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Crystal-field splitting and the on-site Coulomb energy of LgSr;_,TiO3
from resonant soft-x-ray emission spectroscopy
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Resonant soft-x-ray emission spectroscopy was measured,&m LaTliO; (x=0, 0.05, 0.10) in the Tig
energy region. At the Raman scattering of #gresonance, thel-d transition whose Raman shift has an
energy value of about 2.3 eV corresponds to the crystal-field splitting. On the other handtgtrésonance,
thed-d transition whose Raman shift is about 2.2 eV is thought to be the transition reflecting half intra-atomic
Coulomb energy[S0163-18209)01232-1

The Perovskite-type Ti compound SrEOwhich nor-  part at binding energy of 1.5 eV!! The relative intensity of
mally has ad® configuration; has been extensively studied these features strongly depends on La doping.
because a metal-insulatoM¢1) transition occurs with the Recently, soft x-ray emission studi€SXES have been
substitution of a carrier such as & This system varies €Xtensively carried out for severatidransition metal com-
from a band insulator with d° configuration to a Mott in- pounds, such as Ti**® FeTio;'* SrvO;, ™ and MnO!

. 1 . . ) L _ The soft x-ray emission spectroscopy spectra reflect the elec-
sulator with ad™ configuration. TheM-1 transition is be tronic structure of the bulk compared with photoelectron

Ileve_d to be controlled by the relative magnitudes of thespectra, because the mean free path of a soft x ray is very
on-site Coulomb energy and the one electron bandwidth |54 compared with that of the electron. The Raman scatter-

W, the system is metallic whed/W<'1 and is an insulator jng observed in the SXES spectra provides useful informa-
whenU/W> 1. Recently, the electronic property of this ma- tion about the electronic structure. It is reported that the Ra-
terial has been investigated extensively by Tokura andnan scattering for these compounds is attributed primary to
co-workers>® The apparent plasma frequency increaseshe d-d transition between theBvalence and conduction
with increasing La doping, supporting the simple picture ofbands as well as a charge transf€) transition from an
rigid band filling? Moreover, this fact is supported by ab ~ occupied O band to unoccupied metald3band. Com-
initio band calculation of Shantkit al° The effective mass Pounds that nominally haw” configuration as well as com-

. O . . . .
deduced from the Drude model increases with increasing LRCUNdS withf” configuration such as Ce@nd UG, exhibit
doping for the large doping region x£0.5) in aman scattering that is dominantly the CT transition,

. . . . . though th hough ki f I I
La,Sr; _,TiO3, while the effective mass is a constant in J;ngtuegrialts ey are thought to be a kind of strongly correlated
. ) 89 " Is. o
lightly doped &<0.5) in LaSn_,TiO5.™" Additionally, @ | this paper, we present soft x-ray emission spectra and
similar behavior is also deduced from the electric specificspft x-ray absorption spectAS) of LaSr,_,TiOs. As a
heat coefficien?. These facts indicate that the electron corre-reference, we use the SXES spectra of pure Sgtforhe
lation is important whenx>0.5, while it is not so important - purpose of this SXES study is to determine experimentally
whenx<0.5. On the other hand, photoemission spectra havéhe magnitude of the on-site Coulomb energy and the crystal-
two features in the band gap below the Fermi le\t) that  field splitting of LaSr, _, TiO5 through the study odl-d and
correspond to the coherent partBt and to the incoherent CT transitions.
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'('a)' ERDERRE '%-' T T T dicates the excitation photon energy. The peak beneath the
z ' i Tizp-XAS arrow is attributed to elastic scattering of the excitation pho-
§ ton. The elastic peak is enhanced at the excitation energy
= o m; 300V corresponding to thé,, absorption peak of 3. Then, the

A - R T R peak intensity decreases with increasing of the excitation en-
453 460 465 470 475 ergy, and is again enhanced slightly at the excitation energies
Fhoton Energy (V) g-j in the region ofL, absorption shown in Fig.(&). This
mﬁ\wmg'k'”""""szl'si)é's' behavior resembles that of TjO(Refs. 12 and 18and
i = FeTio;. 14
A 7B The spectrumm excited at hv=500eV is an off-
MM resonance spectrum attributed to the normal dr-8Ti2p

fluorescence spectrum. This spectrum provides evidence in-
dicates that the Ti@ state hybridizes with the O2state in

the valence band. Two dashed lingsand B peak$ show

the fluorescence bands. TAgeak corresponds to the bond-
ing state of the valence band. The nonbonding state is ex-
pected at around 452—-455 eV photon energy. However, the
existence of the nonbonding state is not seen clearly in the
SXES spectra of Fig. 1. ThB peak may be due to the con-
tribution of a satellitelike structure, although the origin is not
clear.

