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We study the effects ofn-doping andp-doping on the structural and electronic properties of SrTiO3 using the
ab initio pseudopotential density functional theory. Two types of electron doping and one type of hole doping
are considered: introducing O vacancies, substituting V for Ti, and substituting Sc for Ti. We find that all
dopings lead to small structural distortions. The effect of O vacancies on the structure is the largest. Electron
doping leads to significant changes of the conduction band. For the O vacancy case, there is a Ti 3d-eg type
defect state near the lower conduction band; while in the case of substitutional V, some parts of the lowest
conduction bands become very flat. Hole doping yields a larger density of states at the Fermi level than
electron doping. Our results indicate that the rigid band model with a Fermi level shift upwards or downwards
is not applicable to describe the effects of oxygen vacancy induced electron doping on the electronic proper-
ties; however, this may be a reasonable approximation for the case of hole doping. Finally, we estimate the
electron-phonon coupling parameters and discuss the implications of this study on superconductivity in the
SrTiO3 system.
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I. INTRODUCTION

Strontium titanatesSrTiO3d, as an incipient ferroelectric
and one of the most widely used electronic ceramic materi-
als, has attracted much attention because of its anomalous
dielectric properties and considerable potential for techno-
logical application. This material remains a paraelectric
down to 0 K because of quantum effects, and the tetragonal
distortion below the antiferrodistortive structural phase tran-
sition at 105 K.1 The susceptibility saturates at a large value
of 20 000 as temperature approaches zero. The absence of a
ferroelectric transition is suggested to be caused by quantum
fluctuations, which give rise to a quantum paraelectric phase
at very low temperature.2,3

Recently, the behavior of doped SrTiO3 has been widely
studied in an attempt to understand the rich variations in
physical properties arising from carrier doping.4–11 Stoichio-
metric SrTiO3 is a band insulator with an indirect band gap
of 3.25 eV.12 Electron doping can be realized by introducing
O vacancies, substituting La for Sr or substituting Nb for Ti,
and other similar substitutions. It has been found that elec-
tron doping can transform insulating SrTiO3 into a metallic
state even with small doping levels.4–9 When doped with
substitutional Sc for Ti, SrTiO3 exhibits hole conductivity as
well as protonic conductivity. Photoemission spectroscopy
measurements suggest that the band structure ofp-type
SrTiO3 can be understood using a rigid-band model with a
lower Fermi level.10 Compared with the studies for electron
doping, theoretical investigations for hole doping in SrTiO3
are rare.

An interesting property of the doped SrTiO3 system is
superconductivity. First principles calculations for perfect
SrTiO3 have exhibited a flat conduction band,13,14which cor-
responds to a high density of states(DOS) and strong screen-
ing of the Coulomb interaction. This should be favorable for

a superconducting transition according to the conventional
BCS theory of superconductivity. Noting that SrTiO3 has a
high static dielectric constant, large electron effective mass,
and can be highly doped, it was suggested15 that SrTiO3
could be superconducting, and this prediction was experi-
mentally confirmed.16–20 The superconducting transition has
been observed for SrTiO3 specimens with electron carrier
concentrationn as low as 6.931018 cm−3.17 Although the
ratio Tc/n is of the same order as in cuprate superconductors,
the superconducting transition temperatureTc observed in
SrTiO3−x is lower than 1 K.

There are many interesting properties of superconducting
SrTiO3. For example, the measured curve ofTc versusn for
SrTiO3 contains a maximum value ofTc and then a decrease,
which is contrary to results using the BCS model of a mono-
tonic dependence of lnTc on n1/3. It is clear that a compre-
hensive knowledge of doping induced changes of the elec-
tronic structure is essential for understanding the normal and
superconducting state properties of SrTiO3 systems.

