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Direct evidence ofp-type SrTiO5 by high-resolution x-ray absorption spectroscopy
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We study x-ray absorption spectra below the ©tlireshold in Sc-doped stoichiometric strontium titanate
(SrTiOs). We find hole states at the top of the valence band and acceptor-induced levels just above the Fermi
level. The x-ray absorption spectra features and their temperature dependence are in good agreement with
electrical-conductivity studies on the same samples. It is concluded that Sc-doped iStditype semicon-
ductor with deep acceptor levels lying in the middle of the band gap.
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[. INTRODUCTION alized asp-type sample p-type SrTiQ has not been con-
firmed so far. Additionally, Sc-doped SrTiGexhibits low
Stoichiometric strontium titanate (SrTiDpossesses a cu- conductivity at room temperature. The as-prepared Sc-doped
bic perovskite-type structure and is essentially a band insuSfTiOs single crystal is transparent in the visible-light re-
lator with a band gap of about 3.2 W is well known that 919N The electrical conductivity is low and shows a thermal

SITIO; exhibitsn-type conductivity on substituting Nb (or activation-type behavior with activation energy of 0.4 eV for

La®*) for Tr** (or SP*) and it becomes a superconductor at_SrTiO,geSco_MO?, in the high-temperature region. Therefore, it

_ . ._1s very difficult to prove the existence pftype conductivity
TC_.O'3.K' The doped systems have been used in pracUcﬁV Hall effect or thermoelectric measurements.
applications such as electrodes and as a gas sensor. On

) ) he electronic structure of Sc-doped SrJi@as been
other hand, the existence pitype SrTiQ; has not been con- g gied by absorption spectroscopy in the vacuum ultraviolet

firmed as yet. If its existence were confirm@etype SrTiGQ, region and also by photoemission spectroscdtsS.6~8An
would be a very promising material. First, it would become agnergy shift of the absorption edge due to Sc doping was
wide-gap semiconductor diode in blue-light region andgpserved and the band gap was found to increase with in-
would be highly valued in the semiconductor industry. Secreasing St~ ions, indicating the formation of holes at the
ond, it is well known thap-type doping in perovskite struc- top of the valence band. Comparing with the PES of Nb-
ture accommodates protonic conductivity. The protonic doped n-type SrTiQ, the Fermi level Eg) of Sc-doped
conductors are important materials for a wide variety of elecSrTiO; shifts to valence-band side. Furthermdgg, shifts to
trochemical applications such as fuel cell and hydrogen sensalence-band side with increasing®Sdons in accord with
sor in the renewable energy-source industry. Third, dopethe rigid-band model. However, the above facts are indirect
transition-metal compounds show a wide variety of interestevidences op-type SrTiQ,. If Sc-doped SrTiQwerep type,
ing electrical properties, such as higla superconductivity. the holes at the top of the valence band or acceptor level near
Doped SrTiQ also belong to the series of doped transition-E, which provide the electrical conductivity, might be ob-
metal compounds, which exhibit superconductivity at lowserved by careful measurements using high-resolution and
temperature. high-brightness x-ray absorption spectroscdgpS). XAS

The perovskite-type compounds such as Sr{eO are related directly to the unoccupied density of states
Cazr0,, and SrzZrQ show hole conductivity as well as pro- (DOS).° This optical process is a rather local process, be-
tonic conductivity in the very-high-temperature region whencause of the localized core state. It is governed by the dipole
doped with acceptor iorfs* A recent report suggested that selection rules so that XAS gives the spectrum relating to the
SrTiO; also shows protonic conductivity with very low acti- site- and symmetry-selected DOS. In this paper, we present
vation energy when $¢ ions are substituted into i site>  high-resolution XAS spectra and electrical conductivity of
However, there are several mysteries in Sc-doped SrTiO SrTi; S O3 and show how the features found in the band-
Although perovskite-type protonic conductor is generally re-gap region are related with thetype electrical conductivity.
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MR AR L) LS LALE LR LR LALES LAARE CLAL) RARARLELE) LA with the unoccupied Ti 8 states>*3The O 1s XAS spectra
SrTi1+SciOs Ti3d are normalized by Sr @ peak of the conduction band,
though the peak is not shown in this figure. The feature
around 532 eV is mainly composed of the Td 3tate hy-
bridized with O 2 state. The spectral intensity depends on

