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Résumé. — Des mesures a haute résolution du coefficient d’absorption de rayons X ont été effectuées au
voisinage de et jusqu’a 1000eV au-dessus du seuil K du titane dans des échantillons de TiC,_,,
(0,5=<1-x=0,97). Quand la teneur x en lacunes de carbone augmente, (i) la charge effective positive du
titane déduite de I’énergie du seuil diminue, (ii) le bas des bandes 4p du titane (situé a 10-15 eV au-dessus du
niveau de Fermi E; dans TiC,g,;) se déplace progressivement en direction de Eg. A partir de I’amortissement
des oscillations d’Exafs qui augmente avec I’écart a la steechiométrie, les déplacements relatifs statiques
quadratiques moyens des premiers voisins titane-titane et titane-carbone ont été évalués. Un mod¢le simple ou
toute lacune de carbone repousse ses premiers voisins titane de 0,08 A est proposé.

Abstract. — High-resolution measurements of the X-ray absorption coefficient were made around and up to
1000 eV above the titanium K-edge of TiC,_, samples (0.5 =<1 — x =< 0.97). When increasing the carbon
vacancy content x, (i) the positive effective charge of titanium deduced from the edge-shift decreases, (ii) the
bottom of the titanium 4p bands (situated at 10-15eV above the Fermi level Eg in TiC,y;) moves down
progressively towards Ep. From the increased damping of the Exafs oscillations with non-stoichiometry,
average mean-square static relative displacements of titanium-titanium and titanium-carbon first neighbours
are evaluated. A simple model where each carbon vacancy repells its first neighbours Ti by 0.08 A is proposed.

1. Introduction.

Beyond their numerous remarkable physical proper-
ties, cubic rocksalt transition metal carbides present
a large domain of existence. For example, titanium
monocarbide can accommodate up to = 50 % vacan-
cies in the carbon sublattice, so that the TiC,_,
phase extends from TiCgo; to TiCys, [1]. The influ-
ence of vacancy concentration on the bulk physical
properties of the carbides has been extensively
studied [2] ; but a detailed atomic and electronic
description of non-stoichiometry is still lacking [3],
although recently a qualitative understanding of the
ordering of carbon vacancies has been undertaken
from the calculation of « first principle » pair poten-
tials [4].

The extended X-ray absorption fine structure
(Exafs) consists of the oscillations of the absorption
coefficient that occur up to 1500 eV above an edge
in condensed materials. Exafs data can give infor-

mation about the number, kind and distance of
atoms surrounding a given one, and the damping of
the oscillations when the incident photon energy
increases is partially due to thermal and static
disorder effects (for a review, see [5]). Furthermore,
the absorption edges themselves are strongly related
to the partial local electronic densities of states of
the absorbing compound.

A detailed study of the titanium K X-ray absorp-
tion spectrum in stoichiometric TiC has been made
by Balzarotti etal. [6]. In this paper, we present
systematic measurements of the absorption coef-
ficient of TiC,_, around the TiK-edge. The evolu-
tion with 1 — x of the near-edge structure (Xanes) —
situated in the 30 eV following the threshold — has
been analysed, and it has been possible to deduce
from the Exafs oscillations large mean square static
displacements of the Ti atoms in the non-
stoichiometric compounds.
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2. Experimental.

2.1 SAMPLES. — TiC; _, powder samples (1 —x =
0.97, 0.9, 0.8, 0.7, 0.6, 0.5) were prepared by
pressing and sintering at 1500°C mixtures of
titanium hydride TiH, and graphite as described in

Table I. — Characteristics of TiC, _, samples.
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[7]. Their characteristics are listed in table I. The
measured lattice parameters a(x) (determined by X-
ray diffraction) are in good agreement with literature
values [1] ; the main metallic impurities, analysed in
the TiC,, sample, are in p.p.m. weight: V 150,
Al 70, Fe 40, Si35 and Cr 20.

« Nominal » Measured lattice

Measured C/Ti

Oxygen Nitrogen

composition parameter (10-1° m) atomic ratio (ppm weight) (ppm weight)
TiCy, 4.3283 (8) ~0.97 1530 —
TiCos 4.3302 (8) 0.895 1260 1680
TiCos 4.3292 (8) — — —
TiC, 4.3242 (8) 0.687 1 600 1 060
TiCo 6 4.3162 (8) — — —
TiCys 4.3067 (30) 0.51 (%) — —

(*) In TiC,, the presence of 2 % residual Ti metal was observed and the homogeneity of the sample was not so

good as for other compositions.

As the X-ray absorption coefficient measurements
require thin (= 10 um for TiC) and homogeneous
samples, the compounds have been carefully ground
before being fixed between adhesive foils. The
absence of holes and constance of thickness have
been checked by optical microscopy.

2.2 ABSORPTION COEFFICIENT MEASUREMENTS. —
They were made on the Exafs spectrometer 1 at
L.U.R.E. (Orsay, France), using the synchrotron
radiation of the collision ring D.C.I. This apparatus
allows to record X-ray absorption coefficient data in
the 3-15keV range of photon energy, i.e.
wavelengths between 0.4 and 0.08 nm [8]. The
monochromator was Si (220) channel-cut, with a
resolution of 1.2 eV at 5 keV. A helium gas cryostat
with mylar windows was used to perform measure-
ments at 10K, with a stability of +2K. The
experimental technique is described in detail else-
where [9].

3. Results.

Two kinds of experiments were performed.

