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Inelastic x-ray scattering spectra were measured with incident x rays having an energy near 8 keV for a
range of momentum transfegsextending from 0.70 to 2.0 A1, We find spectral features corresponding to
valence electron excitations, as well as Raman scattering corresponding to excitation fropncire 3tates
to the 3 valence states of Ti. The spectral features corresponding to valence electron excitations lie in the
regime conventionally interpreted as a bulk plasmon together with intraband and interband transitions. We
compare our data for TiC aj=1.05 A ~! with calculations for the dynamical dielectric constafy, w)
based on local-density theory. The agreement between the data and calculations permits us to interpret certain
features in the spectra as arising from band transitions out of the strongly hybridizpeT 2d band. The
energy loss position of the Raman scattering peak is independent of momentum transfer for both TiC and Ti
and lies at 48 eV for Ti. This value is above the highest-lying x-ray ultraviolet absorption resonance for atomic
Ti at 43.5 eV. This shift in the data to higher energy transfer is consistent with electron energy loss spectra and
photoemission results reported in the literature and indicates that important physical processes are not encom-
passed within existing theoretical approaches to x-ray Raman scatfeS0i53-18206)03425-X

I. INTRODUCTION The rare combination of strong bonding and metallic con-
ductivity has attracted theoretical attention to the electronic

: Inela§t|c x-ray scattermgIXS) spectrg are a source of structure of TiC. Furthermore, the simple rocksalt crystal
information on the dynamics of electronic excitatidnalith . : . .
structure has facilitated the calculation of the full dielectric

a bandpass ranging from 0.1 to 1 eV, IXS can be used t(c):onstant (q,w) using a full-potential linearized combina-
study both valence band and conduction band excitations gs el @ 9 b

- -~ > %ion of muffin-tin orbitals(LMTO).1° Hereiw and7q are
well as plasmons. In addition, x-ray Raman scattering in-

volving excitations out of core states can be studied. Becausjtge energy and momentum lost by the x-ray photon upon

the intrinsic scattering cross section for x rays is ten orders O§c_atterlng. A sum over the Brillouin zone is reqwred_to Ob.
) . ain the wave-vector- and frequency-dependent dielectric
magnitude smaller than for electrons, the bulk properties o - . . .
. . . onstant, and obtaining this sum is an involved procedtre.
samples can be studied without interference from surface er- . L
. Broadly speaking, we can divide the IXS processes that
fects as occurs in the case of electron energy loss spectros-

copy (EELS. Furthermore, i x ays o o requre the /01 SECUenc SXlons ol o regines of Plas
use of ultrahigh-vacuum conditions. ’

Because scattering rates are significantly reduced f0§nd inner shell excitations occur at higher values in the Ra-

heavily absorbing samples, IXS studies have been limited t§'n regime. We report here spectral bands for both materials
materials with low atomic number. Bé Li.*5and AI®7 as  that fall into the plasmon and band excitations regime and

well as graphit® and Cy, have been studied. A detailed &€ well accounted for by these excitations. In addition, there
study of Si has also recently appeaPdd.this work we have 1S for both materials a higher-lying spectral band to which
extended this list to include the elemental transition metal TieXisting theoretical approaches to Raman scattering do not
as well as the binary material TiC. lend an explanation.
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II. EXPERIMENTAL DETAILS AND RESULTS Ill. BASIC RELATIONS AND
LOCAL-DENSITY-APPROXIMATION CALCULATIONS

The IXS spectra were measured at beam line X21 at the Within the first Born approximation, the double differen-

National Synchrotron nght.SOUI’CG.lThIS beam line has &;y ¢ross section is related to the dynamical structure factor
wiggler as a source and deliver20' photons per second S(g,®) by the well-known relationshif

in a bandwidth of about 0.7 e¥. Crystal analyzers of in-

creased collection efficiency have recently been constructed d?c ) ®2

and were used for the present studies. These analyzers were dwdn e &rog Sa.e), @)
Si(444) at 7.9 keV(Ref. 12 and G&444) at 7.6 keV*® Both

of these were operated at Bragg ang]es in the range 86°Where ﬁwl and ﬁw2 are the energies of the incident and

