PHYSICAL REVIEW B 66, 153105 (2002

Unoccupied electronic structure in the surface state of lightly doped SrTiQ by resonant inverse
photoemission spectroscopy
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The unoccupied electronic structure in the surface state of lightly doped s$h@Obeen studied by resonant
inverse-photoemission spectroscdRIPES. The RIPES spectra show two features whose energy separations
match thet,y andey subbands of unoccupied Td3state. A peak clarified by the TiB— 3d resonance effect
is observed at-6.1 eV above Fermi levelHg). The ~6.1 eV peak is not found in the Oslx-ray absorption
spectrum, which reflects the electronic structure of the bulk state. The existence-e6 theV peak suggests
the correlation effect in the surface state of lightly doped SgTiO
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Stoichometric SrTi@, which normally has @l configu-  disorder in the surface. A similar feature is also expected in
ration, is a band insulator with a band gap of about 3.2 eV. Ithe conduction-band sidé However, the detailed electronic
has been extensively used as a substrate for thin-film depstructure in the conduction band has not been clarified by
sition of highT, superconductors and ferroelectrics becausexperimental methods such as resonant inverse-
of their similar crystal structures and good lattice matchingphotoemission spectroscopRRIPES.

The electronic structure can be possibly described by stan- In this paper, we present RIPES spectra of lightly Nb-
dard band calculation, since electron-electron correlatiomloped SrTiQ (SrTig gg\Nbg 0203). RIPES is a powerful tech-
does not play a significant role in the filled QpZ/alence nique to investigate the unoccupied electronic structure in
band and in the empty TidBconduction band, unlike in Mott the surface state. Although the technique and the physics
insulators, where electron correlation in the partially filled Ti obtained from RIPES spectra were extensively investigated
3d band plays an important rote3 in rare-earth metal compounds by Kanai and

Recently, there has been a renewed interest in the eleco-workers-*~*" the RIPES spectra of lightly @transition-
tronic structure of SrTi@ doped with a charge carriéf'>  metal compounds have not been reported thus far.

When a small number of electrons chemically doped into The SrTj ¢dNby 005 Samples were prepared by the solid-
SrTiO;, e.g., by LA" substitution for St* site or by N8 state reaction of SrTiQ SrCQ;, and NOs at 1200 °C for
substitution for Tt* site, the doped electrons enter the bot-about 12 h, and the single crystals were grown by a floating-
tom of the empty Ti 8 band. In the limit of lightly doping zone method using Xe-arc imaging furnace. The single crys-
concentration, there will be no electron correlation betweerial was confirmed as being a single phase with perovskite
the doped electrons since the probability of electron-electrostructure by the powder x-ray diffraction analysis.

scattering is vanishingly small. The photoemission spectra The RIPES measurements were carried out at the Institute
have two features in the band-gap region, which are genefor Solid State Physics, University of Tokyo. A filament-
ally believed to be a coherent part at the Fermi le\gt)(  cathode-type electron gun was used for the excitation source.
and an incoherent part at1.5 eV that is attributed to a The kinetic energy,) of the electron was calibrated by the
remnant of the lower Hubbard band?® The band-structure electron energy analyzer. The RIPES spectra were measured
calculations that assume a rigid-band filling cannot reproby the soft-x-ray emission spectrometer, which covers the
duce the peak at1.5 eV, though the bandwidth of the @02 wide photon energy range from 15 to 12008¥° The spec-
valence band shows a good agreement with the photoemitrometer used the Rowland circle geometry that consists of
sion spectrd.The origin of the~1.5 eV peak has been stud- grating with a groove density of 300 lines/mm and a Cs-
ied by several theoretical calculation® 21t is proposed coated multichannel detector.

that the~1.5 eV peak is by a polaronic featdrer a surface The sample was scrapead situ with a diamond file in a
structuré? that is created due to the degree of correlation andacuum of 2.6 10~ % Torr in order to obtain the clean sur-
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U DU B B AL B of the photoemission spectra on the valence-band régfon.
IPES| A In the energy region above 5.0 eV,. the feattEeandD are

; found at~6.1 and~7.3 eV, respectively. The details of fea-
tures B and C, which seem to be only a long tail of the

C D featuresA, are clarified in Figs. 2 and 3.

