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S1. Rietveld analysis of SrTiO3 and Lag,05Sro.05TiO3 Hence, below the transition temperature, the Sr K-edge EXAFS
peakin the primary coordination sphere caused by scattering from
the nearest-neighbor 12 oxygen atoms should split into three
peaks. However, it is difficult to detect a small splitting of the Sr-
oxygen EXAFS peak since the rotation of the TiOg octahedron is
slight (1.62° at 70 K).5” Thus, in the curve fitting analysis of the
EXAFS spectra, we assumed that the crystal structure corresponds

Commercially available pristine SrTiO; and La-doped SrTiOs,
Lap.0sSro.esTiO3, single-crystals grown via the Verneuil method
were used in the study (Crystal Base Co., Ltd.). For X-ray powder
diffraction (XRD) measurement, the single-crystal samples were
finely ground. Fig. S1 shows the XRD patterns of SrTiOs; and
Lap.0sSro.9sTiO3 measured by using the Bragg—Brentano configura-
tion with CuKa radiation (PANalytical, X’Pert Pro MPD; 45 kV - 40
mA) at room temperature. The crystal structure of SrTiOs is cubic
perovskite with a space group of Pm3m (No. 221) at room tem-
perature. When La is excessively substituted (x = 0.6 for La,Sr;- ‘ j
xT103), it was reported that the crystal structure turns to be disor-

dered perovskite.5152 However, in this study, the crystal structure (AU
at room temperature remains cubic perovskite without any distor- I

tion for low La-substituted SrTiO3 (Lag.0sSro.05TiO3).53 The XRD pat- v

tern of LagsSroosTiOs (Fig. S1) is essentially identical to that of .
SrTiOs, and does not exhibit peaks derived from any distortion of i
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perovskite structure such as tetragonal ones. Assuming that the
crystal structures of SrTiO3 and Lag osSro.e5TiO3 correspond to cubic
perovskites with a space group of Pm3m, therefore, Rietveld
analysis of the XRD patterns was performed by using the program
RIETAN-FP.5* From the Rietveld analysis, the lattice constants of
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SrTiO; and LaggsSrTiOs were estimated as 3.906 A and 3.907 A, re- | i
spectively. 1 ¢ !
o wtb 1 & 2 K 3.
Extended X-ray absorption fine structure (XAFS) measure- i N
ments were performed at low temperature (20 K). At the phase- 3‘0 6=0 35

transition temperature of 110 K, it is well known that the crystal
structure of SrTiO3 becomes to be distorted to tetragonal perov-
skite (/4/mcm) due to the rotation of the TiOg octahedral struc-
ture.S> %6 |n the cubic structure without any distortion, there are
12 equivalent oxygen atoms adjacent to Sr. Given the rotation of
the TiOg octahedron, the atomic distance to Sr decreases for four
oxygen atoms and increases for the other four oxygen atoms. The
remaining 4 oxygen atoms are barely affected by the rotation.

20 (*ICuKa)

Fig. S1 Observed XRD spectra (red), calculated XRD patterns
(light-blue), and the differences (blue) of (a) SrTiO; and (b)
Lao.0sSro.9sTiO3 resulting from Rietveld analysis. The diffraction
angle of the observed XRD spectra is calibrated by using a Si in-
ternal standard (NIST 640e) denoted by V.
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to cubic perovskite. Strictly speaking, the Sr-oxygen distance esti-
mated by the curve fitting of EXAFS spectra is the average value of
the three split distances.

It was reported that LagosSroosTiOs also distorts below the
transition temperature of 203 K.53 A previous theoretical calcula-
tion indicated that carrier doping caused the cubic phase of the
TiOg octahedron to become electronically unstable and rotate.s8
However, as shown in the main text, the Sr K-edge EXAFS spec-
trum of SrTiOs is extremely similar to that of Lag gsSro.9sTiO3. Spe-
cifically, it is important to note that there is no significant change
in the peak structure in the primary coordination sphere. This im-
plies that the effect of local distortion on the oxygen atoms adja-
cent to Sr is not effective in Lag gsSro.95TiO3 and is difficult to detect
via EXAFS. Assuming that the crystal structures of LagosSro.ssTiOs
are cubic perovskites with the space group ofPm3m, therefore,
we performed the curve fitting analysis of EXAFS and compared it
with the atomic distances estimated via the Rietveld analysis.