(a) A precise study at 300 K of the Ti-K absorp-
tion edges (Xanes) : the X-ray absorption coefficient
w (E) was measured every 0.1 eV on a 50 eV energy
range around the threshold. The absorption coef-
ficient of (quasi-) stoichiometric « TiC » (i.e. TiCy ;)
shows a complex energy dependence, already ob-
served previously [6] : in particular, a first small step
at the threshold and a large increase around 15 eV
above. This general aspect remains in non-stoichio-
metric TiC,_,, although the step height at the
threshold increases and the shape evolves towards
the pure Ti one (see Fig. 1).

in(L/1)

- hv(e\a

«E_«‘uf_"#n—mm

Fig. 1. — X-ray K-absorption edges for titanium atoms :
(a) in TiC,_,; (b) in Ti metal.
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In order to be able to compare quantitatively the
positions of the edges, it was necessary to make an
accurate calibration of the incident photon energies
before and after each measurement : the reference
used was the maximum of the narrow peak located
at 4 965.5 eV in the beginning of the pure Ti metal
spectrum (Fig. 1b). A global shift of the edges
towards high energies is clearly visible from Ti to
« TiC ».

(b) The Exafs oscillations x (E) were studied at
10 and 300 K : the X-ray absorption coefficient data
were recorded every 1.5 eV from 500 eV below to
1000 eV above the Ti-K edge. The aim of the low
temperature experiments was to get rid of a great
part of the thermal damping effects on Exafs oscil-
lations. In figure 2 are compared the Exafs spectra
of « TiC » and TiC,, at 10 K, after separation from
background and normalization (for details, see [9]) :
the oscillations are similar for the two compounds,
but an important additional damping occurs for the
substoichiometric sample, that we attribute to its
high defect concentration.

4. Absorption edges : discussion.

4.1 « STOICHIOMETRIC » TiC. — The w (E) vari-
ation just above the titanium K-edge (Xanes) shows
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Fig. 2. — Exafs spectra measured at 10 K at the titanium
K-edge : (a) in TiC; (b) in TiC,;.
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several features displayed in figure 3a, and which
are, at increasing incident photon energy :

— the threshold (labelled A), chosen as the
inflexion point at the first step ;

— two small maxima (B and C) respectively at 3.5
and 6.5eV above A ;

— a large increase between 8 and 15 eV, with a
small shoulder (D) around 12.5eV ;

— two strong maxima (E and F) at 18.7 and
30.6 eV.

In (Ig/1)

Fig. 3. — Titanium and carbon K absorption near-edge
structures in TiC compared to band structure calculations.
(a) Experimental results for Ti (present work) ; (b)
Experimental results for C (Ref. [11]) ; (c) Partial local
density of states NJ'(E) deduced from APW calculations
(Ref. [15]) ; (d) Partial metal p density of states deduced
from APW calculations on TiC (N{(E), full line, from
Ref. [12]), and on NbC (NJ®(E), dotted line, shifted in
energy from the data of reference [14] to fit E¢(TiC)).

It is generally agreed now that in metallic systems,
where screening of the core hole by the final state
electrons is effective, the Xanes spectra are well
interpreted within a band structure approach (i.e.
many-body effects can be neglected). Indeed, it has
been shown by Milller etal. [10], that for pure
metals (including Ti), the w (E) variation in the
100 eV above the threshold is well explained by a
one-electron approximation ; in the case of K edges,
it is in good agreement with the p partial density of
states multiplied by the appropriate (dipolar) tran-
sition probability and convoluted by an energy-

13
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dependent broadening function due to lifetimes of
the core hole and of the excited electron. Also, in
VN (which is similar in crystal structure and type of
bonding to TiC), the nitrogen K near-edge structure
follows the shape of the total density of states up to
40 eV above the Fermi level Eg[11].

Therefore, we have reported in figures 3c and 3d
the available partial d and p densities of states
localized on the metal atom : NJ'(E), N g i(E) (up to
8 eV above Ep) and N F’,‘“’(E ), calculated for TiC [12,
13] and NbC [14] respectively. One can see that in
TiC the titanium p density of states is very weak in
the 8 eV above the Fermi level, and that the bottom
of the metal 4p band is situated at 10-15 eV above
Er.

The experimental results of figure 3a compared to
the calculated densities of states of figures 3¢ and 3d
suggest the following independent electron interpre-
tation, already proposed by Balzarotti etal. [6],
assuming the threshold A is due to transitions from
the 1s core to the Fermi level Eg:

— peaks B and C (barely seen on NI(E))
correspond precisely to the metal 3d density of states
.maxima calculated by Neckel etal. [15]: 3.5 and
6.2¢eV above Ep for the 3dt,, and 3d e, bands
respectively ;

— the large increase of w (E) between 10 and
20 eV above the threshold, and peak E, correspond
to the titanium 4p bands ;

— shoulder D is possibly due to the Ti4s band.

This interpretation, in qualitative agreement with
the molecular orbital approach of Fischer [16], is
confirmed by other experiments :

— peaks B, C and E were observed for TiC by
Bremsstrahlung Isochromat Spectroscopy, which
also probes the vacant electronic states [17] ;

— peaks at similar positions, but with different
relative intensities, were observed on the u(E)
curve above the K-carbon edge for TiC [11] (see
Fig. 3b) : at 3.6 eV above Ef (= B, but very sharp),
at6.2eV (= C),at14.4eV (=D ?),at23 and 33 eV
(= E and F respectively, but very weak). On the
basis of the density of states calculation for VN
cited above, they were attributed respectively to
3d t,, (for B), 3d e, (for C), 4s (for D) and 4p (for E
and F) metal states hybridized with the 2p-3s-3p
metalloid states [11].

One may remark that the Ti-K Xanes in TiC has
striking similarities with that in TiO, [18], with low
intensity absorption features (corresponding to tran-
sitions to 3d levels or narrow bands) preceeding the
onset of the main absorption peak due to the dipolar
1s — 4p transition. Although TiC is metallic and
TiO, is a 3 €V gap semi-conductor, the similarity of
their absorption spectra is due to (i) the absence of
metal p states in the 10 eV above the Fermi level,
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(i) the similar metalloid environments of Ti atoms
(regular octahedra in TiC, slightly distorted octahed-
ra in TiO,), (iii) the absence of excited states
multiplet splitting in TiO, because the ground state
configuration is 3d°, (iv) the similar formal valence
(4 +) of Ti in the two compounds.

