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Using angle-resolved photoemission spectroscopy, we show that the recently discovered surface state on
SrTiO3 consists of nondegenerate t2g states with different dimensional characters. While the dxy bands have
quasi-2D dispersions with weak kz dependence, the lifted dxz=dyz bands show 3D dispersions that differ
significantly from bulk expectations and signal that electrons associated with those orbitals permeate the
near-surface region. Like their more 2D counterparts, the size and character of the dxz=dyz Fermi surface
components are essentially the same for different sample preparations. Irradiating SrTiO3 in ultrahigh
vacuum is one method observed so far to induce the “universal” surface metallic state. We reveal that
during this process, changes in the oxygen valence band spectral weight that coincide with the emergence
of surface conductivity are disproportionate to any change in the total intensity of the O 1s core level
spectrum. This signifies that the formation of the metallic surface goes beyond a straightforward chemical
doping scenario and occurs in conjunction with profound changes in the initial states and/or spatial
distribution of near-EF electrons in the surface region.
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SrTiO3 (STO) is a foundational material for the coming
age of multifunctional oxide devices. Perhaps most
famously, it hosts quasi-2D conducting states at interfaces
with various transition metal oxides [1–5]. Moreover, it
was recently shown that a low-dimensional metal can
form on the bare surface of STO [6–8]. The discovery
promises to extend this material’s technological impor-
tance, as well as shed new light on the physics of metallic
oxide surfaces and interfaces in general, so long as the
properties and origin of the state can be understood and
harnessed.
Although stoichiometric bulk STO is an insulator with a

3.2-eV band gap, photoemission experiments have
observed metallicity in or on STO for many years
[9,10]. However, the electronic structure and low-
dimensional nature of the metallicity had not been deeply
appreciated until very recent angle-resolved photoemission
spectroscopy (ARPES) and scanning tunneling spectros-
copy (STS) studies [6–8]. The ARPES measurements have
revealed a highly 2D subband structure whose circular
Fermi surface (FS) components and polarization selection
rules indicate dxy symmetry. However, depending on the
measurement conditions, the spectra have occasionally
glimpsed shallow bands consistent with 3dxz=3dyz states

coexisting with the 3dxy subbands [6,11]. The observations
of these additional bands allude to a more complex FS
topology than that of the dxy subbands alone, but the
properties of the shallow bands and their relationship to
the surface state has so far not been deeply studied.
Additionally, there are still open questions about the origin
of the surface metallicity and the spectroscopic signatures
associated with its formation.
To investigate these issues, we performed ARPES and

core level x-ray photoemission spectroscopy (XPS) to
study STO(001) wafers that were initially prepared to be
highly TiO2 terminated [12]. Just prior to the photoemis-
sion measurements, each sample was annealed in situ at
550 °C in 100 mbar of O2 for about 2 h in order to establish
a nominally oxygen-filled starting point. Certain samples
then underwent subsequent in situ UHV annealing proce-
dures in order to generate oxygen vacancies or other
defects, thereby changing the nominal doping of each
sample. In addition, one sample was lightly Nb doped
(0.25% by weight, Nb-STO). More details of the sample
treatments can be found in the Supplemental Material [12].
The resulting surfaces were studied without cleaving.
The ARPES measurements reveal four FS components,

which are highlighted in Fig. 1. The data shown come from
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Nb-STO, but all the samples arevirtually identical in terms of
the electronic structure at the surface. When measured using
a photon energy of hν ¼ 85 eV, the FS in the surface kx-ky
plane is made up of two concentric rings (the inner of which
has only very weak intensity), as well as two ellipsoids
aligned along the kx and ky directions [Fig. 1(a)]. At other
photon energies, the ellipsoids vanish while the rings
remain, as demonstrated at hν ¼ 51 eV [Fig. 1(b)].
Figures 1(c) and 1(d) show the corresponding dispersion
cuts along (kx, ky ¼ 0) for (a) and (b), respectively. Based on

their kx-ky symmetry, the ellipsoids can be associated with Ti
3dxz=3dyz orbitals and the rings with Ti 3dxy orbitals. The
inner ring has been proposed to be a quantumwell subbandof
the outer ring [6,7] (i.e., the n ¼ 2 quantumwell state, while
the outer ring is n ¼ 1), but new experiments suggest the
pair is instead related toRashba-like spin-orbit coupling [20].
The rings had already been considered within the context
of the surface metallic state [6,7]. Until now, however, the
ellipsoids had never been fully characterized, and there
were conflicting assessments of their dimensionalities and
possible relation to the surface [6,11].
In ARPES, the different photon energies used to probe

