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Electronic structure of p-type SrTiO; by photoemission spectroscopy
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The electronic structure qi-type SrTiG, has been studied by photoemission spectros¢BBS. Compar-
ing with the PES oh-type SrTiQ, the Fermi level op type is lower by about 0.7 eV and a prominent feature
of Ti 3d character within the band gap, which is formed in théype SrTiQ, cannot be found irp-type
SrTiOs. It is suggested that the band structurepetype SrTiG, follows the rigid-band model. The resonant
photoemission study shows that the Td Partial density of states in the valence bandpefype SrTiG is
much larger than that af-type SrTiQ,. Furthermore, it is also found that the satellite intensities of several core
lines in p-type SrTiG are stronger than those mtype SrTiQ. These facts suggest that the hybridization
effect between the Ti® and O 2 states becomes strongerprtype SrTiQ,. [S0163-18208)03312-§

I. INTRODUCTION at the absorption edge becomes larger as the La concentra-
tion increases.
Strontium titanate (SrTig) is one of the most typical Recently, it was found that SrTg&shows a hole conduc-

perovskite-type compounds with a band gap of about 3.2ivity as well as protonic conductivity when doped with Sc
eV.! It is well known that the SrTig crystal hasn-type  jons® The protonic conductor is expected to be the hydro-
conductivity by doping cations such asNbLa®", and ¥*  gen sensor or fuel cell because of its protonic conductivity at
and it becomes a superconductor. The electronic structure fligh temperature. The electrical conductivity shows a ther-
Nb-doped SrTi@has been reported in several photoemissionma| activation-type behavior with activation energy of about
spectroscopy studiés’ In a simple ionic model, a titanium (.4 ev. It is suggested that proton migrates by hopping from
ion in SrTiG; is tetravalent and has nod3electrons. Since  sijte to site around the oxygen ion in this matetial®

there are no 8 electrons nominally that bring appreciable  There have been a lot of studies about the application of
correlation interactions, the electronic structure of SET®  this material; however, the electronic structure ptype
possibly described by the energy-band picture. In fact, a I0&TiO, has not been studied much. The electronic structure
of theoretical calculations of electronic band structures havef p-type SrTiG, has been studied by the absorption spectra
also been performed antype SrTiQ,.*~®In SITiOy, the top  of vacuum ultraviolet regio®® The energy shift of the ab-

of the valence band is mainly Composed of @ Sates and sorption edge due to acceptor dop|ng was Observmj‘pe

the bottom of the conduction band is formed by the @i 3 and the band gap was found to increase by increasing the
states. However, it is known that the orbital af 8lectrons  dopant concentration. It is suggested that holes are formed at
in titanium is strongly hybridized with those in oxygen. This the top of the valence band pftype SrTiG, due to acceptor

leads to the situation in which nonvanishingl &lectrons  doping. Thus, this shift is thought to be followed by the
exist in the ground state. Thus, interesting properties in theigid-band model.

photoemiSSion SpeCtra are found in the satellite structures of In this paper, the electronic structure pftype SrT|Q

the light transition-metal compounds. Van deer Laab- (SrTip 965G 0403), in Which acceptor ion (S&) were intro-
served satellites in the Ti2absorption spectra, and strong duced into T#* ion site in SrTiQ, has been studied by pho-
satellites were observed in the Tip2photoemission toemission. It is nuclear whether the valence-band structure
spectra>®**These satellites are considered to be caused byf the p-type SrTiQ may be characterized by the rigid-band
the charge-transfe(CT) -type satellites. model. As a reference material, the photoemission of the

The SE__XLaXTiO:.; has been studied eXtenSively by X-ray n_type Sr'ﬂQ (SrTiO.98Nb0.0203) was also measured.
absorption and photoemission spectra so far. THestate

appears due to the La doping in the band gap below the
Fermi level** The small Fermi edge, which should be re-
sponsible for the superconductivity, was fouidhe inten-

sity of the 3 state in the band gap becomes larger as the La The single crystal ofp-type SrTiGQ was grown by the
concentration increasé$By O 1s absorption* the energy  floating-zone method using Xe-arc imaging furnace. The hy-
shift to the lower energy region was found and the intensitydrostatically pressed rod that consists of Si[iSrCGO;, and