In stoichiometric TiC, where Ti is surrounded by a
regular carbon octahedron (O, symmetry), 1s — 3d
transitions are forbidden in the usual dipolar ap-
proximation. Therefore, the low value of the ratio
NJ(E)/NG(E) (=107 in the 2-5 eV range above
Ep in TiC), and the coincidence of B and C maxima
with those of the 3d band density of states, suggest
that these maxima are due to quadrupolar tran-
sitions. (In transition metals, where N, and N4 are
comparable, the quadrupolar contribution to u near
the K edge is a few percent of the dipolar [19]).

The Ti-K edge-shift, measured as the change of
position of the first inflexion point in the u (E) curve
between TiC (point A) and Ti, was found equal to :
AEg (TiC) = Ex(TiC) — E¢(Ti) = 1.1+ 0.2¢eV, in
good agreement with previous X-ray absorption
determinations (0.7 = 0.4 eV [20], ~ 1 eV [6]). For
metallic compounds such as TiC, there is no available
empirical model allowing to deduce directly from
AEy an effective charge or a coordination charge as
has been done for oxides [21]. However, as the
variation of Ep between Ti and TiC is suggested to
be less than 0.2 eV from thermoionic work function
measurements [22], and screening seems to be effec-
tive in both compounds at low photoelectron en-
ergy [6], a « naive » model will attribute the chemical
shift mainly to a larger 1s core level binding energy
in TiC than in Ti, due to a charge transfer from
titanium to carbon atoms ; this is in qualitative
agreement with APW band calculations (charge
transfer : = 0.4 electron in TiC) and with the overall'
spectroscopic properties [20, 23].

It may be remarked that AEy (TiC) is found close
to the XPS Ti 1s chemical shift : 1.0 + 0.4 eV [20],
0.8+ 0.1 eV [22], whereas the Ti-L emission and
absorption edge differs from the L-XPS edge by
= 1.5eV. The latter fact was attributed to incom-
plete screening of the suddenly created XPS Ti-2p
hole in TiC, due to the low density of states at the
Fermi level [6] and suggests that many-body effects
are more easily observed for L than for K metal
atom edges in this compound.

4.2 SUBSTOICHIOMETRIC TiC,_,. — With increas-
ing non-stoichiometry, the titanium K Xanes in
TiC, _, is progressively modified.

4.2.1 The value of the absorption coefficient at the
edge (point A) increases with vacancy concentration.
One indeed observes a correlated increase of the
electronic density of states at the Fermi level
N (Eg) from low temperature specific heat measure-
ments [24].
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Theoretical density of states calculations (for
disordered TiC,_, modelized by CPA [25, 26] and
hypothetically ordered TiC ;s [13, 27]), X-ray emis-
sion measurements [28] and *C N.M.R. measure-
ments on the isomorphous compound ThC, ;s [29],
show that this increase corresponds to states originat-
ing from metal d orbitals. Therefore, the w (Ef)
increase with x must be explained by quadrupolar
transitions (as proposed above for the B and C peaks
in stoichiometric TiC), or by 3d-4p hybridization
induced by vacancies, as suggested by molecular
orbital calculations [28]. The fact that the height of
the first step at the carbon K-edge does not change
with composition [11] shows that the metal d states
involved in the increase of N (Eg) with x are not
hybridized with carbon 2p states (dangling bonds).

4.2.2 The overall edge and near-edge structure is
shifted towards low energies with increasing vacancy
concentration x. In particular, the edge-shift at the
threshold AEy(TiC,_,) decreases linearly with x
(see Fig. 4) and we extrapolate a zero value near the
composition TiCy,.

AE (eV)
4340
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Fig. 4. — Titanium K-absorption edge shift from Ti metal
to TiC, _, measured at the threshold (point A) , }: ).
For comparison are plotted the shifts measured at the
w# (E) maxima (point E : (------ ), and F: (...... ).

Ti-K X-RAY ABSORPTION EDGE AND EXAFS IN TiC, _,

1741

A similar behaviour was observed in XPS studies
of Tiyyy, level shifts [22,30]. As the Fermi level
change in the homogeneity range of TiC, _, is less
than 0.3 eV, as shown by the x independent carbon
K edge-shift measured by electron loss spec-
troscopy [11] and the most recent CPA [26] and
band [13, 27] calculations, the decrease of AEg and
AE,, 5, can be related to a change with composition
of the positive effective charge on the metal atoms.
Up to now, theoretical studies disagree on this
point : cluster calculations suggest a decrease of the
effective charge of titanium atoms adjacent to vacan-
cies [28] ; on the other hand, recent theoretical
APW calculations for a long-range ordered TiC, ;s
crystal, find practically the same titanium effective
charge as in TiC [13, 27] ; the discrepancy might be
due to the ordered structure chosen by the latter
authors, with two carbon vacancies disposed sym-
metrically around titanium atoms, in contradiction
with experiment [3].

4.2.3 The main increase of u (E) (between points C
and E) occurs in a broader energy range with
increasing x, and progressively merges into the low
energy structures (the C maximum disappears for
1 -x=<0.7): the bottom of the metal 4p bands
moves down towards the Fermi level in proportion
as the repulsion by carbon 2s states decreases. This is
in agreement with the calculations of Zhukov and
Gubanov [13] which show that in TiC, ;5 the bottom
of the 4p Ti band is around 9 eV above Eg, and a
first peak of density of states N gi(E ) occurs at
+11.5eV (which is seen as a shoulder on the
absorption spectrum of TiC,,, see Fig. 1).