the FS in the kx-ky plane correspond to different planes
cutting across the kz axis [21]. Thus, by varying the photon
energy, we mapped the complete FS of the metallic state on
STO in three dimensions. Figure 1(e) shows the structure of
the FS evaluated as a function of k ¼ ðkx; 0; kzÞ. The outer
ring has highly 2D character, though with a slight deviation
in the Fermi momentum kF near the Brillouin zone
boundary at kz ¼ 5 π=a. The inner ring is fairly cylindrical
with long parallel segments, but near the zone boundaries
along kz it appears too close to form “end caps” of a pill-
shaped FS component. These end caps likely signal a slight
departure from a perfect 2D state, as similarly suggested by
the warping of the outer ring near the zone boundary. We
hence regard the inner and outer ring dxy states as quasi-2D.
Otherwise, the end caps may result from complicating
factors such as matrix element effects or scattered weight
due to an out-of-plane reconstruction, although so far we do
not find clear evidence to support these scenarios.
Most interestingly, the dxz and dyz bands, which in bulk

calculations [10,11] are expected to be prolate spheroids
[“cigars,” Fig. 1(f)], are actually stretched along the kz axis
[“flying saucers,” Fig. 1(g)]. As a result, while in the kx-ky
plane all carriers have effective masses in line with bulk
expectations [10], the strong elongation of the dxz=dyz
bands in kz corresponds to a high effective mass in the out-
of-plane direction (m�

z ≈ 15me). (See Supplemental
Material for more details about the extracted effective
masses [12].) However, the dxz=dyz states, while distinct
from truly bulklike electrons due to their substantially
different z-axis dispersions, nevertheless show 3D charac-
ter by virtue of their fully closed FS components along
all k directions. We thus conclude that the dxz and dyz
electrons penetrate multiple unit cells toward the bulk,
while the dxy electrons are more tightly confined to the
surface. The overall picture is similar to the predicted
orbital-resolved distribution of carriers in STO near the
LaAlO3=STOð001Þ interface [22,23]. The measurements
are in good qualitative and quantitative agreement with
previous observations from variously annealed cleaved
samples studied by ARPES using only select photon
energies [6,7]. Thus the results here tie prior findings
together and account for the visibility or invisibility of the
ellipsoids in previous ARPES spectra of the metallic

6.0

5.5

5.0

4.5

4.0

k z
 (

/a
)

2.4

2.4

2.0

2.0

1.6

1.6

kx ( /a)

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6
k y

 (
/a

)
2.42.01.6

kx ( /a)

-0.3

-0.2

-0.1

0.0

E
 -

 E
F
 (

eV
)

(f)

(g)

3D
bulk

2D+3D
surface
region

Ti 3dxz

outer ring

inner ring

outer ring
3dxy inner ring

Ti 3dxz, 3dyz

3dxy

3dxy

3dyz

h  = 85 eV h  = 51 eV

(a) (b)

(c) (d)

(e)

85 eV

51 eV

FIG. 1 (color online). Three-dimensional view of the near-EF
electronic structure of the metallic surface region on STO.
(a) Fermi surface map in the kx-ky plane measured at
hν ¼ 85 eV. The data are from the Brillouin zone centered at
ðkx; kyÞ ¼ ð2π=a; 0Þ. The ellipsoidal Ti 3dxz and 3dyz bands are
illustrated by dotted blue lines, while the Ti 3dxy inner and outer
rings are highlighted by short-dashed green lines and long-dashed
magenta lines, respectively. (b) Analogous data taken at
hν ¼ 51 eV. (c),(d) Band dispersions along kx at ky ¼ 0 for
each of the above panels. (e) Fermi surface cut in the kx-ky plane
at ky ¼ 0. The dot-dashed lines indicate the curvature of FS cuts
in (a) and (b). (f) Expected shape of the 3D Fermi surface in the
bulk. For reference, the FS volume shown here corresponds to a
carrier density of about 4 × 1020 cm−3. (g) Simplified represen-
tation of the mixed quasi-2D and 3D Fermi surface sheets at the
STO surface. The colors correspond with the lines in (a)–(b).
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surface, which can be attributed to the dimensionality of
these states and the choice of measurement conditions
(specifically the photon energy and Brillouin zone) that
affect the momentum space being probed.
Like the quasi-2D rings [6], the sizes of the ellipsoids