S2. ARPES geometry and dipole selection rule

A schematic view of angle-resolved photoemission spectros-
copy (ARPES) geometry in the study is shown in Fig. S2. The syn-
chrotron radiation (SR) is linearly polarized horizontally and verti-
cally to the detection plane, as denoted by LH-SR (yellow) and LV-
SR (blue), respectively. The two orthogonal axes in the sample
plane are denoted as x (horizontal) and y (vertical), and the surface
normal is represented as z-axis. With respect to a high-resolution
hemispherical electron analyzer (SES2002, Scienta) used in the
study, photoelectrons in the acceptance angle of +6°, which is de-
noted by the ‘detection area’ (red), can be simultaneously taken
for the angular mode. The entrance slit of the electron analyzer
lies on the incidence plane of SR. The polar (&) and tilt (¢) angles
denote the rotation around the y-axis and x-axis with respect to
the lens axis of the analyzer (9=0°) and the detection plane (¢=0°),
respectively. The polar-rotational and tilt-rotational control of the
sample are obtained via a rotary stage and a sample goniometer
with a liquid-helium-flow cryostat (i-GONIO LT, R-Dec Co. Ltd.),s®
respectively. Fig. S2 shows the ARPES geometry when the surface
normal lies on the detection plane, i.e., the tilt angle is set to 0°.
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Fig. S2 Schematic view of the ARPES geometry.

In our ARPES measurements, the (001) surfaces of SrTiO; and
Lao.05Sro.9sTiO3 were used, and the [100] and [010] directions of
the samples were aligned with the x-axis and y-axis, respectively.
By doping electrons into SrTiOs, it is considered that the Ti 3d t5,
bands near the conduction band minimum around the I point are
partially occupied.51051 |n the bulk, the t;; bands consisting of the
dyy, dy;, and d orbitals degenerate at the I point.5® Conversely,
near the surface, the t;; bands split into the in-plane d,, band and
the out-of-plane d,,/d.« bands due to the discontinuous potential
at the (001) surface. In a recent high-resolution ARPES study,
which is a surface-sensitive spectroscopic technique, the afore-
mentioned splitting of the t,; bands around the I point was clearly
observed.s11

Based on Fermi’s golden rule, the photoemission intensity is
only detected when the entire matrix element ((pj'c‘|A . p|(pf‘) is
symmetric (or even) with respect to the symmetry operation to
the mirror plane of the crystal.512513 Here, |(p{‘) and |<p]'c‘) denote
the initial and final states, respectively. Additionally, A and p de-
note a vector potential of the electromagnetic field and a momen-
tum operator. A vacuum ultraviolet photon energy around 100 eV
is used in the ARPES study, and thus, the photoelectrons behave
in a free-electron-like manner and the final state |<p}f) is symmet-
ric (even) with respect to the mirror plane. In order to detect the
photoelectrons, the initial state |<pf‘) and dipole operator A-p
must exhibit the same symmetry with respect to the mirror plane.
In the ARPES geometry shown in Fig. S2, the LH-SR and LV-SR ex-
hibit symmetry (even) and asymmetry (odd) with respect to the
detection plane (i.e., zx-mirror plane detection plane), respec-
tively. With respect to the initial state, the d, band is symmetric
(even) while the dy, and dy,; bands are asymmetric (odd). Given the
restriction of the dipole selection rule, the detectable initial states
for the geometry in this ARPES study are summarized as follows:

d,x band (even) for LH-SR (even),
dyy and dy, bands (odd) for LV-SR (odd).

S3. Photoemission spectroscopy of Lag,0sSro.9sTiO3

Commercially available La-doped SrTiOs, LagsSro.gsTiOs, sin-
gle-crystals grown via the Verneuil method (Crystal Base Co., Ltd.)
were used in the photoemission spectroscopy (PES) study. In order
to prevent the composition from deviating from the bulk value,
clean surfaces were obtained via cleaving the single crystal in situ
at a temperature of 20 K. The surface normal and the measured
momentum direction were set such that they constitute a natu-
rally cleaving (001) surface and [100] direction, respectively. All
PES and angle-resolved PES (ARPES) measurements were per-
formed at 20K.