4.2.4 The second maximum of u (E), F, is found to
shift at higher energies with increasing non-
stoichiometry ( +1.3eV from TiC to TiCys, see
Fig. 4). Theoretical cluster calculations for the iso-
morphous compound VO, [31] have shown that this
second maximum F is mainly due to scattering of the
photoelectron by the first metalloid neighbours (at
30 eV, the photoelectron mean free path A is only
~5A), and is very sensitive to the interatomic
distance R between metal and metalloid. We have
applied the Natoli [32] relation Ryc /E — Ers =
Cte to the TiC, _, solid solution with E_ taken as
the muffin-tin zero of the calculated band structure
(9.0eV below the Fermi level in TiC [15]), E
position of the maximum F, and Ry, ¢ average Ti-C
first neighbour distance. For small changes AE and

AR, this leads to a linear relationship ARy c =

Rric A .
————— _A(E-E,). From the data of fig-
2(E - Eref)
ure4, A(E—E ) (V)= 25x04)x if E is
kept constant with x. This leads to an average
contraction of the Ti-C first neighbour distance in
TiC, _, relative to TiC: ARy c(A) = (—0.065 +
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0.02) x (the error bar includes an uncertainty of
+5eV on E_4). This relation between ligand com-
pression and shift of peak F is in qualitative agree-
ment with the cluster calculations on VO, [31]. The
change of Ry with x will be compared to the Exafs

results in a following paragraph.

5. Exafs : analysis and discussion.

5.1 DATA ANALYSIS. — The equation for the Exafs
function in a spherically averaged moderately dis-
ordered system, assuming no multiple scattering, is
given by [5] :

x (k) = 3 x;(k) =

N; —2R /A
- Y= £k, )| 2O
i j

y Jwg(Rj)sin QKR + ¥;(k)) dr; (1)
0

— k is the wave-vector of the ejected photoelec-
tron ;

— x; is the Exafs contribution of the j-th shell of
neighbours containing N; atoms of back-scattering
amplitude f j(k, 7 ) and situated at an average
distance IT] of the central absorbing atom ;

— ¢;(k) is the k dependent photoelectron phase-
shift resulting from the central and back-scattering
atoms ; it is usually a quasi-linear decreasing function
of k: ¢;=p;—a;k (2) (see Fig. 6);

— the damping of the spectrum due to the
photoelectron life-time is represented by the term

e 2Ri/2®  where A is of the order of 5 to 20 A ;
— the effect of atomic disorder is represented by
the radial distribution function g (R;) of the distance
R; between the central atom and the j-th neighbour
shell atoms ; in the moderately disordered systems
considered, its width is small relatively to the
interatomic distance ; it takes into account thermal
vibrations and static displacements ; in the case of
the harmonic approximation (small thermal vi-
brations), g(R;) is a Gaussian function, and the
integral in equation (1) can be replaced by :

207

2T sin 2 kR, + w;(k)) )

where o ]2 is the mean-square relative displacement
between the central atom and its j-th surrounding
shell ; yet, this Debye-Waller type approximation is
generally not valid for statically disordered materials.

The wave-vector k of the ejected photoelectron,
which may be considered as free when its kinetic
energy E exceeds 50 eV, is given by the equation
# k*/2 m, = E — E,, where m, is the electron mass
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and E, a « zero potential ». In fact, because of the
complex shape of the near-edge structure, there is
no way to determine experimentally E, (within a few
eV); the problem of the choice of E, has been
largely discussed in literature, and it is generally
agreed to make it an adjustable parameter in the
analysis [5]. In our case, E, was taken for all samples
as the edge energy determined in section 4 : this
choice optimized the k-independency of interatomic
distances R;(k) determined from the Exafs data

(£0.015 A for the first Ti-Ti neighbours in TiCy
for 3 <k <11 A~1). It is important to note that a
2 eV variation of E, for a given phase-shift ¢;(k)
introduces a 0.01 A change of the interatomic dis-
tance R;.

Our Exafs data were analysed by back-Fourier
transform filtering ; the Fourier transformation used
was :

F.T. (k*x (k)) = rw k3 x (k) e*™ R w (k) dk

— 0

where k> is a multiplicative term introduced in order
to amplify the high k Exafs oscillations ; W(k) is an
apodized rectangular window function, the extre-
mities of which are k,;; = 2 A~! (lower validity limit

TE (iX)

| T=10K

8 10 r(A)

Fig. 5. — Fourier transform magnitude |F.T. (k°x (k))|
of TiC,_, Exafs spectra measured at 10 K. The arrows
indicate the positions of near neighbour shells, assuming a
constant a; = 0.86 A.
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of the Exafs formula (1)) and k,,,, = 12 A~! (higher
limit of recorded data) [9].

It can be seen in figure 5 that the near neighbour
shells contribute to the F.T. magnitude by peaks
situated approximately at distances R} = Rj - a;/2,
a; (the slope of ; versus-k) being close to 0.86 A.
In fact, because of the weak backscattering ampli-
tude of carbon, only the first neighbour carbon shell
is observed. The intensity of the titanium peaks
decreases with the distance of the shell, which is due
to the various damping factors in formula (1). At
last, an increase of temperature or of carbon vacancy
content results in a damping of the Fourier trans-
form.

Then, inverse Fourier transformation applied to
each of these peaks allows to isolate the different
atomic shell contributions x;(k) to the Exafs, and to
analyse them separately.

In the case of stoichiometric TiC, where the
interatomic distances Rj are precisely known, the

phase shift ¢ ;(k) for each shell j of neighbours could
be experimentally determined from the zeros of the
filtered x; (k) function (see Fig. 6). For Ti-Ti and Ti-
C first neighbours, the ;(k) curves are in good
agreement with those obtained by Balzarotti et al.
[6] ; these authors explained the difference with the
ionic phase-shifts calculated by Teo and Lee [33]
(difference which can be partly corrected by a shift
of E,, AE,;=8¢V), in terms of the dynamical
screening model developed by Noguera and Span-
jaard [34]. At last, we attribute the large difference
between the 2nd and 4th Ti-Ti neighbour phase-
shifts and those of the other shells, to collinear

Ti-K X-RAY ABSORPTION EDGE AND EXAFS IN TiC, _,

4l¢(ra¢)
(0] 8
=41
) R R e Ly
2 4 6 8 10
Fig. 6. — Experimental total phase-shifts (backscatter-

ing + twice central) with zero potential E, situated at the
absorption edge, for the neighbour shells of a central Ti in
TiC (first carbon shell, four first titanium shells). The
phase-shift for the first Ti neighbours in pure titanium has
been added for comparison (dotted line).
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multiple scattering, as these atoms are separated
from the central atom by C and Ti first neighbours
respectively.