are essentially universal with respect to bulk oxygen
vacancies or dopants (e.g., regardless of whether the
samples are transparent or black), further confirming that
these FS components are associated with the near-surface
region, despite their 3D nature. This is illustrated in
Figs. 2(a)–2(d), which show FSs measured on STO
samples prepared by various in situ annealing treatments,
as well as bulk Nb-doped STO.
So far it appears there may be multiple methods for

preparing the metallic surface state on STO [6,8], including
exposing the material to synchrotron radiation under
UHV conditions (∼10−11 mbar) typical for ARPES [7].
In Fig. 3(a), starting from an insulating, oxygen-annealed
sample [the same as in Fig. 2(a)] that initially shows no FS,
we expose a previously unstudied spot on the sample to the
beam for an initial time t0 (∼10 min using hν ¼ 47 eV) to
establish the onset of surface metallicity. Sample charging
is alleviated by a grounding technique described in the
Supplemental Material [12]. During the beam exposure, the
spectral weight associated with the O 2p valence band
steadily decreases while a new feature grows inside the
band gap of the bulk insulating STO. After 1 h, at tf, the
intensity of the valence band is about half the initial value at
t0 (If=I0 ∼ 0.5). This change coincides with the emergence
and intensification of the signal at EF, which appears to be
(meta)stable for hours under UHV conditions, even when
no beam is being applied (also noted in [7]).
Observations similar to Fig. 3(a) prompted speculation

that photons generate oxygen vacancies that dope the
surface [7]. Indeed, within the results obtained by us so
far, photoinduced oxygen vacancies and/or other defects
remain as plausible hypotheses to explain the origin of the
carriers. However, by driving the decrease of the valence
band intensity much further than in previous STO studies,
the measurements here lead to new questions about the
interpretation of this particular behavior. For example, the

universal FS in Figs. 1 and 2 corresponds to doping of only
the t2g states on the order of 0.1 e− per unit cell, whereas,
in principle, 50% oxygen-vacant STO (nominally 3 e− per
unit cell for SrTiO1.5) would be expected to have com-
pletely occupied t2g bands and an FS composed of eg bands
with 1 e− per unit cell. Consequently, supposing that the O
2p intensity loss were purely due to oxygen depletion from
the surface of STO, one should conclude that something
like 90% of the electrons localize. Alternatively, we can
consider that some other phenomenon (perhaps in addition
to a limited amount of oxygen loss) significantly contrib-
utes to the decrease in valence band spectral weight.
To address this issue, Fig. 3(b) shows the XPS of the O

1s core level as a function of irradiation time. The spectra
were taken at nominal t0 (established at a newly exposed
spot) and later, at tf, after a dose of 47-eV photons
approximately equivalent to the 1 h of irradiation in
Fig. 3(a). The photon energy (hν ¼ 580 eV for all core
levels) was chosen to closely match the kinetic energies of
the O 1s photoelectrons to those of the valence band states
studied with hν ¼ 47 eV. As a result, for the O 2p and O 1s
peaks in Figs. 3(a) and 3(b), respectively, the photoelectron
escape depths are equal, and thus the probing regions of the
two techniques are identical. As the irradiation proceeds,
the O 1s spectrum becomes asymmetrically distorted by
transferring weight to the high binding energy sides of the
peak. However, despite the change in the line shape, the
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total O 1s signal intensity remains largely stable under
photon irradiation. Integrating over the whole peak, the
total count rate intensity of O 1s at t0 and tf is conserved to
within about 1%, in stark contrast to the behavior of the
oxygen valence band in Fig. 3(a). The Ti 2p and Sr 3d core
levels, shown in Figs. 3(c) and 3(d), also undergo changes
in their line shapes, with the Ti 2p peaks in particular
showing a significant redistribution (∼50%) from Ti4þ to
Ti3þ states. Like O 1s, however, the energy-integrated
intensities of these core levels are conserved to within a few
percent. Various effects could account for the line shape
changes. For instance, asymmetric skewing of the O 1s and
Sr 3d peaks toward deeper binding energy may be related to
photohole screening in the metallic state [24] and/or certain
chemical changes, such as the possible formation of surface
SrO [12,25].
The different behaviors of the valence band and core