87°. The spectra were obtained by scanning the incident efgcattered photons, respectively, @dnde; are their polar-

ergy with a fixed analyzer setting, i.e., at a fixed collectioniZation vectors. The Thomson factef/mc® is written as
the classical electron radius. The dynamical structure fac-

energy. We used a Ge solid-state detector to record the sca’ | ) ) X
tered photons. tor is related to the dielectric response functiofy,w) by

We made measurements on single crystals of TiC and Tit.he fluctuation-dissipation theoré

The TiC crystal had a large facet oriented 20° away from TG 1
[111], and we inclined the crystal by 20° to position the S(g,w)=— 4w2e2n=m(e(q w)).
[111] direction along the scattering vectqr The Ti crystal '
was oriented so that lay along[00- 1], i.e., along thes axis  Heren is the electron density.
of the hexagonal structure. The raw spectra for TiC and Ti There are two approaches to the calculation ef(d/w)

are shown in Figs. 1 and 2, respectively. The data are showthat have been applied to fitting 8{q, ) obtained by IXS

with low ordinate values of each spectrum brought to theThe first approach starts with the jellium model, which re-
zero of the ordinate scale. The data were normalized to thduces the effect of the ion cores to that of a uniform positive
incident beam by using an ion chamber placed in front of thebackground. One proceeds by treating the electron-electron
sample. interactions  within the random-phase-approximation

@
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(RPA).Y® In this way the following expression, which is to the expected plasmon energy. Furthermore, of allgtke
known as Lindhard’s longitudinal dielectric functiofis ob- investigated, the value of 1.05 2 is closest tag, for both
tained: TiC and Ti. For values ofy larger thang., the discrete
_ plasmon excitation couples to the continuum of electron-hole
eY(q,0)=1—lim VqE fE(p+a) f(E(p)). . excitations and spectra in this region have been interpreted
s—0 b E(PTA)-E(P)-ho+id by including so-called Fano resonances or antiresonances.
(3 In addition, the plasmon corresponding to the next reciprocal
Here E(p) and f(E(p)) are the single-particle energy and lattice vector may also be excitédThese two phenomena
Fermi occupational factor of the eigenstate having a momenrare expected to enter into a complete theoretical description
tum p, andV, equals 47e%/q*Q, with Q denoting the vol-  of our data forq>q_.
ume. Corrections for electron-electron interactions beyond There are clear peaks in ti$¢q,») data for TiC taken at
the RPA, i.e., for exchange and correlation, are then incorg=1.05 A~ at ~12 and~50 eV that are not explained
porated via a local field factbrand by the introduction of a within the framework of the jellium model as we have out-
finite lifetime of the single-particle staté&For smallg, the lined it, and the next logical step, the incorporation of band
Lindhard dielectric constant has a pole corresponding to &tructure, is presented below.
plasmon. Within the RPA there is no decay mechanism for We applied the Ehrenreich-Colf8rexpression for the di-
the plasmon as long as energy and momentum conservati@iectric function given by
do not permit the creation of electron-hole pairs. §darger
than q., whereq. is defined as the plasmon momentum
consistent with the kinematic constraints imposed on
electron-hole formation, the plasmon can decay. Plasmon TiC (NaC)) Ti (hep
dispersion within the RPA is given bY

TABLE |. Free electron values.