5.2 INTERPRETATION BY THE CLASSICAL GAUSSIAN
MODEL OF DISORDER. — In such a model, for each
neighbour shell j of the central absorbing atom,
formula (1) reduces to :

N; Y
X (k) = = =L | f;(k, )] >0
kR?

271 Gin Q kR, + y,(k)) (4)

X €
where the static and thermal disorder effects are

e g2 g2 2 :
weak and uncorrelated : 07 = 0, + O perm, - It is

in a first stage assumed that y;(k), A(k),
| fi(k, m)| remain independent of temperature and
composition in TiC, _,.

The analysis of partial Exafs contributions x;(k)
was mainly restricted to the two first neighbour
shells (Ti-C and Ti-Ti), the contributions of more
distant shells being complicated by multiple scat-
tering effects ; because of the poor xr;c(k) signal,
the uncertainties on crystallographic data obtained
for the first neighbour Ti-C shell are rather large.

5.2.1 Mean interatomic distances. — The R; depen-
dence with x was deduced from the zeros of
xj(k) at 10K (using ¢;(k) determined in TiC, as
described Sect. 5.1) ; it is represented in figure 7 for
the first neighbours Ti-C and Ti-Ti in comparison
with the corresponding distances deduced from the
lattice parameter: a(x)/2 and a(x) V22 respect-
ively.

In the case of the Ti-Ti first neighbours, the
average distance should remain equal to a(x) V202
because the Ti sublattice is totally occupied [35] ; the
apparent contraction of Ry (compared to
a(x) \/5/2) could not be suppressed by using Ti
phase-shifts interpolated between those of TiC and
Ti pure metal (see Fig. 7). Similar conclusions could
be drawn for the Ti-Ti second, third and fourth
neighbour shells.

5.2.2 Thermal vibrations. — Information on af,hem
is obtained from the amplitude ratio of the partial
Exafs functions of a given compound at 10 and
300K:

ll [leox(k) ] _
2 X;j300k (k)
= (¢} (300K) — o} (10K)) k*. (5)

In figure 8, it is seen that for the Ti-Ti and Ti-C
first neighbour shells in TiC, relation (5) is obeyed,
i.e. that the harmonic approximation describes well
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Fig. 7. — Ti-Ti and Ti-C first neighbour average interatomic distances in TiC,_,: (i) from X-ray diffraction

measurements (E) ; (ii) from Exafs determinations using the Gaussian model and phase shifts measured in TiC ({) or
interpolated between Ti and TiC (O); (iii) from elastic diffuse neutron scattering measurements on TiCy (I)

(Ref. [45]).

0T TiC:(A 10K

B:-300K

o4}

Fig. 8. ) values measured at the partial

—_ l In ( &

2 XB
Exafs oscillations maxima in TiC versus k®:x, and
xp correspond respectively to 10 K and 300 K exper-
iments ; (e) and (*) experimental results for Ti-Ti and Ti-C
first neighbours ; (------ ) and (—) linear adjusted func-
tions versus k>

the thermal vibrations in TiC up to 300 K. The fit
gives :

ofini (300K) — ofiry (10 K) = 0.0013 (5) A?
02 (300K) — o4 (10K) = 0.0030 (10) AZ.

The 0% ; and o  values deduced from Exafs are
smaller than the sum of (one dimensional) individual
thermal mean square displacements 2 o'% and
o' + o'% respectively, because the first neighbour
movements are partially correlated (in particular,

the long wavelength vibrations do not contribute to
o2.1). From data of literature [37-39],

o'% (10K) = 0.0013 A2, o', (300 K) = 0.0023 A2,
o'2 (10K) = 0.0024 A2, 0'% (300 K) = 0.0033 A2.

The Exafs thermal Debye-Waller factor has only
been discussed for pure metals [36] : the reduction
of first neighbour interatomic o? due to movement
correlations varies from about 20 % at 0 K to 40 %
above Debye temperature ; our data for o2 1, in TiC
are in qualitative agreement with these results.

For non-stoichiometric TiC,_,, the same
0?2 (300K) — 02 (10 K) values than for TiC were
found (within the error bars).

5.2.3 Static displacements. — In the Gaussian model
of disorder, the amplitude ratio of the partial Exafs
functions relative to the same shell of neighbours in
TiC and TiC,_, at a given temperature, may be
written as :

XjA(k) _
to [ X (O ] =l

NisRj

Np Rj2A
+2(0% - of) K (6)

where A = TiC, B= TiC,_,.
The slope of experimental %ln (xa/xg) versus

k? will give an evaluation of the relative disorder
between the atomic structures of TiC and TiC, _,,
and the extrapolation at k = 0 will measure the
possible change of the coordination N;.

In figure 9, are shown the %ln (xa/xg) versus



1745

N° 10 Ti-K X-RAY ABSORPTION EDGE AND EXAFS IN TiC, _,
1
2 In (xA/XB)
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Fig. 9. — %ln (&) values measured at the partial Exafs oscillations maxima in TiC,_, versus k* at 10K :
XB

x o and x g correspond respectively to Ti-Ti first neighbours in TiC and TiC, _, :

(- ) linear fit (Gaussian model) (for

TiCys and TiC,,); (——) fit by the model of section 5.3 with several & values. Experimental points: (A)

TiCyg; (x) TiCyg (300 K) ; (O) TiCy;; (O) TiCys.

k? curves for the Ti-Ti first neighbours at 10 K : it is
seen that relation (6) is only approximately obeyed.
The parameters deduced from the linear fit of these
curves in the 4-12 A~ 1k range, for the Ti-Ti and Ti-
C first neighbours at 10 and 300 K (i.e. relative
disorder o3 — 0% and coordination Ng/N,) are
summarized in figure 10 and table II.