--------------- B gr Sc dopant concentration. The change is believed to originate
a in the difference of hybridization between Td3and O 2
? \ states by doping Sc ions, as indicated from a recent resonant-
photoemission study. The spectral intensity below the
threshold is expanded by ten times and is shown as a thick
x line above the XAS spectrum in order to obtain reliable in-
o EF formation in the band-gap energy region. In this energy re-
0.05 ‘ 8 gion, the electronic structure related with §hiéype conduc-
8 tivity should be realized. Arrow shows the top of the valence
\’\/\/‘\/ band. The Fermi levelEg) is determined from the binding

energy of the O & photoemission peak. One can find tEat
is located between the valence band and conduction band
and gradually shifts to the valence-band side with increasing
S&* ions. In the photoemission study on SrTjSc,0s, it is

Intensity (Arb.units)

0.02 ‘ | reported thaEg shifts to the valence-band side with increas-
T ing SE@" ions in accord with the rigid-band modeHow-
ever, the shift does not quantitatively follow the shift in XAS
0.01 ; | by about 0.2-0.5 eV, the discrepancy possibly originates in
— surface effects due to difference of the mean free path of
0 0 Ls-XAS XAS and photoemission spectroscopy.
X10 / s It is striking that two features corresponding dcand g3

peaks are observed in the band-gap energy region of
Lonbiete s ten bt b b b e b | SrTi; _,Sc,0s, though there is no structure in the band gap of
527 528 529 530 531 532 533 nondoped SrTiQ The weak featuré of x=0.05 is consid-
Photon Energy (¢V) ered to be a defect-induced level of Ti 3tate, since the Sc
] o dopant concentration is more than the solubility limit in

FIG. 1. O Is XAS spectra of Srhi_,ScOs. Thick lines show — gTjo, The intensities ofx and 8 peaks increase with in-
the O Is XAS spectrg on an expand_ed _scale. Vertical bar is thecreasing St ions. The featurer might be assigned to holes
position .OH.EF determined fro.m .the binding energy of the @ 1 created by Sc doping at the top of the valence band, which is
photoemission peak. Arrows indicate the top of the valence band. . : )

mainly composed of nonbonding (pXstates in the valence
band. In the absorption spectra of vacuum ultraviolet region,
it has been clarified that the band gap of $r15c0; in-

The single crystal of Sc-doped SrH@rTi;_,ScOs) creases with increasing cions?® This fact is consistent
was grown by the floating-zone method. The crystals weravith the presence of holes created at the top of the valence
examined using x-ray diffraction. XAS measurements wereband. On the other hand, the featy@at or neaEr might be
carried out at the revolver undulator beamline BL-19B at theassigned to the acceptor level, since it lies just aldeye
Photon FactoryPPF of the High Energy Accelerator Organi- In order to confirm these assignments ferand B, we
zation(KEK), Tsukuba in Japan. Synchrotron radiation frommeasured the temperature dependence o6XAS spectra
the undulator was monochromatized using a grating monoin the band-gap region of Sil§sSG o3, as shown by Fig.
chromator. The revolver undulator covers a wide energy2(a). The spectra are measured from 300 to 80 K. To make
range from 10 to 1200 eV in the first harmonic. High bright- sure of the reproducibility of the spectra, the measurements
ness with a high resolution is realized using a varied linewere carried out on decreasing temperature from 300 to 80 K
spacing plane grating monochromator. The resolution o&nd for increasing temperatures from 80 to 300 K. The in-
aboutAE/E=2x10 * athv=400eV and high photon flux tensity of « peak decreases with decreasing temperature. In
of about 162~ 103 photons/sec is realized with the spot size contrast, the intensity o peak increases with decreasing
of 100 um.1>* The XAS spectra were measured by collect-temperature. The intensities efand 8 peaks are plotted in

