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We use angle-resolved photoemission spectroscopy to study the influence of mechanically induced uniaxial
strain on the electronic structure of the oxide semiconductor SrTiO3 . We observe an orbital splitting between
the Ti 3dyz and 3dxy bands, which are degenerate when unperturbed. Using the k·p method, we qualitatively
explain the direction and the size of the observed energy splitting. Our comprehensive understanding of band
splitting explains the strain induced mobility enhancement of electron-doped SrTiO33 in terms of band degeneracy
breaking and reduced interband scattering. Our approach can be extended to differently strained oxide systems.
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I. INTRODUCTION

Strain can play a vital role in controlling the physical
properties of crystals. Changes in the band structure, such as
band splitting and warping, can be triggered by small variations
in the lattice parameters. Sizable strain induced modifications
of the electronic structure have been observed in various
materials ranging from metals1,2 and semiconductors3,4 to
oxides.5–7 Semiconductors with degeneracies at band edges,
such as those that occur at the top of the valence band in
silicon and germanium, are especially sensitive to strain. For
this reason both uniaxial and biaxial strain engineering have
been successfully applied to improve current semiconductor
electronics technology while maintaining the traditional device
fabrication process.4
The oxide semiconductor SrTiO3 (STO) and its heterostructures have attracted much attention for energy-harvesting
applications, such as solar water splitting8 and its use in
thermoelectric devices,9 the efficiency of which can be
improved by tuning the band gap or electron mobilities, and
for the next-generation electronic device applications,10 in
which superconductivity,11 magnetism,12 and interface orbital
reconstruction13 may become important. Control of these
properties can be driven by our understanding of the band
structure changes upon induced strain.14–16 Recent experiments suggest that the mobility of STO can be enhanced by a
factor of 3 under uniaxial compressive strain,14 demonstrating
the potential of strain engineering in oxide semiconductors.
Moreover, theoretical calculations on SrTiO3 have shown
that anisotropic strains can reduce the band gap, which is a
key driver to improving efficiency of solar energy harvest,
by breaking degeneracies at the band edges.15 In spite of a
considerable effort, at present a comprehensive picture of the
strain-triggered electronic structure changes is missing even
in this widely studied material.
SrTiO3 has a cubic perovskite structure with a cubictetragonal structural phase transition at a temperature of 105 K.
Oxygen vacancies or cation dopants (Nb or La) induce electron
doping, lowering the degenerate conduction bands [three t2g
orbital bands (dxy , dyz , dxz )] below the Fermi level. Indeed,
even the small tetragonal distortion (∼0.05%) below 105 K
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lifts the degeneracy by lowering the dxy states below the other
two bands.17 Therefore, above the cubic-tetragonal structural
phase transition temperature, the degenerate band structure of
SrTiO3 should be sensitive to external stress.
Here we study the effect of mechanically induced uniaxial
strain on the degenerate conduction band structure of the
electron-doped SrTiO3 . We observe the degeneracy breaking
in the strained region, where a finite energy splitting appears,
compared to the degenerate band structure in the unstrained
region. We interpret the observed effects in terms of a k·p
model and estimate the strength of the associated deformation
potential.
II. EXPERIMENT

We apply a uniaxial strain to SrTiO3 single crystals (5 × 5 × 0.1 mm) in a three-point bending geometry.
Figure 1(a) shows a schematic of the bent crystal, pushed
up at the center with a thin piece of tantalum foil and clamped
at both sides. The resulting curvature of the crystal shows
two distinct regions, i.e., the central curved region with tensile
strain (S) and the side regions with nearly no strain (NS1,2).
We estimate the amount of the tensile strain as ∼0.26% from
the lateral width (∼1 mm) of the S region and the tilt angle
(2◦ ) between the two side regions.14 The crystal is annealed
in ultrahigh vacuum to introduce an electron concentration of
about 1020 cm−3 , as we reported previously.17
The strained SrTiO3 crystal shows a sharp low-energy
electron diffraction (LEED) pattern. Figures 1(b)–1(d) show
the (1, − 1) spots taken at the three different regions with the
same sample alignment. While LEED shows a sharp spot at
the NS regions, in the S region it gives an elongated spot.
This is due to the large electron beam diameter (>1 mm) of
the LEED electron gun, which exceeds the 1-mm-long curved
region. Therefore, the line profile along the horizontal axis
indicates that the elongated spot consists of a combination of
the sharp spots taken in the side regions, as shown in Fig. 1(e).
The angle-resolved photoemission spectroscopy (ARPES)
measurements were performed at the Electronic Structure
Factory end station at beamline 7.0.1 of the Advanced Light
Source, equipped with a hemispherical Scienta R4000 electron
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FIG. 1. (Color online) (a) A thin SrTiO3 (001) single crystal is
bent at the center (S) where the crystal is maximally curved, while
both sides remain without a significant curvature (nonstrained, NS). a
and b represent the in-plane lattice constants. (b)–(d) (1, − 1) LEED
spot images taken at different locations in the same sample. The
curved crystal surface changes the spot position and elongated the
spot at the center where the LEED electron beam is larger than the S
region. (e) Line profiles of the (1, − 1) LEED spots in (b)–(d) along
the horizontal axis. (f) Fermi surface cut of the electron-doped SrTiO3
when rotated by 45◦ relative to the electron spectrometer’s horizontal
entrance slit. (SrTiO3 lattice constant a = 3.905 Å and π/a =
0.805 Å−1 )

