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Band approach to the excitation-energy dependence of x-ray fluorescence of TiO

L. D. Finkelstein, E. Z. Kurmaev, and M. A. Korotin
Institute of Metal Physics, Russian Academy of Sciences, Ural Division, 620219 Yekaterinburg, GSP-170, Russia

A. Moewes
CAMD/LSU, Baton Rouge, Louisiana 70803

B. Schneider
Universitat Osnabrak, Fachbereich Physik, D-49069 Osnabky Germany

S. M. Butorin
Institute of Metal Physics, Russian Academy of Sciences, Ural Division, 620219 Yekaterinburg, GSP-170, Russia
and Physics Department, Uppsala University, Box 530, S-75121 Uppsala, Sweden

J-H. Guo and J. Nordgren
Physics Department, Uppsala University, Box 530, S-75121 Uppsala, Sweden

D. Hartmann and M. Neumann
Universitat Osnabrak, Fachbereich Physik, D-49069 Osnabky Germany

D. L. Ederer
Department of Physics, Tulane University, New Orleans, Louisiana 70118
(Received 9 February 1999

Excitation-energy dependence of Ti, 3 soft x-ray emission spectré&XES) of a TiO, single crystal is
measured near Ti 2 threshold using tuneable synchrotron radiation at excitation enerBigs
=458.2—-476.9 eV. It is found that the emission spectra exhibit normal soft x-ray emission features, which do
not change with excitation energy and inelastic and resonant x-ray emission fe&XES), which strongly
depend on the excitation energy. We are using a band approach in order to discuss the excitation-energy
dependence of TiL,3RXES of TiO,. The RXES process is described as a convolution of occupied and
unoccupied states in the intermediate and final states. In this procedurdtstes are limited to those which
lie in the energy intervakE,,.+ AE taking into account the rule df conservation. We calculate the curves of
restricted joint density of states using the full potential linearized muffin-tin orbital method and the results are
found to be in reasonable agreement with the experimentdl,T§, RXES of TiO, measured at different
excitation energie4.S0163-18209)12227-4

[. INTRODUCTION RXES of 3d and 4f compounds, such as, for instance, MnO
(Ref. 2 and lanthanide$RXES of strongly covalent®and

The soft x-ray emission spectra excited by tunable syn4f compounds, such as T}0CeG, and PrQ are analyzed
chrotron radiation near the threshold reveal additional feaby means of a cluster approach or the Anderson impurity
tures compared to those measured at excitation energies farodel which allows us to form a structure of the final state
above threshold.The former spectra are often called reso-using interacting multielectron configurations and indepen-
nant x-ray emission specttRXES) and the latter are called dent parameter5.® Despite some schematic character of
normal x-ray emission specttdlXES). The presence of one such approaches, the obtained set of energy levels of the final
elastic peakand one or moranelastic peakss a typical state reproduces the structure of excited levels of the initial
peculiarity of RXES. All these features shift on amission state of the system. This approach is developed in Ref. 7 by
energyscale with changes in excitation energy and the enexpansion of the size of the cluster and takes into account
ergy position of theelastic peakindicates excitation energy nonlocal excitations in the intermediate state of the process.
Eexc: In Refs. 8 and 9 the inelastic region of Tj ;RXES of TiO,

RXES spectra are interpreted in the framework of differ-is attributed to soft x-ray inelastic scattering and the corre-
ent approaches. One approach, based odtHemultiplet of  sponding energy loss has its origin in an excitation of an
a free atom, is found to be successful for the interpretation oélectron from the valence band to the conduction band. In
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this paper we interpret the data with the band approach. Eve
the direct comparison of Ti, ;RXES with Ti3d density of Tio2
states(DOS) distribution shows their qualitative agreement

though it seems to be more correct to compark,HRXES ,B,V,'Q
with restricted joint density of stategJDOS which is a K
convolution of vacant 8 DOS in the narrow energy interval
Eet AE with occupied 3 DOS. Among the occupiedd3 XPS VB S -,

.. . o ".\
valence states we select only those quasi-impulses whic -

correspond tdk values which lead to an excited state in the XES TiL _ S?J
- - . . E,=467.8¢ Ti3d DOS ||
conduction band in the energy intervBl,.+=AE. In this ]