Il. EXPERIMENTAL

ing the total fluorescence yield. Fig. 2b), where log (intensity is plotted against
1000m (K™ Y). The « and B8 peak intensities are obtained by
IIl. RESULTS AND DISCUSSIONS the subtraction of a linear or a polynominal smooth back-

ground. The peak intensity is in arbitrary unit, so that the log
Figure 1 shows the OsLXAS spectra as a function of Sc (Intensity) scale is not determined by a constant and the
doping in SrTi_,Sc0s. From the dipole selection rule, itis slope does not change. These slopes are exponential-like.
understood that the OsIXAS spectra of SrTi@correspond The slopes ofa and 8 peaks are 0.70 eV and0.72 eV,
to transitions from O & to the O 2 character hybridized which correspond to activation energiesK). The AE of «
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conductivity doped with St ions shows a thermal
activation-type behavior. At high temperatures, above 673 K,

P AN L AL N the conductivity does not depend on Sc dopant concentra-
2 ) i tion, indicating that oxygen ion conductivity is more domi-
102 _SrT10.9sSco.on3 | nant than hole conductivity. At low temperatures, below 673
~ g = 3 K, the conductivity depends on Sc dopant concentration and
= 4F NE(3)=0.72 eV 3 the magnitude is the highest k= 0.02 and the lowest ix
s [ ’ ] =0.01.
o 2F b
E 3L | Figure 4 shows Sc doping dependence of Eje esti-
:’010 E 3 mated from the XAS datéFig. 2) andE, estimated from the
Q - 7
— 4+ -
of AE)=0.70eV . L1[ l l | 3
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FIG. 2. () Temperature dependence of @ XAS spectra of
SrTip 9e5G 003 (b) The plot of intensity ofa peak(open circleg
and B peak(closed circlg of O 1s XAS spectra shown ia). Solid
lines indicate the activation ener§E ) ,AE 4] for the o and 8

peaks of SrTj eS¢ 0 LQs-

peak is in good agreement with that Bf peak. This fact
indicates that the electrons occupying the hole Iéwgbeak

are excited thermally to the acceptor levéspeak. Thus,

we can assigi to be the hole states at the top of the valence
band andB corresponds to the acceptor levels.

Figure 3 shows the Arrhenius plot as a function of doping
of the conductivity of SrTj_,ScO; measured in dry air.
Complex impedance was measured by HP4275A LCR metet
from room temperature to 900 °C. The electrical conductivity
is determined by the Cole-Cole complex impedance plot at
each temperature. As a reference, Sgl©0=0) is also mea-
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FIG. 4. Activation energies as a function of doping of

sured as shown in the figure. It is clear that the conductivitysrTi, _,Sc,05 obtained from O & XAS (open circle and Arrhenius
of x=0 is different compared to the case of Sc doping. Theplot of the electrical conductivityclosed triangle mapk
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slope of the Arrhenius plot. ThE, from the Arrhenius plot the delicate balance between the amount of holes and that of
rapidly decreases to 0.62 eV at0.02 and then slowly in- 0xygen vacancy in the system.

creases fok>0.02. For Sc doping dependence, the behavior

of E from the Arrhenius plot is in good agreement with that IV. CONCLUSION

obtained from XAS, although the energy difference Bf We have studied the electronic structure in the band-gap
between Arrhenius plot and XAS is abotD.1 eV. The en-  energy region of Sri,Sc0O; using XAS. The O % XAS
ergy difference may be due to the difference between thepectrum shows two empty states, corresponding to acceptor
experimental accuracies. The estimation of the intensity idevel nearEg and hole states created at the top of the valence
XAS may bring about an error 6£0.1 eV because the total band. The activation energies obtained by XAS is in good
resolution of the experimental system used in this study isigreement with those obtained by electrical conductivity.
about 0.1 eV for XAS. If the electrical conductivity is attrib- These facts prove that SiTi,Sc,0; exhibitsp-type conduc-
uted to holes, th&, should be related with the energy sepa-tivity, which was not confirmed so far. High-energy absorp-
ration between the high energy side of the hal and the  tion spectroscopy is fOl_Jnd to be a powerful tool for thg study
low energy side of the acceptor levg). If we pay attention of electronic strupture in the band gap and to relate it to the
to the position of the hole&y peak in Fig. 2, the dashed line transport properties.
of background actually intersects hemline of the hole struc-
ture at about 0.650.70 eV fromEg . ACKNOWLEDGMENTS
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