Fig. S3 shows the valence band spectra of the LagosSro.esTiO3
(001) surface obtained at (a) 9=0° and (b) 9=18°. The spectra were
measured by using LH-SR (black) and LV-SR (red), respectively, of
100 eV. The spectra obtained at 9=0° and 18° reflect the electronic
structure of valence bands around the center of the first and sec-
ond Brillouin zones (BZs), respectively. In our experimental condi-
tion, the characteristic spectral feature immediately below the
Fermi level (Ef) denoted as the metallic state (MS) was clearly ob-
served around the center of the second BZ (I';) only for the LV-SR
(red curve in Fig. S3 (b)). As mentioned in section 2, the MS is con-
sidered as derived from electron doping into the dy, and dy, bands.
Interestingly, the characteristic spectral feature was not observed
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Fig. S3 Polarization dependence of the valence band spectra of
the Lap.osSrossTiOs (001) surface around (a) I and (b) ;. The
spectra denoted by the black and red lines are measured by using
LH-SR and LV-SR, respectively. The photon energy was set to be
100 eV. The spectra were measured at 20 K.

in the spectrum around the center of the first BZ (I'1). We speculate
that the lack of spectral intensity around I is due to the final-
state-effect as typically observed for other metal oxides.51* Alt-
hough there is a possibility of detecting the trace of the d,, band
in the case that LH-SR is used, no spectral intensity was observed
immediately below Ef in the observed PES spectra.

In order to demonstrate the electronic behavior of the t;,
bands more clearly, the ARPES images in the energy region as in-
dicated by the dotted rectangles in Fig. S3 were measured. Fig. S4
(a) shows the spectra at 9=0°, 8°, and 18° as measured by using
LV-SR. A characteristic electronic structure with parabolic shape,
which recently attracted attention as a two-dimensional electron
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Fig. S4 Polar angle dependence of the ARPES images of the
Lag.0sSro.9sTiO3 (001) surface near Er. The images are measured
by using LV-SR, and normalized by the integrated intensity of va-
lence bands. (b) ARPES image images near Er measured by using
LH-SR. The polar angle is the same as that used in the upper-right
image measured by using LV-SR. The photon energy was set to
be 100 eV.
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gas (2DEG),51L 515-519 was observed only around I,. The parabolic
spectral feature immediately below Ef was not observed in the
ARPES image measured via LH-SR (Fig. S4 (b)).

Fig. S5 (a) shows the ARPES image in the valence band of the
Lap.0sSro.95TiO3 (001) surface. As indicated in previous reports, it is
well known that two remarkable structures centered at the bind-
ing energy of approximately -5 eV and approximately -7.5 eV are
derived from O 2p non-bonding bands and Ti 3d-O 2p bonding
bands, respectively.51 In addition to the valence bands character-
istic of the pristine (non-doped) SrTiOs3, electron doping due to the
La3*-on-Sr2* substitution induces two characteristic states in the
band gap region. Fig. S5 (b) shows the expanded ARPES image in
the band gap region indicated by the red rectangle in Fig. S5 (a).
The ARPES image was measured by using LV-SR, and thus, the par-
tially occupied dy, and/or d,, bands were observed only around I',.
As shown in Figs. S5 (c) and S5 (d), i.e., the expanded views near
Erin the energy region indicated by the red rectangle in Fig. S5 (b),
the dy/d,, bands immediately below Ef are considerably disper-
sive and sensitive to the tilt angle. In addition to the dispersive
dy/dy, bands, a non-dispersive state at the binding energy of -1.3
eV was observed throughout the measured momentum region.
The non-dispersive state is always located within the band gap,
and thus, it is hereafter referred to as an in-gap state (IGS).