Ex BT Figure Za) shows the excitation energy dependences of

V) i R T the intensities of three featurds B, and C estimated from

45 i ...,-.',v..‘-;':,}z‘.".:.'-’\'.-g._;.,ﬁ,'_‘h Fig. 1. These curves are obtained by plotting the intensities
ot 5. in, of the three features againkk , which correspond to the

7 R constant final-stateCFS spectra. The intensities of the three
DGl I Y T [ featuresA, B, and C increase with decreasing,. These

o D T S e intensities have a maximum intensity Bt = 47 eV. As ref-

erences, the CFS spectrum used in the RPES spectrum is also
shown®=8 The CFS spectrum of SiJig\Nbyo/0s has been
already measured at the kinetic energy, where the secondary
electron has a maximum intensity. The CFS spectrum is ap-
proximately regarded as the absorption spectrum of @i 3
—3d. It is reported that the bonding state in the valence
band is resonantly enhanced at the photon energy of 47
eV®8 The CFS spectra in both PES and IPES have their
maxima neakEyg=47 eV, indicating the Ti — 3d resonant
effect of IPES.

The normal IPES process is represented for the transition
to Ti 3d states as follows:

Intensity (arb.units)

......... ST S S S 3p°3d°) + e~ —[3p°3d") +hu, @

'2- P . s ; L "‘ e é L é — -1'0 wheree™ andhv, are the incident electron and the emitted
i hoton. For the incident energy range of the present study,
Energy Above £r (eV) 'I[Dhe conduction from nou- con?j{]ctior? bands aﬁso coexistsy
FIG. 1. IPES spectra of SrJigNbyo0; near the Tip—3d  With the 3d contribution in the normal IPES. In the RIPES
absorption edge measured by various kinetic energy of the electroptudy, on the other hand, the resonant processes are ex-
(Ey). The abscissa is the energy above Fermi le&@l=£0eV).  pressed by the following processes:
Arrows shown in each spectrum indicate the normal fluorescence.

|3p®3d%) +e” —|3p°3d?)—|3p®3dY) +hv.. (2

face. The measurement was carried out at 25 K. The intensit8ince the initial and final states are the same in these two
axis was normalized by the electron current and measurgrocesses, Eqsl) and (2), they interfere with each other.
ment time. The bottom axis was normalized by measuringrherefore, the 8 cross section increases when the excitation
the Fermi edge of the Au film. The total-energy resolution ofenergy is tuned to Ti B— 3d absorption edge and we can
the experimental system was about 0.5 e\Egt 60 eV. extract the Ti 8 contribution in the conduction band.

Figure 1 shows the excitation energy dependence of the Figure Zb) shows the excitation energy dependence of
RIPES spectra of SrfbdNby o 05 in the incident electron the intensity of the featur® estimated from Fig. 1. This
energy Eg) region of Ti 3p core level. The abscissa repre- curve is obtained by plotting the intensity of the featlre
sents the energy above the Fermi level) that was cali- against the kinetic energy of the electron. The intensity in-
brated by the Fermi edge of Au. The experimentally detercreases with decreasirigy , though the intensity has mini-
mined Eg is located almost at the bottom of the conductionmum atE,~70 eV. These behaviors accord with the elec-
band because the sample used in this studynkigpe con-  tron energy dependence of the ionization cross section of the
ductivity. The intensity of the featur® at about~7.3 eV 4d state in the 4 transition metal. Therefore, the featube
becomes strong at lower electron energy. This is considereghight be estimated to be the Sd 4tate.
to be due to the electron energy dependence of the ionization Figure 3a) shows the comparison of on- and off-
cross section, indicating the existence of the &bénd. The resonance spectra of the conduction band measurég at
broad bands indicated by arrows are the normal ifl8io- =47 and 45 eV. One can find that the Til omponents in
rescence caused by the TpZore hole created by the elec- both the featuresh andB, are resonantly enhanced by the Ti
tron excitation. In the energy region from 0 to 5 eV, two 3p— 3d excitation in the on-resonance spectrum, though the
prominent featureé& andB are found at~1.7 and~3.9 eV,  resonance effect of the featuBes very weak in comparison
respectively. The intensities of the featuresindB increase  with that of featureA. The difference spectrum from on-
with decreasingex and decrease & =45 eV. This indi- resonance to off-resonance spectra is also shown. It is known
cates the resonance effect of the IPES spectraEat that the difference spectrum corresponds to thedpartial
=47 eV. These enhancements resemble the resonance effelensity-of-state(DOS) in the conduction band. The Osl
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FIG. 2. Intensities as a function & of four peaks(a) A, B, C,