IIl. EXPERIMENT
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FIG. 2. Comparison of EDC’s between andp-type SrTiG in
the valence-band energy region.

of the experimental system was about 0.3 eV. The x-ray
photoemission spectroscoXPS) spectra were also mea-
sured by the MK « line (1253.6 eV as the excitation light
source. The photoelectron was measured by the electrostatic
hemispherical spectrometer whose radius is 100 mm. The
total-energy resolution was about 1.0 eV.

The samples were scrapdsitu with a diamond file in a
vacuum of 3.x 10 ° Torr in order to obtain the clean sur-
face. Since th@-type SrTiG, has little conductivity at room
temperature, the sample is charged. On the other hand, the
sample has a finite conductivity at high temperature. Thus,
the measurement was carried out at 393 K to avoid the
charging. The position of the Fermi level has been deter-
mined by measuring the Fermi edge of Au.

Ill. RESULTS AND DISCUSSION

Figure 1 shows the comparison of several energy distri-
butions curveqEDC'’s) betweenn-type SrTi_,Nb,O; and
p-type SrTi_,ScO3. The figure shows the spectra of T$,3
3p, 2p, and X core regions measured hv=1253.6 eV,
respectively. Solid and dotted lines show the comparison of

FIG. 1. Comparisons of several core lines in the photoemissiofEDC’s of n- andp-type SrTiQ, respectively. The intensities
spectra ofn- and p-type SrTiQ. The ordinates are normalized by of these spectra are normalized by the peak intensities of the

the intensities of the main peaks. Solid and dashed lines indicate thg,5in lines. Satellite structures having energy separations of
p- andn-type SrTiQ.

about 13.6 eV are found in all these core lines. The binding
energy Eg) of Ti 3p core levels inn type is 37.6 eV, and

S6,0; powder was used. The crystals were examined usinghat inp type is 36.9 eV. The Ti 8, 2p, and Z core lines
x-ray diffraction.

The single crystals ofi-type SrTiQ;, which were grown

are located at 62.4, 459, and 39.4 eVhintype, and at 61.7,
458.3, and 564.7 eV ip type. That is, every Ti line under-

by the Czochralski method, were obtained from Earth Jewgoes a core-level shift to lower binding energy by about 0.7

elry Co.

Ltd.

eV in p-type SrTi_,S¢Os. This fact means the Fermi level

The photoemission spectra were measured at BL-2 opecomes lower ip-type SrTiQ,.

SOR-RING of the Synchrotron Radiation Laboratory, Insti-
tute for Solid State PhysicdSSP, University of Tokyo.

Synchrotron radiation was monochromatized using arhe valence-band spectra have two featuemndB, which

Figure 2 shows the comparison of the EDC spectra in the
valence-band region between theand then-type samples.

grazing-incidence spherical grating monochromator. The kifmainly consist of O p states mixed with Ti @ states. It is
netic energy of the photoelectron was measured with &nown that featuréA corresponds to the nonbonding state
double-pass cylindrical mirror analyzer. The total resolutionand that featurd8 corresponds to the bonding state that is
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FIG. 4. The CFS spectra of andp-type SrTiG; corresponding
FIG. 3. Photoemission spectra near the Fermi level on an ext0 the Ti 3p absorption spectra. Closed and open circles indipate
panded scale fan- andp-type SrTiQ. The donor band exists only and n-type SrTiQ,. The numbers indicate the photon energies,

in the band gap of tha-type SrTiQ. where the resonant-photoemission spectra were measured.