a, lattice parametefA) 4.33 2.95
w?=w?+ 2v2q2 (4) c, lattice paramete(A) 4.68
. po SRR Electrons in unit cell 32 8
Here vg is the Fermi velocity. Values forn, n, electron densityA ~3) 0.394 0.227
wp= VAmne?/m, andq, for TiC and Ti are listed in Table I. , plasmon energyeV) 23.3 17.7
Comparing these to the data, we see that the strong pea[gc§‘ critical momentum(A ~1) 1.09 0.98

near 24 eV for TiC and near 19 eV for Ti correspond roughly:
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f(Es(p+a))—f(E/(p))
Es(p+a)—Ei(p)—fiw+id’

&(q,0)=1- IiquEp (W, (p)|e” "4 W (p+q))|? (5)
5—0 IS

Herer ands are band structure indices. We note that this isus for the FWHM of the elastic peak of a Plexiglas sample.
the first diagonal element of a more general dielectric matrixThe ordinate scale was obtained by applying tkeum rule
with separate elements for separate reciprocal latticéo both our data and the calculations. Thsum rule is given
vectorst® Neglect of these other terms corresponds to theby

neglect of microscopic local field effects, i.e., field effects

due to the periodicity of the solilEquation(5) derives from _hq

self-consistent field theofy and is equivalent to the RPA. f @S(Q,w)do= 70 ©6)
Introduction of exchange, correlation, and lifetime effects is

thought to be possible via the same techniques as outline®S Will be discussed in Sec. IV, we must apply the sum rule
above for the jellium modél,although this is a largely un- to the data without including the peak centered near 50 eV.
tested hypothesis. The integral in Eq(6) has been performed over the spectrum

However, we have taken a different approach in which weshown in Fig. S. o _ o
evaluate Eq(5) using wave functions and eigenvalues de- It is convenient at this point to dlscus_s the origin of the
rived from local-density-functional theo). This approach P€ak at 12 eV in Fig. 3. A corresponding peak is clearly
incorporates local exchange via the potential of Ceperley anfvident in the data in Fig. 1. First, we present the
Alder?2 Due in part to the simple rock salt structure of TiC, |-Projected density of states, as shown in Fig. 6. Here we
we have been able to obtain the dielectric function forShOW
q=1.05 A~L. The band sums were performed over the one-
electron valence and conduction bands in the first BriI_Iouin DI:Z SE—E)w,;, (7)
zone. Results for Im{), Re(s), and Im(1£) are shown in [

Fig. 3. Invoking the fluctuation-dissipation theorem, we
compare the calculated values for Im{)Lfo our data in Fig.

4. Here we have convolved the raw calculated results with
Gaussian resolution function having a full width at half
maximum(FWHM) of 0.8 eV. This value was measured by

2

wherew, ; is the fractional portion of state with orbital
angular momentum quantum numbeand lying within the

& or Ti muffin-tin spheres. We note that the occupied states
(i.e., those below the Fermi energy at about 10 eV on the
abscissa scale in Fig,) G&re composed almost entirely of C
2s states in a narrow band around 0 eV and of g-Zi

Q 3d bonding states in a strongly hybridized band extending
Tic from the Fermi level down about 4 eV. Unoccupied states
extending above the Fermi level to about 18 eV are largely
antibonding in character. Above 18 eV, the states are mostly
free-electron-like, although there are peaks in the density of
states at 22 and 25 eV that also have substantigb @i Ti

3d character. One way to separate the contributions to the

q=1.05 1/R (111)

10

4 Re(e)

0.8
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FIG. 3. Calculated values for the real and imaginary parts of the FIG. 4. Data forS(q,w) for TiC for q=1.05 A~! (shown as
dielectric constant and for Im(d) for TiC for g=1.05 A~* along pointg compared to results of local-density-functional the@ylid
[111]. line). Ordinate values were scaled using fheum rule.
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FIG. 5. S(q,w) for TiC for g=1.05 A~1. The Raman part of 0
the spectrum was subtracted as shown.
dielectric function of the various bands is to incorporate the
weightsw, ; into an “I-projected dielectric function.” Using
a simpler notation withf;=(Es(p+q)) and f,=f(E,(p)), ¥ T

—r—rr
we obtain fs—f,) for the factor involving the Fermi func- c 10 20 3E0 40 V5O 60 70

tions in Eq.(5). This factor guarantees that the transition is hergy (eV)

betweeq occupied and unoccupied states. By replacing this FIG. 7. I-projected values of Im) for TiC for q=1.05 A~?
factor with along[111].