Fig. S6 shows the photon energy (hv) dependence of the PES
spectra from 90 eV to 100 eV. The PES spectra were measured in
the transmission mode. In order to clarify the photon energy de-
pendence of the dy,/d,, bands, the LV-SR was used and the polar
angle was set such that the momentum at Ef is around I, (9=18°).
As shown in the PES spectra near Er (Fig. S6 (c)), the spectral shape
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Fig. S5 ARPES images in (a) valence-band region, (b) band-gap re-
gion, and (c) near Fermi-level region of LagosSroesTiOs (001)
around T,. The spectra are measured by using LV-SR. For the
ARPES images in the panels (a), (b), and (c), the sample normal is
inclined 0.5° from the detection plane, i.e., the tilt angle (¢) is set
t0 0.5°. (d) The same as panel (c), but the sample normal is set to
the detection plane ($=0°). The photon energy was set to be 100
ev.
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Fig. S6 (a) Photon energy dependence of the valence bands
around I,. (b) and (c) Expanded views in the binding-energy re-
gion denoted by the rectangles in the panels (a) and (b), respec-
tively. (d) Spectral intensity integration of the binding energy re-
gion from -0.5 eV to 0.2 eV. (e) Comparison of the peak widths in
the vicinity of Er measured at the photon energy of 100eV
(green) and 90eV (violet). The spectra are measured by using LV-
SR, and normalized by the integrated intensity of valence bands.

of the dy,/d,, bands strongly depends on the photon energy. The
spectral width of the d,/d,, bands at hv=90 eV is considerably
sharp when compared with that at hv=100 eV (Fig. S6 (e)). The
spectral intensity of dy,/d,, bands gradually decreases as the pho-
ton energy decreases from 100 eV to 94 eV, and turns to increase
as the photon energy further decreases (Fig. S6 (d)). As shown in
the following ARPES images (Fig. 2 in the main text), this suggests
that the MS is caused by multiple states with different photon en-
ergy dependence in the spectral intensity. Conversely, the IGSs did
not indicate any remarkable hv-dependence.

Fig. S7 (b) shows the tilt (¢p) dependence of the PES spectra in
the band-gap region around ;. The spectra were measured by us-
ing LV-SR and normalized by the integrated intensity of the va-
lence bands as shown in Fig. S7 (a). A photon energy of 100 eV was

used. The tilt angle was changed from -3.0° to +3.0° in steps of 0.5°.

The black bold lines indicate the PES spectra measured when the
surface normal was set in the detection plane, i.e., $=0°. As shown
in Fig. S7 (b), the spectral shape/intensity of the IGS barely de-
pends on the tilt angle. Conversely, the spectral intensity near E¢
is the most intensive at $=0°, and monotonically decreases as the
tilt angle increases/decreases. As mentioned above, the sharp MS
at $=0° is considered as derived from the dy, band. It should be
noted that the MS is clearly observed even when ¢$=%3.0°. The d,
and dy, bands must be detected only near $=0°. The MS observed
when $=13.0° is potentially caused by the d,, band due to its less-
dispersive nature along the y-axis. From the dipole selection rules
as discussed in the section 2, the d,x band should not be detected
when the surface normal lies on the detection plane ($=0°). How-
ever, the PES intensity no longer follows the dipole selection rule
when the sample is tilted. Furthermore, the t,; bands are consid-
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Fig. S7 Tilt dependence of PES spectra in (a) valence-band region
and (b) band gap region around I';. The spectra are obtained by
using LV-SR and normalized by the integrated intensity of the va-
lence band spectra.

ered to be hybridized to each other with the exception of I'. There-
fore, we consider that the MS observed at the finite tilt angle is
caused by the deviation from the dipole selection rule and/or the
hybridization among the t,, bands. The origin of the spectral fea-
ture near Er has been actively discussed in recent years.516-519

S4. Soft X-ray emission spectroscopy of SrTiO3 and Lag.o5Sro.95TiO3

Commercially available pristine SrTiO3 and La-doped SrTiOs,
Lap.0sSro.9sTiO3, single-crystals grown via the Verneuil method
(Crystal Base Co., Ltd.) were used in the soft X-ray emission spec-
troscopy (SXES) study. The surface normal and the horizontal di-
rection were set as the naturally cleaving (001) surface and the
[100] direction, respectively. All SXES spectra were measured at
room temperature. The XRD spectra in Fig. S1 show that La-doped
SrTiO3 at the doping level (5 at%) has a non-distorted cubic perov-
skite structure like that of pristine SrTiOs. In the symmetrical crys-
tal field of cubic perovskite without any distortion, the Ti 3d state
splits into threefold-degenerated t,, and twofold-degenerated e,
states.

