‘arroH:iJ'm M. De Crescenzi® and L. Incoccia o
Gruppo PULS, Laboratori Nazionali di Frascati dell'TNFN, Frascati, Haly.

 High-resslution titanjum K X-ray absorptior spectra from pure tnetal, carbide and nitride are measured
using synchrotron radiation. It is shown that the local partidl 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 investigated and found to be cotrelated to the density of occupied electron states at the
Fermi surface. The dynamical aspects of thé scieehing process show up in the EXAFS region of the spectra ahd
influence the phase and amiplitude of the photoelectron wavefunction. Several structural properties of these
compounds are also considered.

L. - INTRODUCTION

Metallic carbides and nitrides belong to a class of refractory transition metal compounds which exhibit a
number of unique physical properties as high m‘el‘tihg temperatures and great hatrdness - which are typical of
covdlent ceystals - as well as good metallic ccndutctivityl. They crystallize in a face-centered-cubic rocksalt
structure in which metalloid atoms dccupy the octahedral interstices of the close-packed sublattice of metallic
atoms. Dieparture from stoichiometty is commonly foundz due mainly to the carbon lattice vacancies in <:arbides3
and/or Mmetal vacancies i nitrides®. Since these matetials combifie properties of insulators and metals, they are
not only interesting for techhological applications but also from a fundamental point of view. The ditection and
the amount of charge trahsfer between the metal and non metal atoms, which is connected to the ionic character
of their bond, have been the subject of long debate and sevéral theoretical studies for 1ic> ! and TiN! which
favor either model have been done. The largest differences between the methods employed - augmented plane
wave (APW) and semiempirical tight-binding - were in the density of states (DOS) and the direction of the charge
12,15 and
photoemission measurements-support strongly
the electron tranfér of charge from titanium to métalloid. Moreover the valence and conduction states near the

transfer. This controversy has now been resolved experimentally. Experimental data-X-ray emission

absorptionl‘), soft X-raylo’m’“ and recent ultravioletm"‘m’”
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Fermi level (E ) are faitly well probed by photoemission ahd optical measuréments but the
detailed structure of the energy bands up to 20 eV above E has not conclusively been established so far. We have
recently found that valuable information on the Ti 3d-like ﬂrnal states may be provided by high<resolutioh near-
edge spectra of titanium peroVskl‘te521 In this paper we present an andlysis of the electronic excitations of
titanium metal and stoichiometric titanium carbide and nitride based on measureménts of X-ray absorption
spectra above the Ti K-threshold usihg syhchrotron radidtion. We will show that the one-electron treatment
based on local partial density of states (DOS) and transition probability concepts desctibes faitly well the details
of near-edge structures but dynamical relaxation effects have to be considered in the extended X-fay absorption
fine structure (EXAFS) regime. More specifically, from the comparison between X-ray L absorption (XAS),
emission (XES) and X-ray photoemission (XPS) data, we find that the magnitude of screening of a suddenly
created core hole, determined by the redistribution of charge in the fihal state, depends on the density of
occupied states at the Fermi level. In metallic titanium the flow of charge leads to compléte screening and all
spectral edges coincide with the Fermi level. In the carbldes and nittides the screening is less complete than in
the metal, because of the lower movable charge density at Ey, and the XPS$ edges do not coincide with the XAS
and XES edges. In all cases, however, Ey should be placed at the emission threshold which corresponds 1o a Eully
relaxed ion core. At energies of interest for EXAFS (100-1000 eV beyond threshold) the time dependence of the
central atom potential is expected to modify the amplitude and phase of the excited photoelectron in a way
which depends upon the kinetic energy of the photoelectroh. Such odifications dre “genuine mény body
corrections to the one-electron EXAES theory which involve an energy-dependent reduction factor S for the
EXAFS amplitude, as discussed by Stern et al.go. The corrections to the total backscattering phase (I)(k) of the
photoelectron are also important and we concenttate malnly on this aspect in the discussion of the EXAFS
spectra of titanium carbide and nitride. In these metals we find that the unscreened potential used by Lee and
Beni’? to calculate the central atom phase shift 2 8(k) is too large for loWw-ehetgy photdelectrohs when the core
hole is screened By the conduction electron gas. Similar conclusions seem to hold for bromine molecules”” and
alUmmum . From the theoretical side,. thie effects of dynamical screening on the cehtral atom potential have
been recently considered by Noguera et Spanjdatd, who present quantitative estimations for a‘[umirxwumzz‘

Finally, we examine the reliability of phase shifts for the light elemen’rs C and N and we conclude that the
use of the theoretical phase and amplitude functions of Teo and ],ee % for low-Z atoms gives only quahtatwe
agreement with the experiment.

In Sect. 2 we outline sorme expetimental details. In Sect. 3.1 we analyze the near K-edge regions of Ti, TiC
and TiN within the one-electron scheme, while in Sect. 3.2 we considet the effects of the electron-electron
interactionhs. Sect. b dedls with the analysis of tHe EXAFS part of the spectras

2. - EXPERIMENTAL

The experiments were performed at the X-ray beam line of the Frascati synchrotron raditiot facility PULS
(Programma Utilizzazione della Luce di Sincrotrone). The storage ting ADONE was operated at an energy of 1.5
GeV, and the typical electron current was 50 mA.