: . & XES Ti K" R
way we obey thek-conservation rule for optical transitions w ,
/ Sj

intensity (arb. units)

between the valence and conduction band. Tiap DO
o~
L
Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS XES O K“_/ "
E,.= 545.0 eV,
TiL,5XES and OKa XES of a TiG, single crystal were 20 10 0
measured at the undulator beamline 7.0 of the ALS Binding Energy (eV)

Lawrence Berkeley Laboratory with a spherical grating

monochromatdf using an end station with grating spec- FIG. 1. Comparison of experimental XPS VB, Tis XES,
trometer described in Ref. 11 and at beamline 8.0 using the; K 85 XES (Ref. 19, and O Ka XES and Ti 31, Ti 4p DOS
Rowland circle grating end statidA. High-resolution o pinding energy scale.

grazing-incidence grating spectrometers with a two-

dimensional detector were utilized to measure x-ray fluorespas peen carried out on 40&points in an irreducible Bril-
cence. Spectrometer resolution was about 0.8 eV. For energyin zone. The obtained results of band structure calculation
calibration of TiL, 3 XES and CKa XES, the spectra of ref- 5.6 in agreement with those of Ref. 16.

erence samples Ti, V, and MgO were measured. In order to
determine the excitation energies, absorption spectra at the
Ti 2p and O I edges were measured at the 90° incidence
angle by means of total electron yieldEY) and with a We will start the discussion of our experimental spectra
monochromator resolution set to about 0.2 eV. The X-raywith the analysis of the XPS valence bafdB), which
fluorescence and absorption spectra were brought to a corgrobes a total density of states distribution in the valence
mon energy scale using an elastic peak in the fluorescenggand. The XPS VB of Ti@ measured at 0—16 eV is shown
spectra recorded at the excitation energy set below the al Fig. 1. In order to discuss the origin of the main peaks
sorption edge. and B, we have compared this spectrum with Ly XES

The x-ray photoelectron spectroscogpPS) measure- (3d4s—2p,, transition, Ti K85 XES (4p— 1s transition,
ments have been carried out with a PHI 5600 ci ESCA usingind O Ka XES (2p—1s transition. These transitions

monochromatized AlK« radiation of 0.3 eV full width at  probe, in accordance with dipole selection rules, partial
half maximum(FWHM). The energy resolution of the ana- Tj 3d4s, Ti 4p, and O 2 DOS, respectively, in the va-
lyzer was 1.5% of the pass energy. We estimate the enerq¥nce band of TiQ (see Fig. 1 Ti L, Ti KBs, and

resolution of the spectrometer to be less than 0.35 eV for thgy K, XES are converted to the binding energy scale using
XPS measurements. The pressure in the vacuum chambgf; measured XPS binding energies of core levels:

during the measurements was below 50”9 mbar. The Ege(Ti2pa) =459.1 eV, Ege(O 1S)=530.6 eV,
TiO, single crystal was cleaved in ultrahigh vacuum for XPSg__ (0 25)=22.3 eV. Ti KBs XES of TiO, was taken
measurements in order to analyze surfaces without contamjrom Ref. 17 and compared with the XPS VB by alignment
nations. All the measurements were made at room tempergs energy position of the TK 3" subband with XPS O €
ture. The XPS spectra were calibrated using the AyA  pand. The partial Ti 8 and Ti 4p DOS are compared with
signal from a Au foil. The binding energ¥ge for the  experimental spectra in the binding energy scale by align-
Au 4ty electrons is 84.0 eV. _ ment of the main maximum of thedDOS with the corre-
Band structure calculations of TjQwere performed for  sponding experimental TL; XES peak.