In the present work we explore the dependence of the
structural and electronic properties of SrTiO3 on electron and
hole doping, and attempt to clarify the implications of dop-
ing on the superconductivity. First principles calculations
within density functional theory are conducted to demon-
strate the effects of doping on the atomic structure and en-
ergy bands. The electron-phonon coupling strength is also
estimated. This paper is organized as follows. Section II
gives a brief description of the model and the method used in
the calculations. The calculated results are presented in Sec.
III with analyses. A summary is presented in Sec. IV.

II. MODEL AND METHOD

At room temperature, undoped SrTiO3 has an ideal cubic
Pm3m perovskite structure with Ti atoms at the cube center,
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Sr atoms at the cube corner and O atoms at the face centers.
The cubic unit cell contains one molecule of SrTiO3. Most of
the simulations forn andp dopings are performed using a 40
atom supercell, containing eight SrTiO3 unit cells s232
32d. For the case of oxygen vacancy doping, an 80 atom
supercells23234d is also used(the supercell is doubled
along the Ti-Vac-Ti direction). Doping is generated in the
supercell by removing a single O atom, substituting a V atom
for a Ti atom, or substituting a Sc atom for a Ti atom.
Correspondingly, the compositions are SrTiO2.875,
SrsTi2.875V0.125dO3, SrsTi2.875Sc0.125dO3 for the 40 atom su-
percell, and SrTiO2.9375 for the 80 atom supercell.

Our calculations employ pseudopotentials and the density
functional theory21,22 within the local density approximation
(LDA ).23 A detailed description of the method can be found
elsewhere.24,25 We use the norm-conserving Troullier-
Martins pseudopotentials26 with partial core corrections.27 In
each doping case, both the lattice parameters and the internal
atomic coordinates are relaxed to minimize the total
energy.28 We choose a plane-wave energy cutoff of 100 Ry,
with a k-grid of 23232 points in the full Brillouin zone for
the supercell calculations(a 43434 k-grid is used for the
undoped SrTiO3 calculation, and a 23231 k-grid for the
23234 supercell).

III. RESULTS AND DISCUSSIONS

Table I lists the calculated and experimental lattice con-
stant, bulk modulus, and band gaps of undoped SrTiO3 in the
cubic phase. The calculated lattice constant and bulk modu-
lus are in good agreement with experimental measurements
and with other theoretical results. Note that in the pseudopo-
tential calculation of Ref. 13, the semicore states of Sr and Ti
are treated as valence states when constructing the pseudo-
potentials. Our calculated band gaps are less than experimen-
tal values, which is typical for LDA calculations. Figure 1
shows the band structure and density of states for undoped
SrTiO3, respectively. The results depict SrTiO3 as an indirect
insulator with the top of the valence band atR and the bot-
tom of the conduction band atG. The lowest conduction
band fromG to X is quite flat, which was found to be a
common feature of many ABO3 perovskite ferro-

TABLE I. Calculated and experimental structural parameters and band gaps of undoped SrTiO3.

Lattice constant
(a.u.)

Bulk modulus
(GPa)

Indirect gap
sRv→Gcd (eV)

Direct gap
(at G) (eV)

Expt. 7.38a 183a 3.25b 3.75b

This work 7.368 200 2.04 2.28

PP methodc 7.303 199

OLCAO methodd 7.429 163 1.45 1.98

FPLAPW methode 7.30 203 1.84

aReference 30.
bReference 12.
cReference 13.
dReference 14.
eReference 31.

FIG. 1. Undoped SrTiO3: (a) Energy band structure and(b)
density of states. The zero of energy is set at the top of the valence
band.
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electrics.13,29 It is well known that the electronic properties
of the doped systems can sensitively depend on the elec-
tronic structure near the top of valence band and near the
bottom of the conduction band. Figure 2 showsuCRu2 and
uCGu2 throughout the Ti-O plane, respectively. HereCR and
CG are electron wave functions atR point of the highest
valence band and atG point of the lowest conduction band,
respectively. It is clear thatCR is predominantly composed
of O 2p orbitals andCG is predominantly composed of Ti

3d-t2g orbitals. In fact, because of the cubic crystal field pro-
duced by the six nearest-neighbor O atoms, the empty Ti 3d
orbitals will split into three lower energyt2g orbitals
sxy,yz,zxd and two higher energyeg orbitals s3z2−r2,x2

−y2d. This can be clearly seen by the threefold degenerate
states at the conduction band minimum and the twofold de-
generate states which are 2.3 eV higher in energy(at G).