The SXES measurements were performed at the BL-16 undula-
tor beamline at the Photon Factory (PF), KEK. A soft X-ray spec-
trometer based on the Rowland circle geometry that incorporates
a spherical grating and a multi photo-counting detector was
used.’?0 The scattered photons were detected in the horizontal
plane, and the SXES spectra were acquired at a 90° scattering an-
gle from the incident SR. The SR was linearly polarized horizontally
and vertically to the detection plane. The SXES measurement ar-
rangements using the horizontally and vertically linear-polarized
SR are denoted as depolarized and polarized configurations, re-
spectively.520 The SXES spectra were measured at room tempera-
ture and normalized by the SR intensity. The full width at half max-
imum of the elastic peak in the SXES spectra of pristine SrTiO; was
estimated as 0.48 eV. In order to calibrate the energy scale of the
spectrometer, X-ray absorption spectra (XAS) acquired in the total
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Fig. S8 Polarization dependence of Ti 2p-resonance SXES spectra
of Lao.osSro.esTiO3 (red) and SrTiOz (black). (a) and (b) tzg-reso-
nance and eg-resonance SXES spectra, respectively, measured at
the depolarized configuration. (c) and (d) tz;-resonance and eg-
resonance SXES spectra, respectively, measured at the polarized
configuration. In order to show the faint spectral feature near
the elastic peak clearly, the expanded spectra are also observed.
With respect to the spectra measured at the polarized configu-
ration, the elastic peaks are fitted by using Gaussian function.
The dotted lines in the panels (c) and (d) show the tail of the best-
fitted Gaussian function. The spectra are normalized by the inte-
grated intensity from -4eV to -12 eV.

electron yield (TEY) mode were measured at the BL-13B undulator
beamline at PF, KEK521 and were compared with XAS spectra meas-
ured at BL-16. High-resolution PES was performed at the BL-13B
beamline, and thus, it was possible to estimate the accurate pho-
ton energy from the energy difference between the PES spectra
by the primary SR and the PES spectra the by the secondary SR.

As discussed in the main text, it is considered that the charac-
teristic spectral change in the SXES spectra measured at the depo-
larized configuration (Fig. 4(c)) was caused by the d-d transition
from the itinerant t,4 bands occupied by La doping. In order to de-
termine the vestige of the excitation of IGS in the SXES spectra, we
measured the SXES spectra at the polarized configuration and
compared them with those at the depolarized configuration. Fig.
S8 shows the polarization dependence of Ti 2p-resonance SXES
spectra. Panels (a) and (b) denote the SXES spectra measured at
the depolarized configuration excited at photon energy corre-
sponding to the Ly — t,g absorption (t;g—resonance SXES) and Ly
— ey absorption (ej—resonance SXES)respectively. The corre-
sponding ty;-resonance and e;-resonance SXES spectra measured
at the polarized configuration are shown in Figs. S8 (c) and S8 (d),
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respectively. In the SXES spectra measured at the polarized con-
figuration, the elastic peaks are significantly intense for the La-
doped SrTiOs (red), but not for the pristine SrTiO3 (black). This ten-
dency is similar to previous results on the polarization dependence
of TiO, and Ti,03.522 523 |n Ti 2p SXES spectra measured at the po-
larized configuration, the elastic peak of TiO, with the formal d°
configuration was significantly weaker than that of Ti,O3 with the
formal d? configuration. We conjecture that the elastic peak sig-
nificantly increases in the SXES spectra measured at the polarized
configuration by doping electrons into the Ti oxides without d
electrons such as TiO; and SrTiOs.