Two statements can be made :

(i) as the thermal contribution o2 (300K) —
o?(10K) was found independent of x, o5 — o'y
can be considered mainly as a static contribution,

arising from atomic disorder(in TiC,_, : o2t ;
1-x j

o 2% and o 2% are found independent of tempera-

ture and roughly proportional to the carbon vacancy
concentration x for x < 0.3 ;

(ii) the decrease of Ng/N, for Ti-Ti first
neighbours is anomalous, as it should remain equal
to 1.

The latter fact, as well as the anomalous apparent
decrease of Rpp; (Sect.5.2.1), suggests that the
Gaussian model does not describe correctly the
static atomic disorder in TiC, _, .

Another defect model is proposed in the following
paragraph.

C [alTi-1i NN,
o7y [ 10
Pyl ~
0.9“_ 09»- T
Lo ~
cel I wl Oy
Ay T 1 T B iy E— e
I 7 #:300K #: 300K
Ac/
6 I /'/i
! l/ l el
J -’T Jd
/'/ ] -
& 2| 47
/ . -] _/"' . (1=x)
%05 s o7 05 e %055 o708 2l

Fig. 10. — Relative coordination and static mean-square displacements variations from TiC to TiC, _, obtained from the

Gaussian model fit of Exafs data at 10 and 300 K.
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Table II. — Relative static atomic mean-square displacements of Ti-Ti and Ti-C first neighbours in
TiC, _,, evaluated from the Gaussian disorder analysis of Exafs data ( %ln (xa/xp) versus k* plots) at 10

and 300 K, and in the defect model of section 5.3, with ¢ = 0.08 A and & =0.04 A.

TiC, _, o %i-Ti (A) o %i-C (A)
10K 300K 6x(1-x)e2 10K 300 K x(1 —x)e*+4x82
Gaussian Gaussian Gaussian Gaussian
TiCy 0.0025 (10) 0.0026 (10) 0.0035 0.0012 (10) 0.0010 (10) 0.0012
TiCyg 0.0063 (20) 0.0048 (10) 0.0061 0.0023 (10) 0.0019 (10) 0.0023
TiC, ; 0.0083 (15) 0.0067 (15) 0.0081
TiCy 6 0.0114 (15) 0.0092 (*)
(*) 0.0092 in the disordered case, 0.0194 in the ordered case.
5.3 DEFECT STRUCTURE MODEL FOR TiC;_,. — Table IIl. — Static pair distribution probabilities

Eisenberger and Brown [40] were the first to show
that a non-Gaussian asymmetric radial pair distri-
bution function g(R;) explained the apparent de-
crease of coordination N; and average interatomic
distances R; in many disordered systems. The model
proposed here is based on the crystallographic
structures of vacancy-ordered carbides Ti,C, Zr,C,
VgC;, NbcCs [3] where, as shown by X-ray and
neutron diffraction, the metal atoms are displaced
away from their carbon vacancies first neighbours.

5.3.1 In a first stage, we assumed that the carbon
atoms remain (in time average) fixed at their f.c.c.
sites, and that each vacancy pushes away radially its
six Ti first neighbours by a distance . For Ti atoms
with several first neighbours vacancies, additivity of
the displacement vectors due to each vacancy is
assumed. In figure 11 are shown the different pos-
sible environments of a Ti-Ti first neighbour pair : it
is found that, to first order in £/a, the corresponding
Ti-Ti interatomic distance R; can take 9 discrete
values labelled by the integer index n = — 4 to + 4 :

Ri=a~22+neV22=a22+y,.

The static pair distribution function g, (R;) is then
a histogram of 9 discrete values g,(R;) such that

+4
Y 9, =1. In the case of a random distribution of
n=-4
vacancies and carbon atoms, the expressions for the
9 coefficients g, are given in table III, and the
g, versus y, histograms are shown in figure 12 : the

distribution is found asymmetric excep} for x =0
+

and 0.5. One can easily check that % g,y,=0

n=-4

g, and interatomic distance fluctuations y, for Ti-Ti
first neighbours in disordered TiC, _, in the model
described section 5.3.

n Y 9»
-4 —2e2 x*Q-x)

—3  —3e22 4xX3(1-x)

—2 —r\2 2x°(1 - x) +6x*(1 —x)*
1 —e 22 8x*(-xP+4x(l-x)

0 0 x6+12x3(1—x)3+(1—x)6
+1 +e22 4xX°(1-x)+8x*(1-x)
+2 452 6x*(1—xP+2x(1-x)
+3 +3e22 4x’(1-x)

+4 +4+2e~2 X1 -x)

(whence Rj =a \/5/2), that the mean-square relative
displacement of Ti-Ti first neighbours is

+4
otni= Y gu(neV22) =6x(1 - x) ¢

n=-4

and that the individual 3-dimensional Ti mean-
square displacement o % has the same value

gl =6x(1-x) .

5.3.2 The partial Exafs y r;.1; (k) can then be recalcu-
lated exactly using the formalism of Eisenberger and
Brown [40] and the above model. The pair distri-
bution function g (R;) is written



N° 10 Ti-K X-RAY ABSORPTION EDGE AND EXAFS IN TiC, _, 1747
n=-4 n=-3 3 n=-2
Yoa = -26V/2 Ya=-—&/2 Yoo = -€/2
. o 2 g o
X K. m] X , o X “. a
o o" X O e» X X @ X
a . X X
x* (1-x)? 43 (I-x)°® 2x% (I-x)*
X X o
X <o O X «o O o o
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Fig. 11. — Different atomic environments of a Ti-Ti first neighbour pair in the (001) lattice plane of TiC, _,, consisting

of six sites of the metalloid sublattice. The individual Ti displacements in the model of section 5.3 are indicated by
arrows. The four other metalloid first neighbours (out of 001 plane) do not influence the Ti-Ti distance to first order in
e/a. For each type of environment are indicated the index n (see text), the interatomic Ti-Ti static displacement
¥, and the probability of this environment for a random distribution of C and vacancies. (e) Ti; (x) C; (O) vacancy.