Three features shown with vertical bars 8, and y rep-
resent the energy positions that have energy separation of
5.5, 6.8, and 9.2 eV, respectively, from the excitation energy.
They shift as the excitation energy is varied. These features
are attributed to the Raman scattering, that is, inelastic scat-
530 440 450 460 470 tering. The inelastic scattering that is excited in theab-

Emission Energy (eV) sorption spectral region overlaps with the T-3 Ti 2p fluo-
rescence. The SXES specaandb, excited just below the
Ti2p threshold, show a broad peak at a lower energy than
the elastic scattering. The fluorescence to theplcare hole
can not be observed, because the excitation energy is less
ihan the binding energy of the Tp2core level. It is attrib-
uted to a normal Raman scattering, where the intermediate
state of this scattering is a virtual state.

Single crystals of Lgr,_,TiO; were synthesized by Figure 2 shows the SXES spectra of gLgr goTiO3,
melt-quenching stoichiometric mixtures of {@, TiO,, and  where the abscissa is the Raman shift that is the energy shift
SrO powders in a floating-zone furnace, and were checkeffom the elastic scattering. The elastic scattering peak is lo-
by x-ray diffraction. The soft x-ray emission spectra werecated at 0 eV. The Ti@— Ti2p fluorescence peaks shown
obtained using photons from beam line 8.0 at the Advancedly two vertical bars shift to the higher energy as the excita-
Light Source(ALS). A Rowland-circle SXF spectrometer tion energy increases. In FeTjQt is reported that the struc-
with spherical gratings and a photon-counting area detectaures appearing in the energy region between 11 and 4 eV
was used to obtain the SXES specftahe resolution of the can be attributed to the transition to nonbondira}[3 states
spectrometer was about 0.5 eVhat=390eV. The calibra- and the split-off antibonding satellite is located at 14.5'8V.
tion scale of the spectrometer was determined by measuringowever, such a satellite is not observed in this figure.
the Ti2p XAS and SXES spectra of Ti metal. It is known that the elementary excitation of the Raman

Figure Xa shows the Tip XAS spectrum of scattering is the valence band transition. Thus, the Raman
Sry.ad-89.10TIO3. The spectrum is derived from two parts of scattering can be compared with the optical conductivity
L3(2psp) andL,(2p,yp). Furthermore, they are split intg, spectrum. The optical conductivity spectrum at room tem-
andey states by the octahedral ligand fiéldTwo structures  perature is shown under the SXES spectra described by the
around 471 and 476 eV are the charge-trangfen) relative energy Raman shiftThe spectrum is largely com-
satelliteé! corresponding td.; andL,. It has been reported posed of two parts; a Drude-like photoresponse near 0 eV
that thet,y peak decreases with increasing La doping, indi-due to the charge carriers and interband transitions observed
cating that the doped electrons enter into the bottom of unat energies greater than 3 eV. A prominent peak is observed
occupied Ti 3l band?? Here, note that the energy position at~5.5 eV (a peak and a weak peak at6.8 eV (3 peak in
does not depend much on the La dopidhe vertical bars, addition to the broady band. It is reported that the peak
which are labeled from a—m, indicate the selected photolecreases with increasing La dopin@he energy difference
energies for resonant SXES measurements. betweena and B8 corresponds to the difference between non-

Figure 1b) shows the Tip SXES spectra of bonding bands and the bonding band of the photoemission
Lag.105M.90TiO3. The Ti2p emission reflects the TiBpar-  valence band. The SXES spectra are in good agreement with
tial density of states. An arrow shown in each spectrum inthe optical conductivity spectrum, as shown in dashed lines

SXES Intensity (Arb.units)

FIG. 1. (a) Ti2p XAS spectra of Sygd-ag 10Ti103. The numbers
indicate the photon energies, where the Pi8XES spectra were
measured(b) Ti2p SXES spectra of Spday0TiO; excited at
various photon energies indicated in Figa)l Arrow shows the
energy position of the excitations photon energy. Vertical broke
lines shows the energy positions of Td-3-2p fluorescence.
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2 / FIG. 3. Comparison of thess-resonance SXES spectra of
S La,Sn_TiO; (x=0,0.05,0.10). Thisg, resonance spectrum ob-

T T = tained forx=0.10 is spectruni in Fig. 1(b).
) l;hoton Ener-gy (eV) ’

been reported that the lattice constant decreases, the crystal
sented as the relative emission energy to the elastic scattering. F ttice is distorted by doping and the Ti-O-Ti bond angle

reference, the optical-conductivity spectrum taken from Ref. 7 is ecreases_ W't& increasing La dopin@60°-180° for
shown. La,Sro-xTiO3).™