and(b) D, which are observed in Fig. 1. FIG. 3. (a) On-resonanceclosed circle and off-resonance
(open circle spectra measured & =47 and 45 eV, respectively.

x-ray absorption spectrum of Sgkg\by 05 is also shown  (p) Difference spectruntsolid line) subtracted from on- and off-

in Fig. 3(b). From the dipole selection rule, it is indicated resonance spectrum is also sho\@).O 1s XAS spectrum.

that the O 5 x-ray absorption spectrurfXAS) of SrTiO;

corresponds to transitions into OpZ2character hybridized

Into the unoccu_pled Ti 8 states. Th_e Er of the XAS spec- tin orbital (LMTO) method within the atomic-sphere ap-

trum is determined from the binding energy of the @ 1 L . .

e - proximation. From the second-order perturbation applied to
photoemission peak. The energy position of S state of the DOS obtained from LMTO supercell calculation, a
the O 1s XAS spectrum matches with the broad band at o . perc '
~7.3 eV (featureD) in the RIPES spectra. The difference correla_tlon-_lnduced satelllfce appears outside the ong-electron
spectrum at~7.3 eV is negative since the cross section in-2andwidth in the unoccupied statésThe energy position of
creases with decreasiry , indicating the existence of the the correlatn_)n s_atelhte str_ucture_me_ltches that of the feature
Sr 4d state. On the other hand, two features-at.7 and C observed in Fig. ®). This fact indicates that the correla-

tion effect exists in the surface state of lightly doped SgLiO

~3.9 eV of O Is XAS spectrum reflect the,q andegy sub- ; - ) .
bands of the Ti 8 states. The energy separation between the N conclusion, we have studied the unoccupied electronic

t,y andey subbandgcrystal-field splitting accords with the ~ State of lightly doped SrTiQusing RIPES. The resonance
Ti 2p XAS spectrum and the band calculation for the © 1 enhancement of the RIPES is observed at the g+3d
XAS spectra by Fujimoret al? It is striking that the energy absorption edge. The RIPES spectra show two features,
positions of thet,; andey subbands of the OsIXAS spec-  which correspond to thé,y and ey subbands of the Osl
trum are good agreement with featufeandB of the RIPES ~ XAS spectrum. On the other hand, a peak clarified by the Ti
spectra, as shown in two vertical dashed lines. These posBp— 3d resonance effect is observed-a6.2 eV aboveE .
tions of featuresA and B mismatch with those of the coher- The ~6.1 eV peak is not found in the Osix-ray absorption
ent and incoherent parts, which are expected from the disogpectrum that reflects the electronic structure of the bulk
dered Hubbard modéf. state. The energy position of the6.2 eV peak matches that

In the difference spectrum of Fig(l3, the featureC at  of the correlation satellite in the surface state, which is ex-
~6.1 eV, which shows the T|@—>3d resonant effect in F|g pected from LMTO Superce” Ca|cu|ation.

2, does not match the OsIXAS spectrum. The existence of

featureC might be attributed to the surface-induced struc- This work was partially supported by the Foundation for
ture, because the OsIXAS spectrum is bulk sensitive. In Material Science and Technology of Jap@ST Founda-
recent years, the band structure in the conduction-band reion), the Grant-In-Aid for Science Researdfsrant No.
gion of the lightly doped SrTi@ has been calculated by 13740191 from the Ministry of Education, Culture and Sci-
Sarma and co-worker8-12They used the linearized muffin- ence of Japan.
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