Now we examine the effect of O vacancy doping on the
structural and electronic properties. For undoped SrTiO3, our
calculated Sr-O and Ti-O distances are 2.757 Å and
1.950 Å, respectively. We find that introducing O vacancies
leads to a slight distortion from the cubic phase to the tetrag-
onal phase. For the 40 atom supercell, the vacancy-induced
changes of the bond lengths are less than 0.06 Å for the Sr
-O bond and 0.04 Å for the Ti-O bond. We observe that the
nearest four Sr2+ cations of an O vacancy are displaced away
from the vacancy, while the nearest two Ti4+ cations and
eight O2− anions move toward the vacancy. For the 80 atom
supercell, the relaxation of the atomic positions is slightly
larger and different. The two nearest Ti4+ cations move away
from the vacancy by 0.05 Å while the distances between
these two Ti atoms and their nearest-neighbor O atoms along
the Ti-Vac-Ti direction decrease by 0.086 Å. This is in agree-
ment with the previous work on charged O vacancies in
SrTiO3 by Astala and Bristowe8,32 which showed small
atomic relaxations with O vacancies.

We are most interested in the doping-induced change of
the band structure around the Fermi level. Figure 3 shows the
band structure and DOS of SrTiO2.875. For this case, the
Fermi level is in the conduction band and the DOS at the
Fermi level is no longer zero because of the carriers arising
from O vacancies. Hence the doped system is metallic.
Based only on a comparison of the DOS, i.e., Figs. 1(b) and
3(b), a rigid band model appears to be proper for describing
the effect of electron doping on electronic properties, as sug-
gested by Shanthi and Sarma.5 However, Fig. 3(a) reveals a
different picture since the vacancy-induced change of the
conduction band is significant. In other words, some of the
conduction bands are not rigid when introducing O vacan-
cies. Since a 23232 supercell is used in our calculations
for doped SrTiO3, it is instructive to consider the band fold-
ing effects while comparing the band structure of Fig. 3(a)
with that of undoped SrTiO3 [shown in Fig. 1(a)]. The band
structure of undoped SrTiO3 with a 23232 supercell can
be obtained directly from the band structure plotted in the
conventional unit cell[shown in Fig. 1(a)] by band folding.
For example, three equivalentX points of the Brillouin zone
of the conventional unit cell fold into the zone center(G
point). From Fig. 1(a), we can see that the lowest level atX
of the conduction bands is nondegenerate. For undoped
SrTiO3 in a 23232 supercell, there would be six low lying
G levels, three are associated with the original degenerateG
states and the other three arise from foldedX states. These
six states are much lower in energy than other levels in the
conduction bands, and therefore have a large influence on the
electronic properties. It is interesting to note that when there
is one O vacancy in the 23232 supercell, there are sevenG
levels near the Fermi level in the conduction bands, as shown
in Fig. 3(a). One of the lowest conduction bands originate
from the O vacancy. In order to clarify this point, we analyze

FIG. 2. (a) uCGu2 of the lowest conduction band(Ti 3d-t2g or-
bitals) and(b) uCRu2 of the highest valence band(O 2p orbitals) in
the Ti-O plane for undoped SrTiO3. Here CG and CR are wave
functions atG andR.
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uCGu2 for all seven lowest conduction bands whereCG is the
the wave function atG. We find that, in the lowest conduc-
tion band, mostly theeg type orbitals(3z2−r2, with z axis
along the Ti-Vac-Ti direction) of the two nearest Ti atoms to
the vacancy contribute touCGu2, and other atoms have only
small contributions touCGu2 as shown in Fig. 4(a). The uCGu2
for the other six lowest conduction bands are predominantly
composed of Ti 3d-t2g orbitals, as shown in Fig. 4(b). For
these six bands, all Ti atoms(no matter whether they are
close to the vacancy or not) have similar contributions to
uCGu2, which is also very similar to the picture shown in Fig.
2(a) for undoped SrTiO3. Therefore we may conclude that
the lowest conduction band originates from a Ti 3d-eg type
defect state, and the other six conduction bands are associ-
ated with the band folding states of the three lower conduc-
tion bands(mainly Ti 3d-t2g orbitals) of the undoped SrTiO3.
This again indicates that the effect of electron doping by