level signals as a result of irradiation should be understood
in terms of the fundamentally different states being probed.
Core level electrons are localized with well-defined orbital
characters. By contrast, the orbital characters of valence
states (and hence their photoemission matrix elements [21])
may change, and/or such electrons may spatially redistrib-
ute in the surface region, thus altering their visibility in
photoemission—even absent a change in the surface
composition [12]. Hence, the disproportionality between
the changes in the valence band and XPS intensities under
irradiation is a signature of non-negligible orbital or spatial
changes of the near-EF states during the formation of the
surface metal.
Finally, we note that during the beam exposure, the FS

quickly saturates to a relatively steady volume, while the
signal intensity at the Fermi level continues to grow. This
is demonstrated in Fig. 3(e), which compares total counts
near the Fermi level (integrated within a single E vs kx slice
through ky ¼ 0 from −200 meV up to EF) on the left axis
with the total FS volume of the dxy rings on the right axis
as a function of time. The result indicates that impinging
photons do not significantly influence the carrier concen-
tration beyond a certain limit; they merely activate an
increasingly large area of the sample surface to become
metallic at a uniformly fixed carrier density, thus bright-
ening the signal seen at the Fermi level. Moreover, as the
signal intensifies, the ARPES features appear to sharpen
while remaining 1 × 1 ordered in plane, thus suggesting
that severe surface degradation does not occur [12].
This behavior, considered alongside the universality of
the fully formed surface state with respect to various
sample preparations (Fig. 2), self-consistently indicates
that STO’s surface transitions between two stable
configurations—one nonmetallic and the other having a
fixed density of free carriers with universal dispersions and
distinct dimensionalities.
Despite clarifying the electronic structure of STO’s

surface, important questions surround the origin of the

carriers and the microscopic process leading to the for-
mation of the metallic state. For instance, various defects
such as O vacancies or excess Sr might dope the surface,
and even small amounts of defects allowed within the XPS
presented so far (i.e., the roughly 1% reduction in O 1s
intensity) could be sufficient to explain the observed FS
volume. However, it is surprising to find the same elec-
tronic structure and surface carrier density over such a
broad range of sample preparations. This includes
samples annealed in situ starting from predominantly
TiO2-terminated wafers as in Figs. 2(a)–2(d), as well as
cleaved surfaces of various annealed samples [6] where the
nature and concentration of defects are likely to be
significantly different [26]. Furthermore, as discussed,
irradiating STO has a profound effect on the electrons’
initial states that goes beyond merely doping the system in
a rigid band manner. It is natural to think this corresponds
with a widespread structural change in the surface region
that is triggered directly by photons [27,28] and/or indi-
rectly by relatively dilute photoinduced defects. Along
these lines, one can propose that some common structural
element of the surface conducting state (e.g., intralayer
polar buckling as found in STO-based interface metallic
systems [29–31] and even bare STO surfaces [32–34]) may
be an important link between the variously treated samples
that helps to explain the universality of their surfaces’
electronic properties, despite nominally different compo-
sitions. Thus, obtaining a full understanding of the origins
of the photoinduced spectral changes and their relation to
the surface metallic state is a pressing matter that should
prompt further investigations.
In conclusion, we have shown that the metallic state in the

surface region of SrTiO3 is composed of two kinds of
confined carriers occupying quasi-2D dxy and energetically
lifted nonbulklike 3D dxz=dyz bands. Moreover, we find
evidence that a process of generating metallicity at the
surface of STO by photon irradiation involves a substantial
change in the initial states of the valence electrons. Once
formed, the metallic surface band structure and carrier
density of both types of electrons are essentially universal
with respect to diverse preparations of the samples. Similar
electronic structure is likely to be relevant in confined
surface or interface conducting states of related oxide
systems. One example is KTaO3 [35,36], whose metallic
surface bands qualitatively resemble STO. There are also
similarities to conducting STO-based interfaces, where
there is evidence for two types of carriers and splitting of
the dxy and dxz=dyz states [31,37,38]. Furthermore, in
LaAlO3=STO it is predicted that the dxy and dxz=dyz states
should spatially segregate along the z axis in a manner
qualitatively consistent with the dimensionalities of the
respective FS components seen here on bare STO [22,23].
Thus, these new details of the electronic structure of STO’s
surface state should be valuable for understanding, creating,
and manipulating functional oxide surfaces and interfaces.
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