The radiatioh was monochromatized by a chanhel-cut Si(220) crystal and monitored by a gas jonization
chamber I . The experimental apparatus used to perfbrm X-ray absorption measurements has been described
elsewhere’ |, We reproduce in Fig. | the medsured intensity vs the photon energy of the light emerging from the
monochromator under the conditions specified in the figure. In the spectral range of interest for 1hxs worl; the
vertical divergence of the source is about 0.12 mrad. This implies an ave‘rage resolution AE/E 2107 s usinig a'l
mi entrance slit before the monochromatot,

The spectral purity of the light, determined by a Si(Li) detector“, was fairly good, contdining less than 1.4%
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of secord harmotifc and 0.01% of third harmonic at 5 keV. The intensity trarsmitted theotigh the sample was
collected by a secohd chamber I |+ Both chambers were filled with Ar gds at a préssure chosen to provide a 20%
absotption fol Io and maximurn absotption for Il' Two slits, of diménsions smallér than the sample, were placed
at the entrance and at the exit of the sample vacuum chamber, and carefully alighed in otder to minimize
splirious ettects,

During a typical scan of the monochrothator from 5 keV 16 6 eV the beatn spanned a distanice of abotit 4 mm
on the vertical plane; and the sample holdet moved accordingly to follow the beam, within an accuracy of 100
um. ‘

A PDP 11/0% computer conttolled the whole apparatus and the data collection’?. The carbides and nitrides
were 99.9% polycrystalline powders obtainied from the Material Research Cotp., N.Y. They were stoichiometric
TiC, 50 20 Ti'Nl .‘(‘)O samples chemically refihed and vacutint melted with an oxygen content less than a few p.p.m.
~ For the medsurements the sarriples where prepared in form of powders sandwiched between two stripes of kaptof
tape. The Ti samples were 6 ym thick films free of pin-holes. Great care was taken to ensure uniformity over the
samplés area exposed to the beam. All spectra were measured at Foom temperatures

3, - RESULTS AND DISCUSSION

3,1, - X-ray absorption hear-edge structure

Fig, 2 shows the X-ray absotption near-edgé structure of Ti; TiC and TiN in the region of the Ti K-shell
excitation, The absorptioh coefficient starts risiri‘g arcund 4964 eV, which correspohds to the excitation of
electrotis to the Fermi level; and in titanium coimpounds it remairis low over a region of few eV's 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 TiO2 ant perov:;kites‘.z1 and, more recently, in some transition-metal
dicha‘l‘cc‘»genideszj‘. In all these compounds, the lowest conduction band is forméd by the degenerate metal 3d
states split by the octahedral field of the ligands into t2 g and eg levels. In the perovskites the average ‘czg--eg
splitting is rather well reproduced by a molecular orbital calculation applied to the Ti-0 cluster, but fine details -
such as bandwidth and relative intensity of the peaks - require a description in tetms of one-electron conduction
band DOS, The 3d lowest conduction bands hybridize mainly with the 2s states located about 17 &V below the top
of the valence band ahd the Zp oxygen states which form the valence band. The p-d hybridization is particularly
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FIG, 2 - X-ray absorption niear-edge stricture (XANES) of
. Ti in mc‘*talllc titanium and stoichiométric: TiC -and 'I_;IN.
The oniset -of K absorption ifi. Ti metal otcurs at 4964.0-0.5
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strong for the e_ band whose width is controlled by the (pce) two-center iLntegrcilszl Higher conduction levels
are Ti 4s (a g) and 4p (t, )antibonding states lying « 10 eV above the bottom of the conduction band. A similar
sequente of levels is encoumered in titanium carbides and nitrides. For these iatétials Neckel et al. 1 have
recently provided a self-consistent band structure using the APW method. They have computed partial densitiés
of states inside the 25 and 2p carbon and nitrogen and the 3d titanium spheres using a Slater-Coster L.CAO-tight-
binding interpolation of APW enetgy eigenvalues with a total of 41 interaction integrals up to 5 nearest
neighbors, They used the partial densities of states to analyze the metal and noh-metal X-tay emission spectra of
titanium and vanadium carbides, hitrides and oxides”®. The agreement was qualitatively good for K and L spectra
provided the appropriate local defisity states inside the metal and non-metal atomic sphere was used. ‘

Here we follow a similat approach fot Ti K- shell absorption in Ti metal, TiC and TiN. The absorpt;on
coefficient uk(E) can be written as:

0 0) = Cu| Mppy1s,B) |7 NTE)S (E-E - ha) T, ~ W

Is

where M

partial p-
like orbltals of the conduction band. N 0 (E) is' the 1ocal p-like DOS (character density -of sfate') giving the
number of electron states with =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“

Ti Ti,, = ‘ ‘ .
= i 6 @ 2 F
Np (E) n}iﬁ g(n,ﬁ) qp (r, k) (En,k E), 2

where the double sum runs over all the emmipty electron states ( n’yﬁ) of degeneracy gln, ) and ehergy E -ﬁ q (n,
R is a weighting factor for the DOS giving the probability of finding a p electton (die to the dipole selectxon
rule) in the muffin thin sphere centered on Ti. The finite lifetime of the core hole is taken into account in Eq (l)
thtough an energy-independerit T factor determined by the radiative and not radiative Auger decay (0.9 eV)



the cote hole atd instrimental resolution.
1In Figs. 3; 4 and 5 we plot the threshold in an eéxpanded scale togethet with the total and partial p-like DOS's
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FIG, 4 - XANES of TiC on an expahded scale (solid

curve). Tl:ﬁ upper. and lower insets show the total and
partia (E) p-like DOS, respectively, after Neckel
et al. he two clrves dre not drawn on scale. For
their relative intensities, see Fig. 9; The dashed curves
are as in Fig. 3.