(fs_fr)(fswl,s"_frwl,r)’ (8) i . .
for the calculations of the-projected Ref) — 1 are shown in
we obtain an extra factor af; s when thes state is occupied Fig. 8. As a rough rule, Re)—1 passes from positive to

andw, , when ther state is occupied. In either of these CaseSyegative at a resonance.

the transition element is_ multiplied by tﬂlt.h. partial weight We are now in a position to comment on the origin of the
of the occupied state, with no decomposition of the UNocCUReak at~12 eV in S(q,). This peak occurs because the
pied state. minimum between the two resonances in #n@t 5 and 18

In_Fig. 7_We shovy the imaginary part of the dielectric o\/ gccurs at about the same point as a zero ineReThe
function weighted using Eq8). There are two resonances gnergies of the resonances give a good indication of the un-
evident at~5 and~18 eV, and these are found to involve .\ pied states involved. We find by means of a more elabo-
transitions out of the C @-Ti 3d hybridized band. Results 51e analysis of the final states that the large resonance at 5

eV arises from transitions to TiBBand C 2 bands in that
© portion of the density of states centered~at3.5 eV on the
" abscissa scale in Fig. 6 with most of the transitions going to
Ti 3d. The higher-lying resonance at 18 eV arises from tran-
Tic sitions to higher-lying states including a significant contribu-

Ti d— tion of Ti 3d and C % final states lying neat- 25 eV on the

C g~ abscissa scale in Fig. 6. There is as well a significant contri-

C po bution from transitions to other states in the 18 eV reso-
nance. The higher-lying states are free-electron-like and give
rise to excitations that most closely correspond to a plasmon
in a free electron picture as discussed above.

Density of States
2.0

1.0

IV. RAMAN SCATTERING

From the previous section, it is clear that the peak in all
the TiC spectra centered at50 eV is not encompassed
/ ; within the previous theoretical framework for valence elec-
S5 6 5 10 15 20 25 30 35 40 45 tron excitations. The fact that the Ti data reveal a similar

Energy (eV) peak centered at 48 eV strongly suggests that this peak for
TiC involves primarily excitations out of the@band of Ti.

FIG. 6. |-projected density of states for TiC. We note that a similar peak for both TiRef. 23 and TiC

ety
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" general, an interference between the discrgiet®3d and
. continuum 3l andel transitions is invoked to explain a shift
N towards higher energies. A theoretical explanation based on
both exchange interactiotbetween 8 electrons and 8
holes in the case of transition metathat splits and raises
the multiplet levels and autoionization that broadens the
T e higher levels has been invokétin support of this picture,
Cs — we note that autoionized electron emission under 1.5-keV
Cp — x-ray excitation of Ti has been report&iWe note that the
autoionization process was invoked to explain similar fea-
tures in the EELS spectrum of Ti and Tf¢ Additionally,
shake-up excitations, which do not decay into single-hole
final states, have also been invok&dinally, we note that
there is a strong peak in the TiC spectrum fip+=2.08
A~ centered near 35 eV, a value between the lowest two
absorption resonances listed in Table Il. We surmise that this
peak corresponds to the actual onset of the@3d absorp-
tion edge, but this conclusion must await further theoretical
developments.