2 2
e_ 2 ”j therm. k

* Gstat. (Rj) >

where g .. is given in table III. The integral in
equation (1) takes the form :

e—zajzthcrm kz 1 %
: ;A,f + 8%
. - A,
xsin (2kR; + ¢;(k) + Arc tg 5 ) (7)
k
with

+4

A=Y g,sin2ky,,

n=-4

and

+4
Sk= ) gncos2ky,
n=-4
(forx=0:Ak=0, Sk=1)‘

The relative damping between TiC, _, (sample B)
X .
and TiC (sample A), 1 In 22 , IS
2 X
1

1 . . .

ZIn which is not a linear function of
2 : /A,f + 87

k2

given by
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Fig. 12. — Non-Gaussian Ti-Ti first neighbour interatomic
distance distribution obtained in the model of section 5.3
for different compositions TiC, _,.

e For 0.7=<1 —-x <1, vacancies and carbon
atoms are taken to be randomly distributed, as
elastic neutron diffuse scattering experiments have
shown that the short-range order in TiC, ;4 is weak

[35]. The fit to the experimental data %ln Xa was
XB

then made using the g, values of table III ; the best
fit, shown in figure 9, corresponds to the following &
values : 0.075 A for TiCy,, 0.085 for TiC,g and
TiCy 5.

e TiC,, presents a strong tendency for vacancy
ordering and must be discussed separately : it can be
shown that ordering increases o %y, for a given e ; if
one assumes either of the two proposed long-range
ordered superstructures for TiCysoe (R3m type
CuPt, or Fd3m [7]), the excess carbon relative to the
ideal composition Ti,C being randomly distributed
on the vacancy sublattice, one can calculate that
oo =[6x(1—-x)+10x% e?; the fit to exper-
imental data gives for TiCy¢: ¢ = 0.07 A (instead of
0.10 A if ordering is neglected).

e These results are obtained neglecting short-
range order between carbons and vacancies, and
assuming that the thermal displacements are inde-
pendent of composition. We can show that these two
approximations have only small effects on «. (i) For
0.7<1 — x <1, short-range order is mainly charac-
terized by a tendency for two vacancies to avoid
f.c.c. second neighbour positions, i.e. by a negative
Cowley-Warren coefficient a, [35] ; for TiCyg, we
recalculated o ; after introduction of a short-range
order parameter agy = — 0.1 [45]; this causes a
small modification of ¢ :0.08 instead of 0.085 A.
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(ii) The Ti Debye-Waller factor at 300 K increases
with x ; we estimated from various data of literature
[36, 37, 39] 0% rimerm (10K) =0.0021 A% for
stoichiometric TiC (see Sect.5.2.2) ; assuming its
variation with x is proportional to that of % jorm
(300 K), i.e. an increase of 25% from TiC to
TiC, g [37], leads to a small decrease of the calculated
static Debye-Waller factor and of ¢:0.0082 instead
of 0.0085 A.

In conclusion, it is reasonable, within the error
bars, to take e constant in all the TiC, _, composition
range, and equal to 0.08 = 0.01 A. The calculated
mean-square relative displacements are given in
table II.

5.3.3 For the Ti-C first neighbours, the same model
gives (to first order in &/a) two distances : a/2 and
a/2 — ¢, with respective weights go=1—x and
gi=x. The average  distance is  then
Rric = a/2 — xe, and the mean square displacement
oclce=x(1-x)e*= 1 okl As

6

olc= % ok (see Tab.II), this
means that the carbon atoms are also displaced. We

refined the model, assuming that each vacancy
displaces also radially its twelve C first neighbours
by a distance 8.

This does not change Rp.c(= a/2 — xe), but the
mean-square displacement becomes :

experimentally

one observes

ohc=x(1-x)e*+4x82%.

The fit of experimental data (Fig. 9) for TiCy¢ and
TiCys gives then |8| = 0.04 = 0.02 A.

5.3.4 Formula (7) shows that the asymmetry of the
g, distribution introduces a corrective term

3 = % Arc tg (A,/Sy) to the distances R; deduced

from the Gaussian formula (4). We calculated
3, for the Ti-Ti and Ti-C first neighbours using the &
and & values determined above from the damping of
the Exafs spectra. It can be shown that the carbon
displacements & do not contribute to A; and do not
affect the average distances.

For Ti-C pairs in TiCyg and TiCgyg, 3 is found
small and positive (< 0.005 A) for all the k range
studied (4-12 A'): the contraction of Ry ob-
served in figure 7 may be considered as intrinsic.

For the Ti-Ti pairs, 3, is larger, negative and
varies with k ; typically, for TiCys, 2, = — 0.002,
—0.010 and —0.027 A for k=4, 8 and 12A~!
respectively. This variation with k explains largely
the error bars on Ry;.; calculated with the Gaussian
model (+0.015 A), and the apparent contraction
compared to the X-ray data (— 0.011 A with phase-
shift interpolated between Ti and TiC, close to
—~0.010 A the 3, value calculated at the middle of
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the k window, i.e. for k = 8 A1), The same agree-
ment is found for TiCy4 and TiC .

5.4 DiscUSSION. — The static displacement model
proposed in section 5.3 explains satisfactorily the
anomalies deduced from a Gaussian analysis, in
particular the apparent decrease of Ti-Ti coordi-
nation and average distance for non-stoichiometric
samples.