FIG. 5 - XANES of TiN on an expanded scale (solid
curve). Tﬁe dpper and lower insets show the total and
partial (N (E) p-like DOS, respectively, after Neckel
et al he two curves are not drawn on scale. For
their relatlve intensities, see Fig, 10. The dashed
curves are as in Fig. 3.



of the lowest conduction band for TiC ahd TiN, taken from Neckel &t al;.“ as well as the total DOS of Ti
cdlculatéd by J‘epsén%. The dashed curves ate btairied after convolution with a Loréntzian function with a
FWHM of 1.3 eV. We take the transition matrix elements to be constarit considering that for vanadium carhide
the comptited transition probability:| Mv(p,ls;E) '2 is-only slightly dependént o ‘éne‘rg‘y27. Moreover the K edges
of the first-tow transition fetals do not exhibit the strohg resonance know as a "white Jihe" w’hic‘h"occurs, for
instance, at the As, Se and Ge K-edgés. On the other hahd, the L edge of titanium metal displays such &
resonance’S. The otigih of these resotances is not completely Uridersitdéd, being due to atomic shape resohances
or cage éffects or pattial density of states??,

We can see from Figs. b ahd 5 that the partidl DOS describes rather well the peaks of the 3ffiaiike bands
which extend from approximately 5.5 eV ahd 8 eV above Epin TiN and TiC, respectively, in ¢lose agréémeﬁt with
band calculations!l. These bards are reprodiced in Figs. 6 atid 7. They show the C(N) 2s filled states lying
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between 8.8 eV and 12.1 eV if TiC and between 14,4 eV and 16.8 eV in TiN. The C(N) 2p-derived bahds extend to
#6 &V (»8 eV) below Ep while Ti 3d and 4s bands are emipty and fotm upper conduction states. The higher bards
of TiC, c 35 and Ti bp, are those of Trebin and lBros*sg‘ The dispersioh of the electronic states of TiC neat critical
poiits or alorig I~ A-X and r-A-L lines has been recently measured by Weaver et al.>? with angle-resolved
photoermission. They found results in good agreement with the theotetical barids!! within 0.5-1 eV. The extremal
eriergies of the C 2§ band are, however, deeper than those calculated by about 1 eV. Comparison of the main
expetimental peaks of Fig: 2 with the theoretical bands allows to correlate qualitatively the featutes to the
average position of the upper unoccupied bands up to about » 20 eV from E in TiC and »12 eV in TiN. The
shoulder in both compomds cortresponds to trahsitions concerned with Ti 4s band, while the strong peak at 4982
eV in TiC Is mdinly related to Ti 4p Bands and, partially, to C 3s bands. A similar correlation has been attempted
by Ihara et aL.10 for TiC on the basis of their own band calculation.

3.2, - Relasation effécts

Until now we have confired ourselves to an indépendént electron model which, at least insofar as K-shell
fieat-edge excitations are cdntemedm’ZB, seerhs capable to provide a4 cohererit picture of the lowest empty
DOSY%  in these compotinds. Matiy-body effects, such as relaxation of conduction electrons and edge
siﬁg"ulai‘itie:;Bz, dué to the presence of the core hole, are neglected. To investigate to what extent this
. approxifnation i valid in transition fietdls, we considét X-ray photoelsctroh spectra (XPS), K- and L-emission
(XES) atid élbs‘o!"'ptiéh (XAS) spectra for Ti; TiC dhd TiN, We anticipate that the screening efficiency of the core
hole depehds on the : amount of electron charge at Epy | i.ey; oh the densxty bf occlpied states N(EF)

th Fige, 8,9 and 10 we have collected the 2p xpsié , the LII it 13-15 g K35 emission spectta and the
Lﬁ it XAS of Ti; TiC and TiNl rieasuréd by several duthors and our K-absorption spectra., For Ti we have also
included the LII qip Soft-X-ray appeatance potential spectrum (SXPAS) measured by Kohishi and Kato>*. The
positioh of the L[II peak corrésponds well to the onset of the L-XAS and marks the position of the lowest
conduction band. It i§ also seen that the edges of the L-XAS and XES lie at smallet binding energies than the
cotresponding ‘Ti 2p4 /2 peak- determined by XPS, This energy shift is not the same in all compounds but decreases
from TiC to TiN to Ti. ‘