introducing O vacancies cannot be correctly analyzed within
a rigid band model.

We note that in the 40 atom supercell calculations, the Ti
3d-eg type defect states have lower energy than the Ti
3d-t2g type conduction states. This is actually easy to under-
stand, considering that the 3z2−r2 type orbital concentrates
its charge density in a direction toward two of the nearest O
atoms, while one of them(the one in the vacancy site) is
missing and the Ti atom moves away from the other O atom

FIG. 3. (a) Energy band structure and(b) the density of states
(DOS) of SrTiO2.875. The zero of energy is set at the Fermi energy.
Note that a 23232 supercell is used, so the volume of the cell is
eight times as large as in the case of the undoped calculation.

FIG. 4. (a) uCGu2 of the oxygen vacancy induced defect state
(mainly Ti 3d-eg type states) and(b) the lowest conduction band(Ti
3d-t2g state) above the defect state of SrTiO2.875 in the Ti-O plane.
HereCG is the wave function atG.
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by about 0.034 Å. From the energy dispersion of the defect
state[Fig. 3(a)] and the spatial extension of the defect wave
function [Fig. 4(a)], there is considerable interaction of the
defect wave functions along the Ti-Vac-Ti direction between
neighboring supercells. To address this problem, we repeat
the calculations with a doubled supercell(80 atoms). Com-
pared to the 40 atom supercell, there are two important dif-
ferences in the electronic band structure. First, the defect
band dispersion becomes almost flat with a bandwidth of
0.3 eV, which is the result of reduced interaction between
defect wave functions due to a larger supercell. Second, for
the two Ti atoms next to the O vacancy, the distance to their
other nearest-neighboring O atoms along the Ti-Vac-Ti is
reduced by 0.086 Å compared to the undoped structure. The
enhanced crystal field caused by the closer O atoms lifts up
the eg type defect states. This shifts its energy level to
0.40 eV higher than the conduction band minimum and

above the Fermi level. Thus the defect state becomes com-
pletely empty.

In a recent publication,33 Ricci et al. observed a similar
impurity state in the band gap associated with the oxygen
vacancy, although they did not see the shifting of the impu-
rity energy due to lack of relaxation of the internal atomic
coordinates. In another recent paper on the oxygen vacancy
by Bubanet al.,34 it is claimed that the defect wave function
changes its character from a deep to a shallow level by going
from a 40 atom supercell to a 160 atom(and 320 atom)
supercell. While the defect wave function in their 40 atom
supercell calculation is similar to the Ti 3d-eg type defect
state wave function in our calculation, the shallow-level-like
defect state in their 160 atom(and 320 atom) supercell cal-
culations is strikingly similar to the conduction state above

FIG. 5. (a) Energy band structure and(b) the density of states
(DOS) of SrsTi2.875V0.125dO3. The zero of energy is set at the Fermi
energy. The supercell volume is used when calculating the DOS.