well mixed with the Ti 3 states. Featur€ is considered to Whereas theEF observed in gonductivity measurement is
be the defect of oxygen at the surfgck.has been reported macroscopic. _He_re, the location of trE_* cannot be ex-
by Betref® that the doublet structures at around 20 eV are’/@ned quantitatively. However, the difference of tBg
the O 2 and Sr 4 lines. The intensities of both- and betweenn and p type is consistent with the rigid-band
p-type spectra are normalized by the peak intensities of Sfodel-

4p. The peak position oA andB are different in the spectra

of n andp type. Feature®\ andB are observed at 4.7 and T T T T
6.7 eV inn type, while at 4.0 and 6.0 eV ip type. There- SrTi0.9sNboo20s  (n-type)

fore, the position of the valence-band top is shifted to lower
binding energy by about 0.7 eV iprtype SrTiQ. This fact
seems to be consistent with the energy shifts in Ti core lines.
This shift of the Fermi level indicates the effect of the doping | |
on the rigid-band model.

In n-type material, thée is located just at the bottom of
the conduction band because the band gap is about 3.2 e\
and the energy between the top of the valence band and th
Er is about 3.2 eV in Fig. 2. In the case pftype material,
the top of the valence band is found to be located at about
2.6 eV below theEr, while the band gap gb-type SrTiG,
was obtained at 3.54 e¥?.This fact indicates that the Fermi
level is located close to the conduction band in the band gap.
If the electronic structure obeys the rigid-band model ex-
actly, the position of theEg of the p type one would be
located below the half of the band gap. Thus, the energy shift
observed in this measurement seems to be small. This fac
may reflect the band bending effect at the surface. It is
known that the bands at the surfaces of ordinary semicon-
ductors bend upward or downward in thre or p-type
samples, respectivef}. This effect may depend on the space
charge trapped by the surface state. The surface state he Lo a Lo b e b (')
been studied well im-type semiconductors, while it has not %5 20 Biﬁfimg Enei%y (eV) 7
been studied well ip-type semiconductors. It is known that
Sc-doped SrTi@has a lot of oxygen defects. It is believed  F|G. 5. Valence-band spectra pitype SrTiQ excited at vari-
that the extra charge is trapped by defects at the surfaceus photon energies numbered in Fig. 4. Labeland B indicate
Another possible origin of the apparent discrepancy is thathe nonbonding and bonding band between the gDa2d Ti 3d
the photoemission is a spatially localized phenomenonstates.

Intensity (Arb.Units)
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FIG. 6. Valence-band spectra pftype SrTiQ excited at vari-

ous photon energies numbered in Fig. 4. FIG. 7. (&) Comparison between the on- and off-resonance spec-

. . o ) tra for n- and p-type SrTiQ,. Shown are total DOS curves calcu-
Figure 3 shows the detailed photoemission spectra in th@ited by Mattheis¢Ref. 4 and Toussaint, Selme, and Pech@Reef.

band-gap energy region below the Fermi level, where thes). (b) Difference spectra from on- to off-resonance spectra and Ti
open and closed circles indicate the EDC spectra-ahnd  3d PDOS curve calculated by Toussaint, Selme, and Pecheur. Solid
n-type SrTiQ,. A prominent feature that has al3haracter and broken lines show- andn-type SrTiQ,

was found at aroung=1 eV in the band gap. The feature
mainly originates from the donor band formed by dopifig.
There is a Fermi edge far-type SrTiG, though the inten-
sity atEg is very little. However, there is no structure in the
band gap below the Fermi level rtype SrTiG,. This fact

is consistent with the rigid-band model, which suggests thaT[he origin of ;he fOI‘}TatIOH of th;'s bland.
there is a structure in the band gap above the Fermi level in F19ure 4 shows the constant final sté@S spectra op-