The threshold for absorption and emissior dccurs at the relaxed energy, since the excited electron moves
slowly enough from the ich core that the final state eleétrots have time to relax around the hole?’. The resulting
hole potential can thus be imagined to be turned én adiabatically. On the other hand, the relaxation of the LII 1
hole potential is-fast, being due to a Coster<Kronig Augér decay mechanism of LII IIIVV type that we will
consider in greatér detail later. The sudden filling of the holé is accompained by the emission of satellites from

doublé = or mu‘ltlp.ly—mmzed atoms! 226

, a5 can be seen in Figs. 8,9 and 10,

16 with respect to the
binding energy df 2p electrors ard the Hole potential is thus switched on sudderily. The ‘electron leaves swiftly
leaving the cote lon if an excited $tate. The spectrufi is composed of discrete shake up peaks satellites lying
above the adiabatic threshold enerpy. These sitellites in solid merge in a continuous tailing off3% above the
threshold. This process has been first observed in neon gas3 by exciting the s states with 1.5 keV X-rays and
measuring the distriution 6f chatged ions. The photoelectron liheshape is asymmetrlc3 8 with an asymmetry
index & dependitig upon the switching-on time of the hole poﬂten‘cial”. The pedk intensity of the XPS line is not at
the 2p core-state binding energy (referred to Ep) Epeak_ e ~E

In the photoeleétron émission the ejected eléctron has enefgy in excess of 1 keV

kin -9 where ¥ is the emitter work function.
Becatise of the sum rule ori the response Green fmetlon of the systemuo, the position of the photoelectric line
(fiest mormentum) is at the frozen (iihrelaxed) energy in the sudden approximation. An intimate connection may
then exist between the presence of satellites and the relaxation shift. Then in the sudden limit the peak eriergy is

shifted towatrds highet binding energies by a quan‘mty3 4
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whete o = 21'6/17‘332 is the s-wave scattering phase shift (higher § partial componhents are neglected for simplicity)
of plane wave eléctrons 4t Ep and on the lifetime. of the cote hole I'. Thus the "apparent” binding enetgy depends
strongly on the scattering potential of the hole: As disclissed by Gadzuk and Suh)1c3 9. the finite hole lifetime
produces 4 core-state broadening. which forces to average over the shaketjp ehergy disttibution tesulting in a
centroid-of ‘the $pectrum displayed to higher binding energids, Fot § &

130@

/2, displacements A as large as I' can be
obtaine

The efiergy difference between the peak energy of the XPS lines and the Fermi enetgy positio, 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 Epe In Table I we have reported the energies of the main L absorption peaks including those of

TIO dnd the total DOS after Neckel et al.!l, The decrease of & with increasing the DOS at E. indicates that this
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i S O FIG. 11 - Enérgy differénce A between the peak
i * energy of XPS lines and the Fetmi energy position
O Lol L 1 EEERAH BISTAT determineéd. by the onset of the L absorption and
0 ()_;2 04 06 'D.B emission edges for Ti, TiC, TiN and TiO. The DOS
(states per spin/eV unit cell) are those computed in
Ref. 11.

DOS

TABLE J - Maifi peaks of the L Lyj,jij absorption after Ref. 15, The density

of states (glectron states per 5p1n eV unit cell) of TiC, TiN and TiO are
- those of Refi 11 All'energies ate in eV,

Ti it TiN TiO

a 452.8 2 0.3 452.3 453.7 453.6

b 453.5 0.3 453.0 454.6 ush.6

¢ ks6.2 0.3 56 57 156.5
E; 453.8 5550 Yol | 4553 %0.2 bsu.8 0.2

bos o456t 0.14 0.40 0.62

+ Atfter Ref, 16
4+ After Ref, 26
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shift is connected to the availability of flowing charge at Ep, as also suggested by Eq. (3), since the threshold
exponent o is inversely proportional to the DOS functioh at the Fermi level 142,

We emphasize that this dynamical relaxation shift could be of relevance while employing XPS to determine
the Fermi level position and theh the binding enefgy of core excitons in semiconductots. In the case of Si a large
spread of binding énergies ranging ftom 100 to 900 meV has been repor‘tedl‘3

We explicitly notice that the L absorption ‘edge is sharp; while the K-edge is rounded suggesting the
possibility of a Mahan-Nozietes-De Dominicis infrared singular-i‘tylm’M This occutrénce seemis likely in view of
the ereation of e-h pairs at the Fermi surface following the switching of the LII iy core hole. Many body
interactions at the L emission threshold have been studied both experimentally and 1heoret1cally i simple
metals. However, the sharpening of the emission edge is hard 16 be observed becauae of the comparatively short

lifetime of the hole due to incomplete relaxatlon33

ot phdnon broadening,

Quite tecently, experimental evidence of many-body telaxation in the final state on the L X-ray emission,
absorption and photoelectron spectra of some vanadium compounds has beeri teported by Curelaru-et al, 3 and
discussed in terms of dynamical screening of the deep hole. In semxconductmg vanadiurn pentoxide VZOS the
outer electronic states, both occupied and empty, ate deepéned 4 eV below Ep when a core hole is created o the
V by, states. The electronic relaxation in the final $tate (exciton shift) 1s explained ini terms of the Lahg—
Williams'-Ko‘ran1—Toyozawa49 15050 echanism which is effective in those cases whete highly:localized empty
levels exist neat Er, as in rate earths and transition metals. For semiconductors and wide-gap insulators, these
localized levels do not become filled oni the tire scale of the experiment. It is so possiblé to find the XPS edge,
cortesponding to empty pull down levels; above the absorption ahd emission edges, which correspond to direct
excitatioh or emission from those levels.