FIG. 6. (a) Energy band structure and(b) the density of states
(DOS) of SrsTi2.875Sc0.125dO3. The zero of energy is set at the Fermi
energy. Again the supercell volume is used when calculating the
DOS.
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the defect state in our calculation[see Fig. 4(b)]. It is pos-
sible that the shallow-level-like defect state they had is actu-
ally one of the Ti 3d-t2g type sxy,yz,zxd conduction bands,
while the realeg type defect state is higher in energy and is
unoccupied as shown in the present study using 80 atom
supercells. Since the defect state energy sensitively depends
on the distance between neighboring vacancy sites and the
neighboring oxygen environment of the Ti atoms closest to
the vacancy, we expect the clustering of oxygen vacancies5

could lower the defect state energy. This could trap doped
electrons in localized states which could give an explanation
of the discrepancy between the density of doped electrons
determined using Hall effect data and by oxygen vacancy
density.35 A recent experimental study on SrTiO3 superlattice
films suggests that oxygen vacancy clustering occurs in
SrTiO3 films and the oxygen doping profile can change dras-
tically within a few atomic layers.36 We can expect that clus-
ters of oxygen vacancies in SrTiO3 become energetically fa-
vored compared to isolated vacancies. It is possible that
clusters of oxygen vacancies will have much smaller diffu-
sion coefficients than that of a single isolated vacancy, thus
providing a mechanism for the nanometer-scale abruptness
of oxygen doping profile, which has great implication for the
growth of high quality thin film nanostructure in SrTiO3.

It is expected that dopingn-type with substitution of V for
Ti has less effect on the atomic structure of the system than
by introducing O vacancies. Our calculation shows that
structural relaxation due to substitutional V is quite small.
The six nearest O anions of the V5+ cation are displaced
toward the substitutional V. The calculated bond length of
the V-O bond is 1.920 Å which is slightly less than the Ti
-O bond lengths1.950 Åd in undoped SrTiO3. This is in
agreement with the fact that the ionic radius of the V5+ ion is
less than that of the Ti4+ ion. Figure 5 shows the band struc-
ture and DOS of SrsTi2.875V0.125dO3, respectively. We can
clearly see that due to substitutional V, the Fermi energy
shifts into the conduction bands and the system is metallic.
There are six conduction bands around the Fermi level, and
these six conduction bands are split in energy into two
groups, with three bands in each group. The three lower en-
ergy bands join with the three higher energy bands at theX
points. The splitting is likely due to the difference of poten-
tial energies between V5+ and Ti4+ ions. The three lowest
conduction bands are partially occupied and the other three
conduction bands with higher energy are unoccupied. Within
the three partially occupied conduction bands, both the band
minimum fromG to X and the band maximum fromX to R
are very flat. Because of the phase space factor, only the
band maximum produces a large density of states at the en-
ergy about 0.4 eV above the Fermi level and the DOS at the
Fermi level is only 2.80 states/eV cell.

The above results indicate that O vacancy doping and V
substitution of Ti can lead to significant changes for the con-
duction bands. Although some conduction bands are rather
flat when dopingn-type, in general, the density of states at
the Fermi level is not enhanced significantly. Hence, increas-
ing the density of doping electrons might not be useful for
significantly increasingTc of doped SrTiO3 systems.

It is interesting to explore the case of hole doping. From
Fig. 2(b), we see that the highest valence band is predomi-