rutile crystal structure using the full potential linearized = aAccording to our band structure calculatiofig. 2), the
muffin-tin orbital (FP LMTO) method:*'* The tetragonal O 2p DOS is higher than Ti8 DOS along the whole valence
structure of the rutile crystal belongs to tﬁéﬁ space group band of TiG. On the other hand, according to Ref. 18, the
and contains two formula units in the elemental cell with O 2p atomic photoionization cross section is also higher than
lattice parametera=4.5936 A,c=2.9587 A'® Eight empty  that of Ti 3d for E=1486 eV (Al Ka). Therefore, one
spheregES) in 8i(0.3840, 0.1248, 0.0) positions were addedcan expect approximately an equal ratio of the intensities of
to two titanium atoms in 2(0,0,0) positions and four oxy- the two peak#\ andB in the XPS VB and (KX« XES. How-
gen atoms in £#(0.3048, 0.3048, 0) positions for more denseever, as seen from Fig. lg /1 is higher for the XPS VB
packing of the unit cel.R=1.023 A, Ro=0.923, Rgs  than for OK«. This indicates that Ti@ states give a notice-
=0.781 A atomic sphere radii were used in the present calable contribution to the formation of tH& peak of the XPS
culation. The basis included Tis4p3d, O 2s2p and VB of TiO,. Itis necessary to point out that some asymmetry
ES 1s,2p valence orbitals. The procedure of self-consistencyof the A peak of the XPS VB is apparently due docontri-

Ill. RESULTS AND DISCUSSION
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0 | | . |M-M. open circles. Thick line indicates level of filling for TiQs compo-

sition. Horizontal shaded areas simulate two excitation lekgls
=5.3+0.2 and 7.50.2 eV from the top of the valence band.
Energy (eV)
surements. Apparently a gap is formed between impurity

FIG. 2. Total and partial density of states for TiGotal DOS  level and conduction band in this case because the compound
per unit cell; partial DOS per atomShaded region of the conduc- IS @n insulator, but such a situation cannot be reproduced by
tion band corresponds to Ti@scomposition. Arrows indicate three band structure calculation. After excitation from the initial
levels 5.3, 7.2, and 7.5 eV correspondindsig.= 459.9, 467.8, and  State (°VB), the excited electron and the core hole take
468.9 eV for experimental Ti, s XES. part in the formation of an intermediate statgf2/B CB*1)

from which the emission transition to the final state
bution from maximum 2 of Ti 8 DOS (see Fig. 1L Thus, (2p®VB) takes placgVB and CB stand for conduction and
the energy position of peaksandB of the XPS VB gives us valence band, respectivelyAs we have already pointed out,
information about the location of two main peaks of the electronic structure of the system in the initial state
Ti 3d DOS. It is interesting that the main maximum of our case Ti 8 DOS) can be considered as an adequate
Ti 4p DOS is shifted in respect to that of TdDOS both  “image” of the final state for the resonance emission. How-
in experiment and in calculatioffFig. 1). The same conclu- ever, the intensity of the Ti RXES is determined by not
sion can be drawn for the energetic position of theonly Ti 3d DOS of the final state but also by that of the
Ti4sDOS (not shown in Figs. 1 and)2vith respect to that intermediate state. The variation of TA®OS in the inter-
of Ti 3d DOS. Ti 4sp DOS is placed close to peak 4 of mediate state is reproduced by T X-ray absorption spec-
Ti 3d DOS. troscopy(XAS).

Analysis of intensity distribution of the XPS VB at 0—-1  In optical/vacuum ultraviole€VUV) spectroscopy the in-
eV (near the Fermi levelon an enlarged scalg<6) reveals tensity of transitions between the valence band and conduc-
the existence of a weak peak centered~@.7 eV. In the tion band are described by the joint density of stai&¥09.

XPS VB of a reduced sample of TjGhis peak is seen with- In the RXES process only some regions of the conduction
out any enlargemer(see Ref. 19and coincides in energy band participate, depending on the excitation-energy range
with the Ti3d peak of the XPS VB of T0s.2 Most likely  Eq+t AE (where AE is the accuracy oEg,) and the re-
this peak has an impurity character and is connected with thetricted joint density of states should be used. The formation
presence of oxygen defects. The energy difference betweesf JDOS and rJDOS is realized by obeying the
this peak and the main peak of Td®OS is about 6.6 eV. k-conservation rule. In our case this means that emission
We will show later that both peaks contribute to the forma-transitions take place only in regions of the Brillouin zone
tion of Ti L,3 RXES of TiO,. which acceptEg,..