The above analysis indicates that the Fermi enhergy positioh has to be located at thé irtersection between
the L emission and absorption edges, which thus correspond to fully screened hole ‘14 ‘the final state of the
excitation. One can hotice from Figs. 8,9 arid 10 that this choice for ‘EF brings the partial DOS peaks fot valénce
and conduction levels in elose agreement with the experifiiental features of the K.and L XES and-XAS in all
compotirids, v ’

The K-edge absorption has been considered above. Let us discuss the LII,III emission spectrum of TiC. The

L emission intensity can be expressed as’2:

2 T 2 o o e (2 Tl | & ,
I, =Cu [BIM (5020, B) [P NJHE) & 5 Mp(d, 2p, B) | Nd,(E)JS(EsEZPB/Z—%m), )

where ]Mﬁ(l, h1, E)l?’ denotes the transition probability for the s=like and d-like components of the valence
wavefunctions, and NTI(E) and NTl (E) are the c-orre-'sponding local partial DOS forming the valence states. To
account for the hfetlme of the core 2p state we have assurrmd that a Coster-Kronig Augetr mechanism is the
main source of that lifetime. In Ti’> and titanium carbldes( the L” i spin-orbit splitting is large 6.1 2 0.1 eV,
as seen from the XPS spectra, This means that when a core hole is created at the LII level of Ti and moves to the
Ly level, the energy to be released is large enough to create a sizeable number of é-h pairs and plasmons at the
Fermi surface. The resulting emission edge broadening can be described by a parametet I'(E) proportional to the
dverage number of Auger electrons excited by the hole decay, i.e.:

T(E) = b [fo(ENp(E-E" p (E-E) dE'dE", N o | )

where, according to Wattsjq, pC(E—E'), the core DOS function, contains the coupling of the excited electron to
the plasrmon modes, This function, calculated for TiC, is displayed in Fig. 12. We have used w_=3.23 eV for the

pl
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plasmon lifetime y =0.6 ev?’, This kind of dynamical screening is effective when the lifetime of the core is

comparable to that of the plasma oscillation of the conduction 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 absorptiort of plasmons,

. The emission intensity is then calculated by convoluting I(E) from Eq. (4) with T'(E) from Eq. (5)52, ,

E.
F e )

1 E=Lp HED DEN2 g

"3 ”Jo (E-E%+ [T(E)/2]

(6)

As done before; the transition probability is taken constant in first approximation. The intensity distribution
resulting from Eq.(6) is plotted in Fig..13 and it is compared with the emission data of Fischer and Baun'’. 1t

2
k=
3
4.
Joa
o
E
@
Z
0
o
Z : , .
T FIG. 13 - Comparison between the calculated L
CZJ ernission intensity of Ti in TiC (sol'ﬁ line) and the
B experimental cunves: from Fischer™~ (dotted) and
0 1 Fischer and Baun™~ (dashed). The zero of the energy
a2 scale is at the Fermi edge.
4

(E-E,)
Ti

appears clearly that the peak A is related to the d-like density of states N d (E) whereas the shoulder B is
associated to N’;l(E,). The overall bandwith is also in fairly good agreement with experimient. 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 thie case of intermetallic TiFe
such calculations have been performed for the 3d condﬁction Jevels”® and the compatison with the K-absorption
edge data (Fig. 8) is satisfying.
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1. EXAFS REGION

FExtended-X-ray-absorption fine structure has proven to be a rather accutate technigue to determine
interatomic distances and cootdination fumbers>’ . The modulation of the atomic abs sorption coefficient X (k) is
caused by the interference hetweeh the direct and backscattered electron waves at the atomic sites. In the

simplest single-scatteting approximation for K-shell excitation X (k) has the well-known expresstcmj8
bn < g;() - %_ 12] K £ 0 ‘
X=5 oy [ e h e T sin(ke v 0 00 | 1 (k) | dry %
j 0 r

where :

g, J(r) is the radial distribution function for the (ij) pair;

o, (k) 28, (k)+ ¢J(k) is the total phase shift of the p-photoelectron wave propagahng trom the absotber (i) to the
backscatterer (j) and viceversas

| {ij(k,ﬂ) |is the amplitude of the backscatterers;

o i is the Debye-Waller factot;

A (k) is the mean free path of the photoelectron which describes the darping of the electron wavefunction due to,
inelastic scattering processes,

Several refinements to the one-electron picture haVL been introducéd to inclide the electronic
59

,,)

, the interatomiic relaxation of the otbitals®0 and the dynamic scréening of the core hole??.
61,62

correlation
Moreover the applications of Ed. (7) to the case of strongly disordered of anisotropic syslbems63 has also
been done. All these cotrections aim to establish the quantitative limitations of the technique and its
applicability to different systems. The processing of the data also irivolve subtle problems which have been
discussed rec‘ently(’a. ‘

In order to obtain reliable distarice information from EXAFS <5s':c‘ill'ations, ohe needs cortett phase functions
% l](GR; and amplitudes f](k, 7). The best ¢, J(k)'s and £.(k, # J's available to date afe those calculdated by Teo and
Lee®’ using Clementi-Roetti and Herman-Skillmah atomic wave fuhctions. It is generally believed that they are
good enough to provide accurate values for the bond lengths, particulatly for intermediate Z atoms.