the case op-type SITiQ,. andn-type SrTiQ, measured at the kinetic energy, where the
A 3d character band has been found in the band gap gtecondary electron has a maximum intensity. These spectra
La-dopedn-type SrTiQ.' There is the difference of binding &€ approximately regarded as the absorption spectra of
energy from the donor band, which is considered to be 1.513p—Ti 3d. The vertical bars, which are numbered from 1
eV in La doped, and-0.8 eV in Nb doped. The origin of the 10 10, indicate the selected photon energies for the resonant-
formation of the gap state has not been cleamtype La-  photoemission measurements.
doped SrTiQ, Fujimori et al* interpreted that the density ~ Figures 5 and 6 show the valence-band EDC's10find
of states(DOS observed in the band gap is not simply a p-type SrTiG; measured at various photon energies num-
donor band. Impurity potential due to the¥aions substi- bered in Fig. 4. Label# andB indicate the nonbonding and
tuting SP* produces donor levels, but the binding energy ofbonding bands of the O2and Ti 3d states. The bonding
such a donor level would be orders of magnitude too small tgoeak of the valence band is enhanced around the photon
account for the~ 1.5 eV peak. And, the long-range Coulomb energy 47 eMlabel 5. The Ti 3p—3d resonance enhance-
interaction combined with potential disorder might cause ament of bonding peak ip type is larger than that in type.
pseudogap in metallic systerffssince it is known to pro- The intensity of the Sr g peak at about 23.2 eV becomes
duce a Coulomb gap in insulatorSuch an effect, however, strong at lower excitation energies. This is obviously due to
depends on the mean distance between doped electrons ahe excitation-energy dependence of the ionization cross sec-
hence should diminish with decreasiXg In this study, one tion of the Sr 4 electron® Since the Sr g line is observed

can find there is no structure in the band gap in phigype
SrTiO;. This fact supports at least that this band comes from
the donor bands, though there are a lot of questions regarding
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strongly, the O 2 line is distinguished as a shoulder on the
tail of the Sr 4 line.

Figure {a) shows off-resonance spectra of the valence
band ofn- andp-type SrTiQ,. The excitation energy for the
spectra is 60 eV. The binding energy of theype SrTiG is
shifted to higher binding energy by 0.7 eV in order to com-
pare the line shape with that of tinetype one. Two energy-
band DOS curves shown under off-resonance spectra ob :
tained by several authors, Matthéissd Toussaint, Selme,
and Pecheut? are also exhibited. Each of the DOS curves

Satellite

are obtained by convoluting the original DOS with Gaussian —
broadening functions with widths of 0.5 eV. Mattheiss cal- ‘£
culated his DOS curves using the augmented plane wave an@
Slater-Coster linear combination of atomic orbitals interpo- &
lation method' Toussainkt al. calculated DOS curves using =
the tight-binding method, together with a Green’s functibn. 2
The off-resonance spectra are in good accordance with theé’

band calculation by Matthei$sand Toussaint, Selme, and
Pecheuf* In two band calculations, the valence band has
two peaks. The photoemissions spectra also show the twc
peaks,A and B (nonbonding and bonding peakslthough

the intensity of pealA is lower than that of peaB in the
photoemission spectra. One can find that the intensity of the
nonbonding peak of the type is lower than that of tha
type. Furthermore, the Tid® components in both bonding

Ti3p

and nonbonding bands are resonantly enhanced by the T : ' " ! -
3p—3d excitation in the on-resonance spectra. The effect 40 30 o 10 0
strongly appears ip-type SrTiQ. Relative Binding Energy (V)

Figure 7b) shows the difference spectra from on-

FIG. 8. Core-phot issi tra rof and p-t SrTiG,.
resonance to off-resonance spectra. ore-photoemission spectra and p-type SrTiQ,

. X The abscissa is the relative binding energy from the main peak.
It is kpoyvn that the difference spectra by the resonantSo”d and broken lines show- and n-type SrTiG,. Vertical bars
photoemission correspond to thel @omponents in the va-  ¢,ow the satellites.