Results of a FP LMTO band structure calculation of JiO  The dispersion curves(k) are shown in Fig. 3. The hori-
are presented in Fig. 2, zero of the energy scale correspondsntal bars correspond to different excitation energies and
to the top of the valence band. The shaded area of the coithe width of the bars indicates the accuracy in the excitation
duction band indicates a position of the Fermi level forenergyEgq, (Eexc=0.2 €V). The zone N 24counted from
TiO, gs Which simulates the presence of some oxygen vacarthe bottom of the valence bani$ indicated by open circles
cies. TiQ gsis equivalent to composition Tj,«0,, and itis  in Fig. 3. The vertical bars correspond to the symmetry
assumed that the oxygen deficiency is accompanied by occuanges in which the energy losses take place. For instance, at
pancy of the bottom of the conduction banddglectrons of E.=5.3 eV the vacant states of this zone are only excited
2.5% additional Ti atoms. We note in passing that the disnear theR point. Therefore in the convolution process not all
tance between the bottom of the conduction band and thetates of the valence band have to be taken into account.
main peakB of Ti3d DOS of the valence band is about 6.6  Figure 4 shows TilL, 3 soft x-ray emission spectra mea-
eV, which is exactly the value derived from XPS VB mea- sured at excitation energies near the Tp threshold. The
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FIG. 5. Ti 3d rJDOS of TiG calculated for different energies
FIG. 4. Excitation-energy dependence of [} 3 XES of TiO,. which imitate experimentdt,,.. Zero of energy scale corresponds
The upper panel shows Tp2XAS of TiO,. The thick solid line  to the top of the valence band.
indicates energy position of Ti2 andL3 NXES. The short vertical

lines correspond to the energy loss which appears at 6.6 eV belo\“éceives from the system not only energy for relaxation of

the elastic peak. the L, to L3 hole but also kinetic energy of photoelectron
ionizing thel, level. Their total energy is about 8.5-10.5

spectra contain TiLs NXES and Ti L, NXES which are eV, which is in agreement with energy difference between

indicated by the two solid vertical lines and weak featwaes . ; .
b, andc. The emission energies corresponding to the paaks occupied part of Ti @ DOS and two vacand bands(Fig. 2).

b, c are indicated aa, b, ¢ in the absorption spectrufiXAS) It seems thaF a transﬁtion of the Auger eIectr_on to vacant
in Fig. 4. We suppose that b, ¢ in the emission are induced states with high density increases _th_e probabl_ll_ty of Auger
by weakening of the self-absorption effect at these energie®r0cess and suppresses the radiative transition.E4L

The spectra exhibit the normal emission (I}, peaks, =465.9-467.2eV, when TL, NXES still exists but is
elastic peaks at emission energies equal to the excitation efather weak, the structure, which is connected with self-
ergy and inelastic features at abou6.6 eV below the elas- absorption, is well defined. This structure is less seen on the
tic peak. Similar effects were observed in Refs. 4, 8, and 9slope of strong TiL, NXES and completely absent &,

Ti Ly RXES is shifted withE.,. and its intensity is varied =467.8 eV when TiL, NXES does not present.

according to the fine structure of Ti; XAS, which reflects The spectrum measured Bf, .= 467.8 eV gives informa-
the probability of excitation of a Ti @ photoelectron to the tion about the shape of TL, RXES free from the influence
levels of the intermediate configurationpZd!. At E..  of TiL, NXES anda structure. The further increasing Bf,.
=462.1eV, which corresponds to the minimum betweeneads to the appearance of an additional intensity at energies
TiLz XAS and TiL, XAS, the TiL, emission is switched on less than the limit of the 6.6 eV interval marked for
via the inelastic process because the inelastic scatterinpi L, RXES. The energy position of the new line coincides
evolves into this fluorescence peak. The intensity ofwith a b feature which is connected with self-absorption. In
Ti L, RXES is considerably less than that ofLHIRXES due  the absence of this line the self-absorption effect will not
to higher probability of radiationless decay of thp323d*  exceed théd structure aE,.=476.9 eV.