The Fourier transform of X(k) yields the radial distribution function F(R) around the absorbing atom 8, it

max -2ike  n |
FR)= [ dk ™7 KMyl W), (®)
kmin
(4 B .
where the bitegral is taken over a finite k interval, typically A k:]kmax"krﬁin:m A"l.. W(k) is a window furiction,

usually a Gaussian function, which reduces sidelobes caused by termination effects on X (k). Because of the phase
shift q)ij(k) in the argument of the sine function in Eq. (7), interatomic distances derived from the peaks of F(R)
have to be properly corrected to coincide with those of X-tay diffraction, :
The zeto of the energy (moinentur) scale has often to be changed by parametrizing the reference energy E,
defined as '

O_m-z—"n-f 2. | ©)

The choice of B, is made on the basis of the Lee and Beni®® criterion, which Fequirés that the magritude F(r) and
- q)"(k) should peak at the same 1:!i5‘tahte65, ot on
the prescription that the bondlédgths R. should be independent on the kinetic enetpy of the photoe‘lec‘tronGs. By
letting E . vary, the measured distances R] could be made £éincident with Xuray diffraction data within'0.02 A or

betterz3

the imaginary part of the normalized Fourier transform of X (ke

. Poth procedures are essentially equivalent but their use may mask possible relaxatioh effects, since
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M’ij(k): ZRij AEO/kj9 and thus changes in E, affect largely M)ij(k) at small k, where electronic relaxation is
important. Herice in those systems in which sizeable electron screening is envisaged, the wavevector dependence
of A@J.U.(k) must be considered with care.
In this Section we will analyze the EXAFS of Ti, TiC and TiN K-spectra with the above considerations in
rnind,
Titanium

The absorption above the Ti K-edge after préedge subtraction is shown in Fig. 14. The EXAFS function kX (k)

10 + $ 4 4 § O 4 " "

- +=—1 0]
= ; i
% \\\\
=05 L 005
g | ~
O I
5 A s
— 0 “ ‘ l’\vﬂ\w i iyttt -
% u I I
3 <
8 ‘ R
<t | 005 .
FIG, 1% - Experimernital Ti K absorption spectrum
after preedge subtraction and extracted EXAFS
1 modulation k X (k).
i o R 4 _ ‘3.1

§000 5500

PHOTON ENERGY (eV)

of Ti is derived from the cotresponding spectrum using the usual procedure and is plotted in Fig. 15a. The Fourier
transform of kX (k) yields the amplitude of the radial disttibution function F(R) around each Ti atom, which is also

: Ni o g :,. L _; . : r ki + ::» N : - PR : 0-4
04 Ti : 03
&
) )2
0.2 0=
= A A s "
; 0] . -1 % P, Miv“: 0
< Wy
-02
(a)
-04 '
2772 6 8 10 12 o 1 3 5 6 7

3 36 4
k(A ) R(A)

FIG. 15 - a) k . X (k) for metallic titanium film. b) Magnitude F(R) and
imaginary part Im F(R) of the;_fourier transfo‘rmogif k «X (k) vs, R, The

integration range is k_. =2.3 A" and k o=l AL A Gaussian window
W(k) is used: min max
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plotted in Fig. 15b. The F(R) of h.c.p. Ti in Fig. 15b consists of a main peak located at 2.52 Yool A which
corresponds to two nearest-neighbor titanium subshells of 6 atoms located at 2.889 A and 2.940 /3”
respectively67. The following peaks are the thitd, fourth ahd fifth shells located at 3.87 A; h68 A aid 5.6 A.
The position of the first shell diffets somewhat from that found by Denley et'al.z8 from the ahalysis of the L
edge, R=2.672 ,&, mainly because of the smaller contribution to the total phase shift éij &t the central atom
2 G(O)(k) and 28(2)(k) terms.

In the h.c.p. structure the third, fourth ard titth shells have intensities consistently weaker comipared to the
tirst shell than in f.c.c. structure where the ceritral atom is also surrotnded by twelve neighbours. This behaviour
might be related to the high degree of shadowing around the central atom dué to the compactriess of the h.c.p.
lattice. Accordingly; kx (k) in Fig. 15a is basically built from-a single frequency. 7 ‘ '

We have applied the Téo and Lee ctiterion to find EO because, accorditig to the results of Section 3, large
relaxation effects do not occur in Ti metal, We have fourid that the Lee and Beni condition is fulfilled when E, is
close to the steépest part of the edge of Fig. 14, markihg the onset of trarsitions to the Ferti edge.

By backfourier inversion of the first peak of F(r) between 1.5 A and 3.15 A, we obtain the modulated
component kX(k) of the first coordination shell. The énvelo[:ie functions

2R.
S —20.2k2
- N.|f.(k,1r)|e Ae
Aj(k) 2] ' ; (10)
2
R3
1

peaks at k=h.95 A"
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 amplitudes and p‘hases65 ) 4 6 . 10 12 {4

but does not show any beating

and assuming a Debye-Waller factor:

, , Ti (a)
O Titi= 200 (1= B un

computed within the classical harmonic approxima=

68 2

) ' ) o AR
tion”". o A descrises the correlated motion of the :

5

;"f

AV

atoms and 0 is the mean-squared displacement of
the individual atoms, The resulting kX(k), shown in Fig.