In addition to the elastic peak, it must be noted that, in the e4-
resonance SXES spectral measured at the polarized configuration
(Fig. S8 (d)), the two characteristic peaks denoted by the red and
green arrows, are induced by La doping. The peak structure de-
noted by the red arrow is located at -2.3 eV away from the elastic-
scattering peak. The observed energy shift (-2.3 eV) was identical
to that of the peak due to the inelastic scattering in the SXES spec-
trum measured at the depolarized configuration (Fig. S8 (b)), and
thus, it is considered that the origin is the d-d transition from the
occupied itinerant t,, state to the unoccupied eg bands. In addition
to the inelastic peak at -2.3 eV, it is observed that another peak
structure exists near the elastic-scattering peak as denoted by the
green arrow in Fig. S8 (d). In the SXES spectra of LaAlO3/SrTiOs het-
erostructure, a fluorescence spectral feature was observed near
the elastic-scattering peak.5'% 524 525 |n the eg-resonance SXES
spectrum, however, the fluorescence peak should overlap with
the inelastic peak at -2.3 eV. The observed energy position of -1.3
eV was almost identical to that of the inelastic peak due to the d-
d transition from the occupied IGS to the unoccupied t,, bands as
reported previously.526528 In our t,g-resonance SXES spectra also
(Figs. S8 (a) and S8 (c)), it was shown that the spectral intensity
near the tail structure of elastic-scattering increases via La doping.
However, the reported inelastic peak due to IGS-t,4 transition was
observed in the t,-resonance SXES spectra, but not in the eg-res-
onance SXES spectra.

Finally, we discuss the origin of peak at -1.3 eV observed in the
eg-resonance SXES spectra. Prior to this, we briefly summarize the
origin of inelastic scatterings observed in the SXES spectra by using
schematic diagrams. Fig. S9 shows possible d-d transitions in the
SXES spectra. In the t,g-resonance SXES spectra (Fig. S9 (a)), it is
considered that the inelastic (or Raman) scatterings are derived
from d-d transitions from the itinerant/localized (occupied) tyq
bands occurred denoted by MS/IGS to the unoccupied t,q bands.
The MS-t,; Raman scattering (Final #1 in Fig. S9 (a)) was observed
as the increase in the spectral intensity of the zero-loss peak by La
doping observed in the SXES spectra measured at the depolarized
configuration (Fig. S8 (a)). The 1GS-t,g Raman scattering (Final #2)
was observed as the increase in the spectral intensity near the tail
structure of elastic peak by La doping observed in the tyg-reso-
nance SXES spectra (Figs. S8 (a) and S8 (c)). With respect to the
normal eg-resonance Raman scattering also (Fig. S9 (b)), the ine-
lastic scatterings derived from d-d transitions from the occupied
MS/IGS are expected. It is well known that the MS-eq Raman scat-
tering (Final #3 in Fig. S9 (b)) appears as the inelastic peak around
-2.3 eVinthe e,-resonance SXES spectra as previously reported.s2*
526,529 As shown in Final #3 of Fig. S9 (b), it is considered that the
Raman shift (-2.3 eV) represents a magnitude that slightly exceeds
the crystal-field splitting (10Dq). The Raman shift due to IGS-e4
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Fig. S9 Schematic diagrams of possible d-d transitions in (a) the
t,g resonance and (b) the e,-resonance SXES spectra. (c) Concep-
tual inelastic processes derived from the excitation from the me-
tallic (itinerant) state/IGS to the t;; band when the excited eq
electrons relax to the original L, state.

transition (Final #4) is expected to correspond to the energy dif-
ference between the energy of occupied IGS and that of unoccu-
pied e, bands (approximately -3.7 eV), but has not observed to
date.

