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We study the effects af-doping andp-doping on the structural and electronic properties of Sgli€ing 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, theredseg tJp8
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
SrTiO; system.
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[. INTRODUCTION a superconducting transition according to the conventional
BCS theory of superconductivity. Noting that Srgi@as a

Strontium titanatg(SrTiO;), as an incipient ferroelectric high static dielectric constant, large electron effective mass,
and one of the most widely used electronic ceramic materiand can be highly doped, it was suggestetthat SrTiQ,
als, has attracted much attention because of its anomalo@suld be superconducting, and this prediction was experi-
dielectric properties and considerable potential for technomentally confirmed®-2°The superconducting transition has
logical application. This material remains a paraelectricbeen observed for SrTiOspecimens with electron carrier
down to 0 K because of quantum effects, and the tetragonaioncentrationn as low as 6.% 108 cm 3.7 Although the
distortion below the antiferrodistortive structural phase tran+atio T./n is of the same order as in cuprate superconductors,
sition at 105 K! The susceptibility saturates at a large valuethe superconducting transition temperatdieobserved in
of 20 000 as temperature approaches zero. The absence o5aliO;_, is lower than 1 K.
ferroelectric transition is suggested to be caused by quantum There are many interesting properties of superconducting
fluctuations, which give rise to a quantum paraelectric phas&rTiO;. For example, the measured curveTgfversusn for
at very low temperaturé? SrTiO; contains a maximum value @t and then a decrease,

Recently, the behavior of doped SrEi@as been widely which is contrary to results using the BCS model of a mono-
studied in an attempt to understand the rich variations irionic dependence of i, on n*. It is clear that a compre-
physical properties arising from carrier dopihg! Stoichio-  hensive knowledge of doping induced changes of the elec-
metric SrTiQ; is a band insulator with an indirect band gap tronic structure is essential for understanding the normal and
of 3.25 eV?1? Electron doping can be realized by introducing superconducting state properties of SrJiystems.

O vacancies, substituting La for Sr or substituting Nb for Ti, In the present work we explore the dependence of the
and other similar substitutions. It has been found that elecstructural and electronic properties of SrEi@h electron and
tron doping can transform insulating SrTi@to a metallic  hole doping, and attempt to clarify the implications of dop-
state even with small doping levels® When doped with ing on the superconductivity. First principles calculations
substitutional Sc for Ti, SrTi@exhibits hole conductivity as within density functional theory are conducted to demon-
well as protonic conductivity. Photoemission spectroscopystrate the effects of doping on the atomic structure and en-
measurements suggest that the band structurg-tyipe  ergy bands. The electron-phonon coupling strength is also
SrTiO; can be understood using a rigid-band model with aestimated. This paper is organized as follows. Section II
lower Fermi level® Compared with the studies for electron gives a brief description of the model and the method used in
doping, theoretical investigations for hole doping in SrJiO the calculations. The calculated results are presented in Sec.
are rare. Il with analyses. A summary is presented in Sec. IV.

An interesting property of the doped SrEQystem is
superconductivity. First principles calculations for perfect
SrTiO; have exhibited a flat conduction bahd:*which cor-
responds to a high density of stat&0S) and strong screen- At room temperature, undoped Srii@as an ideal cubic
ing of the Coulomb interaction. This should be favorable forPm3m perovskite structure with Ti atoms at the cube center,

II. MODEL AND METHOD

1098-0121/2004/1@1)/2141098)/$22.50 214109-1 ©2004 The American Physical Society



LUO et al. PHYSICAL REVIEW B 70, 214109(2004)

TABLE |. Calculated and experimental structural parameters and band gaps of undopeg SrTiO

Lattice constant Bulk modulus Indirect gap Direct gap
(a.u) (GP3 (R,—T0) (eV) (atI’) (eV)
Expt. 7.38 183 3.2% 3.7%
This work 7.368 200 2.04 2.28
PP methofl 7.303 199
OLCAO method 7.429 163 1.45 1.98
FPLAPW methof 7.30 203 1.84

aReference 30.
bReference 12.
‘Reference 13.
dReference 14.
®Reference 31.