nantly composed of O 2p orbitals. It is reasonable to expect
that hole doping achieved by substituting Sc for Ti should
not significantly affect the top of the valence bands. Our
calculations show that the highest valence band fromR to M,
which is not shown in Fig. 1(a), is very flat with an energy
difference of less than 0.07 eV for undoped SrTiO3. This
means that the holes at the top of the valence band may have
larger effective masses and the DOS at the Fermi level could
be higher than forn-type systems. Therefore it would be
interesting to explore whether hole doping provides an alter-
nate way to improve theTc of doped SrTiO3 systems. In the
present work, we study the hole doping realized by substi-
tuting Sc for Ti, as described in Sec. II. Our calculations
show that for SrsTi2.875Sc0.125dO3, the structural relaxation
due to hole doping is small, similar to the case of substitu-
tional electron doping. The six nearest O anions of Sc3+ cat-
ion are displaced away from the substitutional Sc. The cal-
culated bond length of the Sc-O bond is 2.005 Å which is
slightly larger than the Ti-O bond lengths1.950 Åd in un-
doped SrTiO3. This is consistent with the fact that the ionic
radius of Sc is larger than that of Ti. Figure 6 shows the band
structure and DOS of SrsTi2.875Sc0.125dO3. We can see that
the Fermi energy shifts downwards into the original valence
bands due to substitutional Sc, and the system becomes me-
tallic. Although there is a remarkable change of the lower
conduction bands[as shown in Fig. 6(a)], the band structure
around the Fermi level is not significantly affected by the
hole doping and is similar to the top valence band structure
of undoped SrTiO3 (note, band-folding effects should be in-
cluded when making this comparison). This, as well as the
similarity between Fig. 1(b) and Fig. 6(b), indicates that the
rigid band model is roughly valid for SrTiO3 with hole dop-
ing when the doping concentration is not very high. The
calculated DOS at the Fermi level is about
4.62 states/eV cell, which is larger than that of SrTiO2.875
s4.18 states/eV celld and that of SrsTi2.875V0.125dO3 (
2.80 states/eV cell). Note that the doped electron density in
SrTiO2.875 is twice the doped electron density in
SrsTi2.875V0.125dO3 and the doped hole density in
SrsTi2.875Sc0.125dO3. It seems that hole doping can provide a
higher DOS at the Fermi level than electron doping for the
same carrier density. Fig. 6(b) also shows that the DOS at the
Fermi level may increase sharply by slightly increasing the
hole doping density.

In order to compare the possible superconducting transi-
tion properties of the electron and hole doped SrTiO3 sys-
tems, we also estimate the electron-phonon coupling
strength. We study the perfect system without doping, which
should be a good approximation for doped systems with
small structural relaxations. For simplicity, we only compare
the contributions from the zone-center phonon modes.

Because of the cubic symmetry, there are only four differ-
ent optical phonon modes atG. We obtain their eigenvectors
and frequencies by calculating the dynamical matrix corre-
sponding to the zone-center phonons. For each frozen pho-
non modej in the crystal, the self-consistent change in the
crystal potentialdVG

j is computed. Then the electron-phonon
matrix elements are obtained usinggnn8k

j ;knkudVG
j un8kl. We

find that the matrix elements between the same band are
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much larger than those between different bands. Also, for
both the lowest conduction band and the highest valence
band, one particular phonon mode involving only two of the
oxygen atoms couples much stronger than all otherG optical
phonon modes, so only this phonon mode is used for our
estimation. The polarization vector of this strongest coupling
mode is shown in Fig. 7. The electron-phonon coupling in
the highest valence band is much weaker than the lowest
conduction band. For a typicalk-point near the conduction
band minimum atG, for example, atk=s0.05,0.05,0.05d for
the lowest conduction band,ugk

nnu2/"v<2.25 eV. While at
k=s0.45,0.45,0.45d, which is near the valence band maxi-
mum at R, for the highest valence bandugk

nnu2/"v
<0.32 eV. Since the density of states for the electron and
hole doped systems are not too different, the difference of
electron-phonon coupling strengths suggests that a supercon-
ducting transition in hole-doped systems will have a lower

transition temperature than in electron-doped systems or
none at all.

IV. SUMMARY

In the present work, we have investigated the structural
and electronic properties of SrTiO3 systems with bothn-type
and p-type doping usingab initio pseudopotential density
functional theory. Structural relaxations due to doping are all
small. Oxygen vacancies and substitution of V for Ti are
considered forn-type doping. Oxygen vacancy doping in-
duces Ti 3d-eg type defect states near the conduction band.
The relative energy positioning depends on the local atomic
relaxation and configuration. Some parts of the lower con-
duction bands become very flat in the case of electron doping
by V substitution. Forp-type doping, substitution of Sc for
Ti is considered, and this produces a large density of states at
the Fermi energy for comparable doping density. One par-
ticular phonon mode couples much stronger to both the con-
duction bands and the valence bands than other modes. Es-
timation of electron-phonon coupling strength indicates that
a superconducting transition in hole-doped systems is less
likely than for the electron-doped case despite the large den-
sity of states associated with the valence band states.
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