As mentioned above, the peak at -1.3 eV observed in the e,-
resonance spectra (Fig. S8 (d)) was not due to the fluorescence
previously reported.$?* $25 Furthermore, it cannot explain the
origin of peak at -1.3 eV by the normal eg-resonance process
shown in Fig. S9 (b). Although the reason for the abnormal in-
crease in the intensity of the elastic peak as observed in the e,-
resonance SXES spectra measured at the polarized configuration
(Figs. S8 (c) and S8 (d)) is not clear, we speculate that the occupied
IGS has transitioned to the unoccupied t,; bands by the intense
radiation emitted when the exited ey electrons relax to the Ly
state (Final #6). The inelastic peak is expected to appear at the
same energy position as Final #2 in Fig. S9 (a). Actually, the ob-
served peak position in the eg-resonance SXES spectra measured
at the polarized configuration (Fig. S8 (d)) was almost the same as
that in the t;g-resonance SXES spectra in the depolarized configu-
ration (Fig. S8 (b)). However, a detailed measurement on the SR-

-S6-

energy dependence around the eg-resonance energy is desirable
to provide clear evidence that the peak at -1.3 eV is derived from
the inelastic peak. If the IGS-t,4 transition occurs in the relaxation
process, the excitation from the occupied MS to the unoccupied
tog bands (Final #5) should also simultaneously occur. However, in
the SXES spectra measured at the polarized configuration, it is
considered to be difficult to detect inelastic peak due to the MS-
tyg transition because of the intense elastic peak by La doping.

S5. X-ray absorption fine structure of SrTiO3 and Lag,0sSro.05TiO3

Commercially available pristine SrTiO; and La-doped SrTiOs,
Lao.0sSro.esTiO3, single-crystals grown via the Verneuil method
(Crystal Base Co., Ltd.) are used in X-ray absorption fine structure
(XAFS) study. In order to acquire the XAFS spectra in the transmis-
sion mode, the single-crystal samples are finely ground, mixed
with boron nitride powder, and subsequently pressed to form
discs with a diameter of approximately 8 mm and a thickness of
approximately 1 mm. The Sr K/La K-edge XAFS measurements are
performed at the beamline AR-NW10A of the Photon Factory Ad-
vanced Ring (PF-AR), KEK.530 31 |n order to estimate the local
structure around the Sr/La atoms in detail, the spectra are meas-
ured at 20 K. The data processing of the extended XAFS (EXAFS)

(a) SrTiO3 Sr K-edge (d) SrTiO; Sr K-edge
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Fig. S10 Best fitted curves (black lines) to k3-weighted Fourier
transformed spectra (open circles) of (a)/(d) Sr K-edge EXAFS of
SrTiOs, (b)/(e) Sr K-edge EXAFS of Lag.0sSro.95TiOs, and (c)/(f) La K-
edge EXAFS of LagosSro.ssTiOs. The curve fittings are performed
in the first three single-scattering regions denoted by the dotted
lines. The contributions of Sr-O, Sr-Ti, and Sr-Sr single scatterings
are also indicated by red, blue, and green lines, respectively. Pan-
els (a)-(c) and (d)-(f) show the curve fitting results for the un-
distorted cubic perovskite structure (Pm3m) and distorted te-
tragonal perovskite structure (/4/mcm), respectively.



spectra is performed by using Athena and curve fitting by using
Artemis.532

As shown in Fig. 6 of the main text, atomic distance between
Sr and the nearest-neighbor O atoms (dsr.o) is differs from that be-
tween La and the nearest-neighbor O atoms (dq.0). In order to
quantitatively estimate the atomic distance between Sr/La atoms
and the neighboring atoms, we perform the curve fit analysis to
the empirical Fourier transformed spectra.s32 Fig. S10 shows the
best fitted curves fitting in the first three single-scattering region
as denoted by the dotted lines. The open circles denote the em-
pirical Fourier transform of the k3-weighted EXAFS spectra, and
the red, blue, and green lines denote the contribution from Sr-O,
Sr-Ti, and Sr-Sr single-scattering paths, respectively. The curve fit-
ting is performed by assuming that the crystal structure corre-
sponds to cubic perovskite ((a)-(c)) or tetragonal perovskite ((d)-
(f)). As shown in the figures, the crystal distortion only merely
causes a slight splitting of the first peak caused by the nearest-
neighbor O atoms around Sr. Giving the spatial resolution of the
EXFAS spectra, splitting width estimated via curve fitting is mean-
ingless. Thus, in the main text, the crystal structure is discussed as
a cubic structure. Strictly speaking, the estimated atomic distances
between Sr and the nearest-neighbor oxygens indicate the aver-
age value of atomic distances for the distorted perovskite struc-
ture.
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