A theory of x-ray Raman scattering has been formulated
based on a one-electron picture and has yielded the Golden
rule relationship*—3¢

Tic
~t g =105 1/ (111)

Projected Re(e)—1

LANLANL AN INCIL L L BN AL L L L L S L N L L L L LB B = iq.r 25E _E _ﬁ .
A A S Sk(q, @) 2p|(p|e |0Y|25(E(p) —E(0)—hw). (9)
Energy (eV)

When analyzed within the dipole approximation and when

FIG. 8. I-projected values of Rej—1 for TiC for q=1.05 applied to an isotropic solid, one obtains

A~1along[111]. 5

cq
Sr(0, @)= o(w), (10

" Arew

(Ref. 29 has been observed by EELS. We note that x-ray

Raman scattering peaks observed by IXS are referred to as ore () is the soft x-ray absorption cross section. If E
core ionization peaks by the electron scattering community A y P : 9.

X-ray ultraviolet absorption studies and photoelectronl(lo) applies, the Raman spectrum should have essentially the

spectroscopy studies ofp3core excitations for transition- Sagirsggfae daos :]2? %?/Zc;pgogesaeeggzg?' tion edae followed
metal atoms reveal rich specffaln the case of Ti, a mul- P 9

tiplet is observed in the absorption spectra. The energies &Fy_a plate_au_ as was observed for x-ray Raman spe_ctra%f Li.
the multiplet are listed in Table II. his qualitative difference for our data casts suspicion on the

The spectroscopic assignment of the multiplet lines in_approximations made in deriving EQLO). An analysis of the

volves P°3d"*! excited states that autoionize into the & dependence of our Ti data confirms the inadequacy of Eq.
3p%3d"Lef continuum?® where &f denotes an electron (10) in describing our Raman results. We applied the
emitted into a continuhm state with predominantly 3 f-sum rule, which is derived from a particle conservation

character. Heré is the orbital angular momentum quantum condition!® to place the ordinate on an absolute scale for
number. Careful absorption studies of Ti films evaporateoS égg\j\?aotvltgjri\l?slegcr:\?j ggﬁ;ﬁ%g t(ra\)émsts:’lno?jl.e':vsggvgngliglgl_
onto a substratéreveal a single peak centered at 45.9 eV. Agfter su’btractin ’the Raman ,ortion of the s ecrt)rF:Jm as
pronounced shift towards higher energies for the absorptioﬁ Jbtracting PC pect
spectra of Cr metal compared to Cr atoms has also bee hown in Fig. 9. The peak amplitude above the tail of the

. ' lence electron excitations is plotted as a functiomofn
found?® Resonant photoemission has also been applied t a ; '
: " 0 e upper panel of Fig. 10. We find that th&dependence of
the study of $ to 3d resonances in transition metats=”in Eq. (10) does not hold. We find instead a logarithmic depen-

dence as shown in the lower panel of Fig. 10. Only terms
that are higher order im (e.g., quadrupoleare expected
based on Eq(9), and consequently we conclude that the
E (eV) above theoretical description does not apply to our experi-
mental results.

TABLE Il. Energies for the p to 3d x-ray ultraviolet absorp-
tion resonances for atomic ¥i.

33.4£0.1

36.6-0.2 V. SUMMARY AND CONCLUSIONS

38.9+0.1 . _ _ _
41.2+0.1 Inelastic x-ray scattering spectra for TiC and Ti are re-
43.5+0.2 ported. The spectra are informative not only about valence

excitations, but also about high-energy loss excitations out of
aReference 25. the 3p core states of Ti. The valence excitations are com-
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The Raman contribution to the spectrum is the difference between r *
the data shown as solid circles and squares. %03 ; 0
q(A™)

pared to results of calculations made using local-density- £ 109 peak Raman contribution 8(q,w) plotted vsq? in

functional theory, and we find that we can relate certairy,, top part of the figure and vs lag) in the bottom part.

spectral features to band transitions. Theéependence of the

core excitation part of the spectrum disagrees with a one-

electron theoretical description applied to an isotropic solidwith J. L. Dehmer and P. M. Platzman. We would like to
acknowledge S. D. Bader for making us aware of Ref. 32.
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