Sr atoms at the cube corner and O atoms at the face centers.

The cubic unit cell contains one molecule of Sr§iMost of Bandstructure of perfect StTiO,
the simulations fon andp dopings are performed using a 40
atom supercell, containing eight SrTjQunit cells (2X 2

X 2). For the case of oxygen vacancy doping, an 80 atom
supercell(2xX2x4) is also usedthe supercell is doubled i
along the Ti-Vac-Ti direction Doping is generated in the L
supercell by removing a single O atom, substituting aVatom »
for a Ti atom, or substituting a Sc atom for a Ti atom. = g
Correspondingly, the compositions are Sri
Si(Ti, g78V 0 12903, SHTis g755G 12905 for the 40 atom su-
percell, and SrTiQg3,5for the 80 atom supercell.

Our calculations employ pseudopotentials and the density®
functional theorg™2? within the local density approximation
(LDA).23 A detailed description of the method can be found
elsewheré*?> We use the norm-conserving Troullier-
Martins pseudopotentigwith partial core correction&’In
each doping case, both the lattice parameters and the intern:i
atomic coordinates are relaxed to minimize the total
energy?® We choose a plane-wave energy cutoff of 100 Ry,
with ak-grid of 2X2X 2 points in the full Brillouin zone for
the supercell calculation& 4% 4 X 4 k-grid is used for the
undoped SrTi@ calculation, and a 22X 1 k-grid for the
2X2X 4 supercell.

4_

rgy (eV)

(@)

IlI. RESULTS AND DISCUSSIONS

Table | lists the calculated and experimental lattice con-
stant, bulk modulus, and band gaps of undoped SyTGhe
cubic phase. The calculated lattice constant and bulk modux
lus are in good agreement with experimental measurement &
and with other theoretical results. Note that in the pseudopo-«
tential calculation of Ref. 13, the semicore states of Sr and Tia
are treated as valence states when constructing the pseud
potentials. Our calculated band gaps are less than experimer
tal values, which is typical for LDA calculations. Figure 1
shows the band structure and density of states for undope:
SrTiOs, respectively. The results depict Srgi@s an indirect
insulator with the top of the valence bandRwnd the bot-
tom of the conduction band dt. The lowest conduction FIG. 1. Undoped SITiQ (a) Energy band structure angh)
band fromI" to X is quite flat, which was found to be a density of states. The zero of energy is set at the top of the valence
common feature of many ABQO perovskite ferro- band.

V cell)

Energy (eV)
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(b)

FIG. 2. (8 |¥y|? of the lowest conduction ban@i 3d-t,4 or-
bitals) and (b) |¥/? of the highest valence bar@® 2p orbitals in
the Ti-O plane for undoped SrTOHere V- and ¥ are wave
functions atl” andR.
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3d-tyq orbitals. In fact, because of the cubic crystal field pro-
duced by the six nearest-neighbor O atoms, the emptydTi 3
orbitals will split into three lower energyt,, orbitals
(xy,yz,zX and two higher energy, orbitals (3z2°~r?,x?
-y?). 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 enéagy).

Now we examine the effect of O vacancy doping on the
structural and electronic properties. For undoped SgTaDr
calculated Sr-O and Ti-O distances are 2.757 A and
1.950 A, 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 A for the Sr
-0 bond and 0.04 A for the Ti-O bond. We observe that the
nearest four $t cations of an O vacancy are displaced away
from the vacancy, while the nearest two*Tications and
eight &~ anions move toward the vacancy. For the 80 atom
supercell, the relaxation of the atomic positions is slightly
larger and different. The two nearestTcations move away
from the vacancy by 0.05 A while the distances between
these two Ti atoms and their nearest-neighbor O atoms along
the Ti-Vac-Ti direction decrease by 0.086 A. This is in agree-
ment with the previous work on charged O vacancies in
SITiO; by Astala and Bristow®® 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 SrTj@;s 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., Figb) &nd
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 Sarmalowever, Fig. 8a) 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 X2X 2 supercell is used in our calculations
for doped SrTiQ, it is instructive to consider the band fold-
ing effects while comparing the band structure of Fi¢p)3
with that of undoped SrTiQ[shown in Fig. 1a)]. The band
structure of undoped SrTiOwith a 2X 2 X2 supercell can
be obtained directly from the band structure plotted in the
conventional unit cel[shown in Fig. {a)] by band folding.