lence band. One can find that the difference spectrum of
p-type SrTiG has a stronger intensity thantype material.  for the 2s structure inp-type SrTiQ,.
This fact shows that thedBcomponent ofp-type SrTiQ; is These differences in the satellite intensities are not clear
more than that oh-type SrTiG. Thus, one can know that at present, because satellite intensity is related to several pa-
the hybridization between O@and Ti 3d increases in rameters; hybridization energy, charge-transfer energy
p-type SrTiQ,. In fact, the difference spectra are in good A, and core hole potentialy.. Here, there is a problem in
agreement with the calculated TdJartial density of states the energy separation between the main line and satellite
(PDOS by Toussaint, Selme, and Pechétwhich is shown line. They are about 13.6 eV in both spectra. If only the
under two difference spectra. hybridization of the Ti & and O 2 states becomes stronger
Figure 8 shows the XPS and ultraviolet photoemissionin the p-type one, the energy position of the satellitepn
spectroscopy spectra in several core levels. The abscissa rdPe would be larger than that in type. Recently, Okada
resents the relative binding energy, the zero of which is loand Kotanf® calculated the charge-transfe€T) satellite in
cated at the main peak. The core levels are indicated on tH&e Ti 2p core region of Ti compounds. The energy separa-
left-hand sides of the spectra. The vertical bars in EDC spedion of the satellite structure is well reproduced by calcula-
tra indicate the location of the charge-transfer satellites. Th&on, where the energy separation is mainly due to the large
core-level XPS spectra of SrTiave been already reported hybridization effectv and the CT energyA). It is roughly
by Kim and Winogracet all! and Tezukat al® The present determined to be AZ+4VZ, where the Vg is
results are consistent with their results. It is known that thesg/6V (t,g)°+4V(e,)?, andV(t,,) andV(e,) are the hybrid-
satellites are closely related to the hybridization effect beization energies of,4 andey states. Since the energy sepa-
tween Ti A and O 2% in SrTiO;. ration does not change much, the other parameters are
It is recognized that the charge-transfer satellites are obechanged between- and p-type SrTiQ. These changes of
served in every spectrum about 13.6 eV from the main linghe parameters may be due to the slight change of the lattice
in both n- and p-type SrTiQ,. Furthermore, it is found that constant and the screening effect by the free carriers in
the intensities of the satellites ip type are stronger than n-type SrTiQ,.
those inn-type SrTiG,. The relative intensities of the satel-  The vertical dashed lines show the plasmon satellites. The
lite to the main structures are almost 10—-15 % for thee 2 dashed line in the Ti 8is due to the plasmon of TiBcore
3s, and 3 and about 30% for the 2structure inn-type line. A plasmon satellite is observed at about 28 eV. Fran-
SrTi0,.2 On the other hand, the relative intensities of thosedon, Brousseau, and Pratfabbserved the plasmon peak at
are almost 15-20 % for thep? 3s, and 3, and about 35% 26 eV by means of electron-energy-loss study. Sen, Riga,




S7 ELECTRONIC STRUCTURE OR-TYPE SITiQ, BY . .. 6983

and Verbist® also observed the satellites at 26 eV in the Ti IV. CONCLUSION

2s and Ti 2p spectra. In this_ study, the plasmon :_saftellite IS \We measured photoemission spectraetype SrTiQ, us-
observed in the Ti & and Ti 3p spectra, though it is not jg synchrotron radiation, and compared the results with
observed clearly in the Ti2 and Ti 3s spectra. ~ those of the Nb-doped-type SrTiG,. The valence-band and

In the Ti 2s spectrum, the charge-transfer satellite isTj core levels are shifted by about 0.7 V. The donor band is
formed at about 10 eV from the main peak. These structurefound in the band gap below Fermi level in tmetype
may be nonbonding-type charge-transfer satellites, which argrTiO,, but cannot be found in the-type one. These results
found in on-resonance spectra of early transition-metal comean be understood by the rigid-band model. In the resonant-
pounds, such as SgRRef. 27 and Ti0,.>®*3 This non-  photoemission study, the Tid3state in the valence band is
bonding satellite becomes strongergstype SrTiG, which  much stronger inp-type SrTiQ;. It is concluded that the
is also consistent with the larger hybridization jmtype  hybridization with O 2 and Ti & is increased imp-type

SrTiOs. SrTiO,.
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