16a, differs from the expsétimiental one: for d cofistant
phase shift of about /2 over the whole k tange and
for an amplitude factdr of 20%. Moreovér the maghi=
tude of the model radial distribution function F(R);

FIG. 16 - a) Backfourier transform kX(k) of the first od
peak of the radial distribution fungtion F(R) of Ti ’
(solid line) and its envelope functior A(k) (dashed line). = 03
The dotted curve is a model kX(k) calculated fr-ong q.

(7), using amplitudes and phases of, Teo and Lee”™”, a Lt 02

Gaussian-like g,.(r) and 0°=0.007 A The firstypyo Ti ai

shells, located At R;=2.889 A and R,=2.941 ‘A°" are ]

considered. b) Fourier transform F(Ig) of the ‘model o o

kX(K) of patt a) compared with experimental F(R). 0 1 7
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shown in Fig. 16b, differs by nearly the same quantity from the experimerital F(R). This discrepancy might be due,
it patt; o mahy-bbdy etfects which are left out of the classical fobmulation of the EXAFS theo’fyj 8 Rehir et a1,60
have shown that one-eléctron calculations overestimate the scatterifig arplitudes unless & correction is made for
“the telaxation of the passive electron orbitals. Narely; the sirgle-particle matrix eleménts have to be
scaled by a reduction factor 53,51 < l)'N__l] q}N_I;»l 2 where | WN-P and | ¢N§-I> are the wavefunctions of
the N-I electrons with and without the core hole, respectively. S ranges between 0.6 and 0.9; depending ori the
atom considered’® and is generally taken constant and independent on the kinetic energy of the excited electron.
Multielectrot excitation chanriels - shiake up and shake off processes discussed.in. Section 3 - give an additivnal
correction factor of 10% to the amplitude and modity slightly the phase shift. This phase change may, however, be
propetly accournted for by shitting the excitation enery zéro seale E.
When the experimental phase derived by inverting the F(R) of the first shell (Fig. 17) is used instead of the
Teo and Lée data and a correction factor Sé: 0.85 is applied to the scattering amplitude; the agteement is quite
good for both A(k) and F(r), as shown in Fig. 18.

ok e i i ekt s i 1 PO YRR | i FERY
s Y * 4 ¥ ! r ¥ T T 2 ¥

a
1
N

s
7

- EPVR " FIG. 17 - Total phase shift & vs. k for the Ti-Ti
2y Cem 1 pair in Ti metal (dotted line);, TIC (4) and TiN (4).
& 4 N © The Teo and Lée thedretical phase is shown for
A | A, “~ 1 comparison (solid litie).
61 i Ty N
k(A™)
foimsink PR ST T RO YO TR T
2 4 6 g8 10 12 14 16

02

(@ | (b) !
g f-1 ‘o

| keA™ RA)
S e Lo e G de i i s .\ e e o

2 4 6 8 10 122 0 1 2 3 4 85 6 7
FIG, 18 - a) Model k)é(k) apd'A(k? (dotted lines) comput_‘%rg from £q. (7)
using the reduced S+=0.85 amplitudes of Teo and Leé"~ and experi~
mental phases: The other parameters are as in Figi 16. The solid curve

is the experimental kx(k). b) F(R) deduced from the model kX(k) of
part a) (dots) compared with the experimental F(R).
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It is interesting to note that the above analysis of h.c.p. Ti does not require the use of an asymmettic gij(r)

63 for h.c.p. Zn. At room temperature the harmonic approximation, implying

as found by Eisenberger and Browh
gij(r)z S(r-rj), is still valid for Ti whose c/a ratio and Debye temperature are similae to those of Zn. The réason ot

this discrepance is not clear yet.

Titanium carbide and nitride

Fig. 19 is shows the measured kX(k) for T«( and TiN around the Ti K-edge and Fig. 20 1.:he'czorré§p6hdi.hg
F(R). Placing E at the onset of the K edge satizhies automatically the Lee and Beni prescription for the first two
peaks, as shown for TiN in Fig. 20. The ¢ (k) tor the Ti-Ti pair obtamed by the backfourier procedure are shown

" i i immbivicd dracs

06 — ‘Tin " 0.4t /‘ | Ti C

04

02

—

Mf\f\mm
(71

WAL
=

o4

~-06
06

Al .
SUNTR | .
-04 - ‘“N
LG R(A) —Ti

2 4 6 8 10 12 14 N R T ARTORN SVRTA VAL b CORRE
0 1 2 3 4 5 6 7
FIG. 20 - F(R) derived from k X (k) of Fig. 19, For
TiN the Im F(R) function s also showni The labeled
atrows mark the position and -the  coordination
number of the N and Ti atoms in the lattice.

FIG. 19 - k . x (k) EXAFS modiilation
of TiC and T;N above the Ti K-edge.

in Fig. 21 and compated with the Teo and Lee data®. The CD i(k) for TiC is in excellent agreement with that
reported by Molsy 73 who also takes Ey at the dbsorption edge. The -cofnparison with that derived from Ti
indicates that the Ti-Ti phase is tfansferable in these compotnds to a High degtee of accutacy. However, only
qualitative agreement is obtaifed for the amplitude A Alk ), where an uncertainty -of about 1 R-l
position of the maximum, Fig, 22b. The reduction fattor S also differs slightly from that of Tl, being S =0.80 for
Tic and TiN®0, The first peak of F(R) in Flg 20 is aﬁsouatecﬂ to the shells of six C and N equwalent atorms
surrounding the central Ti atom at d=2.164 Aand d=2.121 A, The third shell of the light elements is barely seen

only in TiN because of the larger backscatteting power of N atoms with respect to C, showh in Fig. 2Za.

is Seen in the
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Ti N

theoretical phases of Teo and Lee.