state. When the Ti, threshold of ionization is reache@t The nine curves selected from the rJDOS calculated for
465 e\), the intensity of TiL, NXES is decreasing and an interval of excitation energies at 4.0—7.8 eV from the top
beginning fromE,,.~=467.8 eV it completely disappears. of the valence band are presented in Fig. 5. These energies
Ti L, NXES appears again when the excitation energy atmitate experimentak,,. and the shift of energy peaks imi-
Ex=476.9 eV exceeds the region d@tates of Ti D XAS. tates the change of emission energy of inelastic and elastic
The intensity decreasing ofd3metal L, NXES is usually peaks of experimental spectra. For calculation of rJDOS we
attributed to radiationless Coster-Kronig transition. But whyhave performed a convolution afDOS of the intermediate

is it especially strongly realized wheh,,. exceeds theé.,  and final state, i.ed density of the conduction band in the
threshold of ionization for 3—5 eV? We suggest that the Audimits of excitation energyE.,.+AE is weighted for the
ger electron arising as a result of Coster-Kronig transitiond-state distribution in the valence band taking into account
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p energy of 468.9 eV. At this energy the electron is excited to
: Ti3dDOS the top of the conduction band. TdOS is compared with
rJDOS calculated for 7.5 eV in the upper panel of Fig. 6 by
alignment of energy of thd-impurity level at the bottom of
the conduction band. This comparison clearly shows that the
" E, =468.9 oV elastic peak reflects thd-impurity level, which plays the
i role of the ground state of the system because it is a low
T34 DOS level of ionization and the se'_[ of_ We_akly resolved _inelastic
75eV peaks 1-4 corresponds to distribution o 3tates in the
X O 2p-like valence band. Therefore a picture of the final
Ty state of emission reproduces the energy distribution of
2™, *1‘\« E, 4678 eV Ti3d DOS of the initial state. A variation of intensity be-

e tween selected RXES for different excitation energies re-
o flects the change of unoccupieddensity and als& depen-
T TiL RXES dence of rJDOS. Particularly the appearance of structure 4 of

A E,=459.9 eV rJDOS for 7.5 eV is due to excitation in the vicinity of thie

mmm point forming DOS on the bottom of the valence basde
T34 1ID0S Fig. 3. An impurity d level is revealed in RXES consider-

ably stronger than in the XPS VB and NXES because it
strengthens in the process of the convolution at the expense

TiO,

Intensity/DOS (arb. units)

~ Ti 3d rJDOS
B 72eV

440 445 450 455 460 465 470

Emission Energy (eV) of density of unoccupied states.
FIG. 6. Comparison of experimental Ti, ; XES of TiO, mea-
sured at selected excitation energies with corresponding IV. CONCLUSION
Ti 3d rJDOS. Ti 3 DOS is compared with RXES measured at . )
468.9 eV by alignment of impurity level with elastic peak. In this paper we have used a band approach to interpret

our measurements of T 3 spectra of resonance x-ray emis-
sion of TiO,. The excitation intervalEq.+AE (AE
the k-conservation ruleAE is taken as 0.2 eV, which indi- =0.2eV) in the conduction band is used as an intermediate
cates the energy uncertainty of the incident photon. state. The final state of emission is simulated by distribution
The comparison of three experimental RXES with calcu-of 3d DOS in the valence band. The emission process is
lated rJDOS is given in Fig. 6. We have chosen experimentadlescribed as convolution af states of the intermediate and
RXES measured d..=459.9, 467.8, and 468.9 eV which final states taking into account theconservation rule. We
are less influenced by superposition of NXES spectra. Thretind reasonable agreement when we compare the calculated
energy regions with width of 0.4 eV of the vacant rJDOS curves with selected experimental RXES spectra.
3d(ey) DOS centered aE=5.3, 7.2, and 7.5 e\(from the
top of the valence bandorrespond to given values &,
and simulate intermediate states for resonance emission.
They are indicated in Fig. 2 by arrows. rJDOS curves are This work was supported by the Russian Science Founda-
compared with RXES by alignment of the elastic peak ention for Fundamental ReseardPRroject Nos. 96-15-96598
ergy. and 98-02-04129 NATO Linkage Grant (Grant No.
As shown in Fig. 6, the rJDOS calculations reproduce theHTECH.LG 971222, the DFG-RFFI Project, the Swedish
energy interval between the elastic peak and the main ineladNatural Science Research Coun@lFR), and the Goan
tic peak 3 and their relative intensities as well as the appeaiGustavsson Foundation for Research in Natural Sciences and
ance of an additional inelastic structure 4 at an excitatiorMedicine.
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