analyzer. We conducted measurements at a sample temperature
at 130 K using a photon energy of ∼100 eV and an overall
energy resolution of 25 meV. The small spot size of the photon
beam (50 μm) prevents any overlapping of the signals from
the S and NS regions.
III. RESULTS AND ANALYSIS

Figure 1(f) shows the Fermi surface cut of electron-doped
SrTiO3 measured over a wide momentum range. Since the
light polarization is even with respect to the scattering plane,
our measurement geometry allows us to access only the even
initial states. The ensuing matrix element effects are very
strong in SrTiO3 (001), and have been explained in detail
elsewhere.18 Electron-doped bulk SrTiO3 has three degenerate
conduction bands, i.e., Ti dxy , dyz , and dxz states, corresponding
to three perpendicular ellipsoidal Fermi surfaces.17 The three
degenerate Ti 3d t2g states exchange their spectral weight
among different Brillouin zones (BZs). For example, whereas
no bands are visible in the [00] BZ, all are present in the11
BZ, while the dyz and dxz bands are measured separately
in the BZs [01] and10 , respectively. Since they do not show
overlapping features from different states, the [01] and10 BZs
are the preferable choice for our measurement in order to get

FIG. 2. (Color online) The energy-distribution curves of SrTiO3
for [(a)–(d)] strained and [(e)–(h)] non-strained regions near the
Fermi level. The band structure cuts are taken for [(a) and (e)]
BZ [01] and [(b) and (f)] BZ10 along k(100) and k(010) axes
in Fig. 1(b), respectively. (c),(g) Dispersions of peak positions in
the energy-distribution curves with parabolic fitting lines. (d),(h)
Energy-distribution curves taken at k(100) [or k(010)] = 0.

the clearest photoemission images of the respective electronic
states.
Figure 2 compares the band dispersion in the S and NS
regions. The ARPES maps are taken near the 01 and 10
points along k(100) or k(010) directions, i.e., along the major
axis of the ellipsoidal constant energy contour. In the NS
regions, the dyz [Fig. 2(a)] and dxz [Fig. 2(b)] states disperse
with the characteristic electron-like parabola with a minimum
at a binding energy of ∼55 meV. On the other hand, in the
S region [Figs. 2(c) and 2(d)], we observe clear changes of
binding energies of the two orbital bands shifting in opposite
directions.
This is shown more quantitatively in the energy distribution
curve (EDC) analysis. The peak positions of the EDCs,
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shown in symbols in Figs. 2(e) and 2(g), are fitted by
parabolic functions, shown as dashed and solid curves in
Figs. 2(a)–2(e) and 2(g). The dispersion curves in Fig. 2(e)
can be perfectly superimposed since the dxz and dyz states
are degenerate, reproducing our previous result in unstrained
SrTiO3 .17 Conversely, in Fig. 2(g), the dyz dispersion is lifted
by 8 meV while the dxz state is lowered by 5 meV. The
difference becomes even more evident in the comparison of
EDCs at  points, as shown in Fig. 2(h). As a whole, the
strained region shows a band splitting of about 13 meV.
We have carefully tried to identified the changes caused by
the external strain alone. The sample temperature was chosen
to be at 130 K so that the SrTiO3 single crystal remains cubic
unless the external strain is applied. The effect of two possible
systematic errors19 has been minimized by orienting the crystal
as shown in Fig. 1(f) relative to the electron spectrometer.
We precisely choose the band structure cuts along each -X
direction of the two BZs from wide momentum-space scans.
Finally, we compared the measurements taken in the two
regions (S and NS) of the same crystal to rule out the
influence of local variations in sample quality. All these aspects
minimize the systematic errors and ensure that the energy shifts
in the S region is a genuine effect of uniaxial strain.
⎛
⎜
Ht2g = ⎝

⎜
⎝

where pi , m0 , δVij , and ij are the ith component of the
momentum, bare electron mass, change in the ionic potential,
and components of the strain tensor, respectively.3,20 Here we
have assumed inversion symmetry in the unstrained crystal
structure. This perturbation Hamiltonian is then evaluated for
the t2g bands. The strain induced change in the Hamiltonian
has the form

l11 + m (22 + 33 )

n12

n13

n21

l22 + m (33 + 11 )

n23

n31

n32

l33 + m (11 + 22 )

written in the {dyz , dxz , dxy } basis. Here l, m, and n are
the deformation potentials which can be extracted from our
experimental data. For a uniaxial tensile strain along the x
axis, 11 =  and 22 = 33 = −ν, where ν is the Poisson
ratio. All other strain components are zero. The perturbation
Hamiltonian then simplifies to
⎛