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 considered. The F(R) is then calculated by
Fourier transforming k X (k) between appropriate k limits. In Fig. 23a a comparison is made with the experimental
F(R). We notice a remarkable disagreement in the position of the nittogen shell. This disagreement could be due
to the fact that theoretical phases for light elements are only approximate. When the same calculation is
performed by using the experimental phase and amiplitudes of Figs. 21 and 22 the agreement with the model
caleulations improves substantially (Fig. 23b),

To improve the determination of TiC and TiN bondlengths we adopt the beating method. This method was
originally developped by Martens et al®? tor two shells containing the same atoms and then extended by
Balzarotti et al.’? to ditferent atomic species. The diffetence AR in the bondlength of two non-equivalent shells
is given by:

n-( @,(k) - @, k) .
ARI;,Z = ( P (n = 1,3,5....) (12)
20

min
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where k(rr;)in is the minimum of the envélope batk- 05
scattering function of a given pair of beating shells

TN @

A%

(0

corresponding to a given n and @.(k) are the values of

their backscattering phase shifts,

Ry taking the backfourier transtorm of F(R) for
TiC and TiN in the 1.0-3.0 /;, we obtain the restlts
shown in Fig. 24. Minima of A(k) cleatly occur at

values n=3,5,7 for TiC and n=1,3,5,7 for TiN. The totdl
65,

phase shift of the two beating shells are

by 00 = 28700 402K - m (LGN (3 o3
(k) = 2 sT) + ??gaCk(k) -1y (2=T) (1%)

where 2 GTi(k)- is the central atom (Ti) phase shift, So Oy
the phase difference

/
3 4 .5

0 1 2 5 7

back back(k) (5 R(A)

FIG. 23 = Compatison of the expérimental F(R)
for TIN with (a) rhodel talculations based on
Teo and Lee phases and amplitiides, and (b)
(a) experimental phases and amplitudes. Only -the
first two coordination shells (N and Ti) around
the central Ti atoms are included.

Alk)

contains the difference of the backscattering phase only.

In Table II we compare the ¢1‘ystallogn‘ap'twic data® for
] P TiC and TiN with the vdlues of AR derived from Eq. (12)
-02p ik ’ by using our experimental phases for TiC and TiN and

L VO those calculated from Teo and Lee. Agreement with
diffraction data is fairly good when the kse‘t of ex-
perimental phases is used indicating that these low-Z
atom phases are reliables ‘

Ack)

FIG. 24 - kx(k) and Alk) for (a) TiC and (b) TiN obtaihed
by backfoutier transforming the C and Ti peaks of F(R) in
Fig, 20 betweeén 1 ‘and 3 A, The beating minima are
marked by arrows, o
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TABLE II - Differences in bondlength AR of two non equivalent shells of atoms

surrounding Ti in TiC and TiN, as determifig8 by the beatigg method. AR are the
results of a model Calculatlon using Teo and Lee phases AR ryst are“fi ﬁen from
Ret, 67,
Kmin(A ) AR(exp) 8R AR(cryst.)
5.225 0,899 0.969
Tic 9.125 0.383 0.878 0.896.
12.950 0.381 . 0.868
5.625 0.885 0.979
TiN 9.425 0.860 0.867 0.879
h 13.150 0.836 " 0.371

According to Lee and Beni, the hole created by the absorption of a photon on the Ti atom is always
completely relaxed, no matter how the excitation energy is. This limit is equivalent to replace the ion cote
potential in presence of a core hole with the potential of a Z+1 ion (equivalent core approximation). The
" assumption of atomic relaxation of the central atom affects the phase term %, (k) through the k dépendence of
the 26 (k) phase shift. The ¢ ‘j(k) solid curves of Figs. 17 and 21 are computed within this approximation. Very
recently effects of dynamical screened. potential on the 2 § (k) phase shift have been considered theoretically by
Noguera and Spanjaardzz for Al. They showed that the inclusion of a time-dependent scattering potential results
in a wavevector dependence of <I> (k) which 1< intermediate nhetween that of total unscreened and completely
screened case. As -expected, ¢, J(k) is more screened-like for small k and approaches the unscreened (D (k) at
high kinetic energies. Such a trend is displayed by the ¢ T (k) i TiC and TiN (Fig. 21) and, to minor extent in
Ti (Fig. 17), where the electronic screening is mote eff1c1went as pointed out in Section 3.2. The difference
between the unscreened ¢ ..(k) (Teo and Lee) and the dynamical screened phase shifts is consistent with the one
computed for Al 22, . _

In summary, we have shown that sizeable electronic screening effects may be detected in 3d transition
metals at high kinetic energies of the photoelectron either through the examination of the energy shift of the
photoemission lines with respect to the emission edge and the wavevector dependence of the phase shift of the
phoelectron in the EXAFS regime.
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