Figure 4 shows the SXES spectra as a function of doping

(a, B, 7). Thus, thew peak corresponds to the transition from at the tyy resonance in Lgr _,TiO3 (x=0,0.05,0.10).
nonbonding band td,, subband of Ti8, and thes peak Comparing each spectrum, one notes that the intensity of the
corresponds to the transition from bonding bandjpsub-  t2g Peak in the band gap increases with increasing La dop-
band of Tid. In the SXES study on & compounds, the ing. In the photoemission study of various compounds of
Raman scattering peak is observed-#.8 evV2-4whichis ~ LaSh_,TiOs, " two features have been observed in the
attributed to a CT transition from occupied @ &tates to band gap below thé&g that are attributed to Ti@® states.
unoccupied Ti 8l states. However, Raman scattering-&5  They are the coherent band at tBe and the incoherent band
eV has not been found so far. These features reflect the CRt ~1.5 eV, as shown in the schematic diagram in the inset
like character of the SXES specffa’®The yband at 9.2 ev  of Fig. 4. In the case df,4 bands, there is typically no large
corresponds to transitions from bonding bandjasubband
of Ti3d. r~r o

Figure 3 shows the SXES spectra as a function of doping
at theey resonance of Ti in Lgdr; _,TiO3. The intensity is LaxSr1-xTiO3
normalized at the Ti8—Ti2p fluorescence peak. Thee,
peak is found in the band gap and its relative intensity in-
creases with increasing La doping. We can determinethe
resonance state by the Raman scattering. The Raman shift
corresponds to the transition from the occupiggdsubband
to the unoccupiegy subband, as shown in the inset of Fig.
3. The energy position of thd-d transition represents the
magnitude of the crystal-field splitting D@. This 1Mq
refers to the crystal-field in the ground state without the core
hole. The estimated value of D@ is ~2.3 eV. The 10q
has been also obtained from the i XAS. (Ref. 22 and is
in good agreement with our results. However, there are large \
multiplet structures due to the existence of the core hole in Y
Ti2p XAS. Furthermore, the crystal field splitting should be 0
different between with and without core hole. The energy
position of thede, peak shows the small shift to the higher  FIG. 4. Comparison of the,g-resonance SXES spectra of
energy side as the La doping increases. This fact may bea,Sr;_,TiO3 (x=0,0.05, 0.10). Thig,4-resonance spectrum ob-
explained from the change of the lattice constafitit has  tained forx=0.10 is spectrum d in Fig.(i).

FIG. 2. The Ti3l—2p SXES spectra of Qrd-ay10TiO3 pre-
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band splitting so that the contribution to the Raman scattersurface than in the bulk. This fact may explain the origin of
ing is due to the electron correlation energy. From the prethe peak at~1.5 eV below theEr in the photoemission
vious information we suggest, the Raman scattering neagpectra. However, the present results suggest this peak exists
~2.2 eV corresponds to the transition between coherent an@s a bulk state, even though a surface state may also exist.
incoherent bands. The effectité, /2 has been estimated to ~ In conclusion, we have studied the soft x-ray scattering
be ~2.2 eV for La 1SN ooTiO3 from the analysis of Tip ~ due to the charge transféCT) transition and compared the
core level photoemission spectfaThis is in good agree- SXES spectra with the_optlcal conductivity spectrum in the
ment with the result presented in Fig. 4. Thig, peak does VUV region. The quantity of 1Dq decreases with La dop-

not shift much by doping. This fact indicates that the effec-9 and is observed in the, resonance SXES spectra. The
tive U4 does not change much fa<0.5. This is consistent Raman scattering, which is attributed to tted transition

with the results obtained from the effective mass and thé)etween the incoherent and the coherent bands, is directly

. - . observed in the t,;-resonance SXES spectra of
_eleptromc specific hedt’ 'I_'hus, the results Of.F'gS' 3 and 4 La,Sr,_,TiO5 for x<0.2190. This Raman shift corrgsponds to
indicate that theM -1 transition can not be attributed to elec- e maanitude of the effectivid /2
tron correlation but to the change of the lattice constant anct1h g dd'
crystal distortion with the La doping withx<<0.10 of We would like to thank Dr. T. Yokoya for his useful
La,Sr_,TiOs. discussions. We also acknowledge support from NSF Grant

The magnitude of this effectivid 44 is in good agreement No. DMR-9017997, DOE-EPSCOR cluster research Grant
with the results of photoemission and inverse-photoemissiolNo. DOE-LEQSF, and the Advanced Light Source by the
studies’?~>* On the other hand, Kajuetest al>* indicates  Office of Basic Energy Science, U.S. Department of Energy
that the degree of correlation and disorder is larger at th€ontract No. DE-AC03-76SF00098.
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