For a deeper understanding, we apply the k·p theory
to model changes of the conduction band structure in
SrTiO3 . This method is widely used to describe the band
edges of strained semiconductors.3 Its application to d 0
perovskites has been described by Bistritzer et al.18 Here
we focus on the changes to the conduction band structure in SrTiO3 due to an externally applied strain and
assume that the spin-orbit splitting is below the experimental
resolution.
Application of an external strain deforms the ionic potential
and thus changes the crystal symmetry of the unit cell. Including this influence in the k·p theory results in a perturbation
Hamiltonian of the form

  pi p j
−
+ δVij ij ,
(1)
H =
m0
i,j

(l − 2mν)

0

0

0

(m(1 − ν) − lν)

0

0

0

(m(1 − ν) − lν)

⎞

⎞
⎟
⎠

(2)

bands shift down [Fig. 3(e)]. The k·p model thus accounts well
for the energy shifts seen in ARPES experiments.
IV. DISCUSSION

In strained silicon, bulk degenerate valence bands are split
by a compression or a dilation. The repopulation of electrons

⎟
⎠ . (3)

We find a -point splitting of (l − m)(1 + ν) between the
dyz band and the remaining t2g bands. Because the relative
change in the lattice constant along the x axis is known from
the geometry, comparing the splitting at the  point gives a
direct measure of the deformation potentials relevant to the
uniaxial strain ( = 0.0026). We find l − m ≈ 4.03 eV, where
we have used the Poisson ratio at 130 K, ν = 0.242 calculated
from the stiffness constants reported in Refs. 21 and 22. We
also note that the estimated deformation potential is similar in
scale to that of conventional semiconductors (1–10 eV).3
Figure 3 shows the k·p fit to the ARPES band structure with
and without uniaxial strain. In the cubic phase there are three
bands that are degenerate at the  point (dashed lines), in the
absence of spin-orbit splitting. However, when an elongation of
the [100] axis is applied this degeneracy is partially lifted (solid
lines). While the dyz band shifts up [Fig. 3(d)], the dxz and dxy

FIG. 3. (Color online) Calculated band structure of the SrTiO3
with (solid lines) and without strain (dashed). (a)-(c) Fermi surface
cuts for (a) BZ [01], (b)10 , and (c)11 . (d)-(e) Band structure cuts along
the horizontal axes in different BZs. The energy shifts due to strain
are 8.7 meV for the dyz band [(a) and(d)] and −4.3 meV for the dxz
and dxy bands [(b), (c), (e), and (f)]. A constant energy shift due to
particle conservation has been ignored in this figure.
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into nondegenerate bands and the suppression of intervalley
phonon scattering enhance the electron carrier mobility.4
The enhanced mobility of the electron-doped SrTiO3 films
under compression can be understood in similar terms. Strain
breaks the threefold t2g band degeneracy, and repopulation
then reduces the average effective mass and suppresses
interband scattering.4,23,24 In particular our deformation
potential difference values predict that the band shifts at the
strains reported in Ref. 14 are comparable to their Fermi
energies. In other words the bands should be completely
altered by strains in these experiments. In this sense the large
changes in mobility discovered experimentally are plausible.
Since band shifts will tend to produce band depopulations
and therefore higher Fermi velocities at a given total density,
the sense of the mobility change is also expected. Future
work that accounts for the important sources of disorder in
the material might be able to account quantitatively for the
mobility changes. Other more specific Fermi surface probes,
for example magneto-oscillation studies under strain, would
be able to confirm this interpretation. We also note that the
alignment of polar domains upon uniaxial stress, which are
otherwise randomly oriented and scatter charge carriers at the
domain walls, can also alter the electron mobility.7,25
We conclude that strain induced electronic structure
changes, combined with improvements in sample quality, can
further increase the efficiency and functionalities of SrTiO3
and other oxide applications.26 With the deformation potential
derived in the present study, we experimentally infer a band
edge lowering of 13 meV for 0.26% uniaxial strain. The t2g
splitting response of orbital strain is a subtle many-body effect
which is difficult to estimate theoretically. The factor-of-3 discrepancy between our experimental results and state-of-the-art
theory24 provides a very specific challenge to theories of orbital
order in t2g perovskites. By extensively testing theoretical
predictions of the deformation potentials,24 it will be possible
to provide accurate predictions of band structure changes for
artificially designed strain state in heterostructure devices.
Our findings also highlight the advantage of ARPES, which
is able to directly probe electronic states in momentum-space.
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