It is interesting to compare the obtained results
with the criteria given by Eisenberger and Brown
[40] for the validity of the Gaussian description
(Eq. (4)) to obtain a precision of 0.01 A in distance
evaluation. For Ti-Ti first neighbours in TiC, _,, the
criteria may be written : ‘

o'%i-Ti/RTi_Ti =<0.01 A (8)

and

800 =8K° T g, <1. )

n=-4

For TiCyg, (i) o%1/Ryy is found equal to
0.004 A, including thermal vibrations : criterion (8)
is satisfied ; (i) 8 k°(y;) =0.856 and 2.89 for
k = 8 and 12 A~ ! respectively : we are at the limit of
applicability of criterion (9) and therefore of the
Gaussian model. In conclusion, it is the asymmetry
of the static Ti-Ti distance distribution (and not its
width) which is responsible for the non-applicability
of equation (4).

The results of the model of section 5.3 are :

e £ =0.08+0.01 A, the titanium atoms being
repelled axially from each vacancy (an attraction
would give an apparent expansion of Ry ;

e|8| ~0.04 A, but the sign of the carbon displace-
ments could not be determined, and the precision is
low due to the weak carbon backscattering ampli-
tude.

The & value can be compared to those obtained by
other techniques :

(i) elastic neutron diffuse scattering experiments
on a TiC, ,, single crystal [35, 45] show a contraction
of the average Ti-C first neighbour distance :
0.016 + 0.003 A, whence & = 0.067 = 0.013 A. The
diffuse scattering gives the Fourier transform of the
displacement field in all the crystal, while the Exafs
gives a selected information for the first neighbour
shells ;

(ii) channeling experiments were also performed
on a TiC,4 single crystal [39]. The carbon displace-
ments were not detected (< 0.05 A). But, using a
Gaussian model for disorder, the mean square Ti
displacement (relative to the lattice sites) was found
independent of temperature and equal to
0.04 + 0.01 A, whence & = 0.054 + 0.015 A.

(ili) X-ray diffraction measurements of the val-
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ence electron density distribution in a TiC,, single
crystal [38] were analysed by a sophisticated model,
incorporating static displacements along [100] of the
metal atoms neighbour to a carbon vacancy ; the
refinement of data led to a displacement
e=0.097(2)A;

(iv) the analysis of the thermal dependence of the
Ti Debye-Waller factor in TiCy s [41] allowed to
estimate the static contribution, which corresponds
to average displacements =~ 0.1 A of the Ti atoms
close to a carbon vacancy ;

(v) the composition dependence of the F peak
position observed in Xanes, analysed by the Natoli
relation assuming the reference energy E_.; does not
change with x, led to & =0.065+0.02A (see
Sect. 4.2.4).

6. Conclusion.

The Ti-K Xanes features in TiC show good agree-
ment with the band structure assuming (dipolar
unallowed) 1s — 3d transitions in the 8 eV above the
Fermi level. A study of the orientation dependence
in a single crystal, using the linearly polarized
characteristic of synchrotron radiation, might allow
to check if quadrupolar transitions are involved. For
non-stoichiometric compounds TiC,;_,, we have
observed an increase of the density of states at the
Fermi level, a shift of the bottom of the unoccupied
Ti 4p bands towards Ep, and a decrease of the
titanium effective charge. The latter observation is
in contrast with available band calculations ; in fact,
realistic band calculations, taking into account the
true ordered structure, with carbon vacancies avoid-
ing second neighbour positions should be per-
formed ; indeed, calculations for various Ti,C
superstructures [4] show that for the CuPt type
(R3m) ordered structure which is observed exper-
imentally in TiCjsy6s5, the carbon 2p-metal 3d
e, occupied bands have a much sharper density of
states curve than in the other cases (including the
disordered compound).

The Exafs study has shown that a Gaussian model
for static displacements induced by vacancies is
insufficiently accurate : the model proposed in sec-
tion 5.3 allowed us to obtain an exact solution of the
Eisenberger and Brown formalism (to first order in
€/a and 8 /a) : it explains satisfactorily the apparent
anomalous decrease of Ti-Ti first neighbour coordi-
nation and average distance observed in the Gaus-
sian analysis, assuming that each vacancy repels its
six Ti first neighbours by 0.08 A and displaces its 12
carbon first neighbours by =~ 0.04 A (in fact, elastic
neutron diffuse scattering experiments [45] show
that the carbons are attracted by their vacancies first
neighbours by 0.032 A).

Some of the experimental observations discussed
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here are at the limit of the precision : the difference
between interatomic distances obtained from Exafs
and X-ray diffraction (=< 0.03 A) and the results
concerning the carbon displacements. On the other
hand, the |e| value deduced from the damping of
the very intense first neighbour Ti-Ti partial Exafs is
quite precise ; it is somewhat smaller than that found
for niobium carbide NbC, _, by channeling [42] and
X-ray Debye-Waller [43] measurements: 0.12 +
0.01 A. The latter experiments and related lattice
statics calculations [42-44] confirmed also (i) the
quasi-independency of & with composition x, (ii) the
additivity of thermal and static Debye-Waller fac-
tors, and (iii) that for x =0.1, the metal static
Debye-Waller factor is entirely dominated by the
large displacements of the first nearest neighbours
calculated in a single vacancy model. It is interesting
to mention that the X-ray diffraction experiments
reported in [43], performed in the range
4 < k<28 A~!, have also shown that, contrary to
the case of thermal vibrations, the attenuation of
integrated diffraction intensities by static displace-
ments cannot be represented by a simple exponential
exp(— o k?/3) (but the X-ray Debye-Waller factor
measures the mean-square displacement from the
lattice sites o2, whereas Exafs depends of the
interatomic mean-square displacements 0% or

o %i»C)-
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At last, the indications from the present work
concerning the sign of ¢ (i.e. the first Ti neighbours
of a C vacancy move away from the vacancy) are
summarized below :

— the decrease of average Ti-C first neighbour
distance (see Fig. 7) ;

— the sign of the error 3; on Ti-Ti average
distance introduced by the asymmetric gy, (Rrir)
histogram (see Fig. 12) ;

— the positive shift with increasing non-
stoichiometry x of the energy position of the F peak
observed in Xanes (see Sect. 4.2), the magnitude of
which is in qualitative agreement with the ¢ value.
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