For example, three equivaleKtpoints of the Brillouin zone

of the conventional unit cell fold into the zone centér
point). From Fig. 1a), we can see that the lowest levelat

of the conduction bands is nondegenerate. For undoped
SrTiOz in a 2X 2X 2 supercell, there would be six low lying

electrics!®?° It is well known that the electronic properties I' levels, three are associated with the original degendtate
of the doped systems can sensitively depend on the elestates and the other three arise from foldédtates. These
tronic structure near the top of valence band and near thsix states are much lower in energy than other levels in the

bottom of the conduction band. Figure 2 shoji&]? and
|W |2 throughout the Ti-O plane, respectively. Hebg and
WP are electron wave functions & point of the highest
valence band and dt point of the lowest conduction band,
respectively. It is clear tha¥’g is predominantly composed
of O 2p orbitals and¥ is predominantly composed of Ti

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}22x 2 supercell, there are sevén
levels near the Fermi level in the conduction bands, as shown
in Fig. 3@. One of the lowest conduction bands originate
from the O vacancy. In order to clarify this point, we analyze
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FIG. 3. (a) Energy band structure an®) the density of states © ©
(DOS) of SITiO, g75 The zero of energy is set at the Fermi energy.
Note that a 2K 2X 2 supercell is used, so the volume of the cell is
eight times as large as in the case of the undoped calculation.
|W |2 for all seven lowest conduction bands whéfg is the o - A

the wave function af’. We find that, in the lowest conduc- (b)
tion band, mostly the, type orbitals(3z*-r?, with z axis

along the Ti-Vac-Ti directiopof the two nearest Ti atoms to FIG. 4. (a) |W[2 of the oxygen vacancy induced defect state
the vacancy contribute tpPr|?, and other atoms have only (mainly Ti 3d-e, type statesand(b) the lowest conduction bar@i
small contributions tdWr|? as shown in Fig. @). The|¥r|>  3d-t,, statg above the defect state of SrTigysin the Ti-O plane.

for the other six lowest conduction bands are predominantlyHere ¥y is the wave function afF.

composed of Ti 8-y, orbitals, as shown in Fig.(4). For

these six bands, all Ti atom®o matter whether they are introducing O vacancies cannot be correctly analyzed within
close to the vacancy or nohave similar contributions to a rigid band model.

|W|2, which is also very similar to the picture shown in Fig.  We note that in the 40 atom supercell calculations, the Ti
2(a) for undoped SrTiQ. Therefore we may conclude that 3d-e; type defect states have lower energy than the Ti
the lowest conduction band originates from a @&, type  3d-t,q type conduction states. This is actually easy to under-
defect state, and the other six conduction bands are assostand, considering that thez®3-r? type orbital concentrates
ated with the band folding states of the three lower conducits charge density in a direction toward two of the nearest O
tion bandgmainly Ti 3d-t,, orbitaly of the undoped SrTiQ  atoms, while one of thenithe one in the vacancy sjtés
This again indicates that the effect of electron doping bymissing and the Ti atom moves away from the other O atom
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FIG. 5. (a) Energy band structure ar@®) the density of states Energy (eV)

(DOS) of SK(Ti, g7eV.12903. The zero of energy is set at the Fermi

energy. The supercell volume is used when calculating the DOS. FIG. 6. (8) Energy band structure ar@) the density of states

(DOS) of S(Ti, g755G.129O03. The zero of energy is set at the Fermi
energy. Again the supercell volume is used when calculating the
by about 0.034 A. From the energy dispersion of the defecbos.

state[Fig. Ja)] and the spatial extension of the defect wave

function [Fig. 4(@)], there is considerable interaction of the above the Fermi level. Thus the defect state becomes com-
defect wave functions along the Ti-Vac-Ti direction betweenpletely empty.

neighboring supercells. To address this problem, we repeat In a recent publicatio” Ricci et al. observed a similar
the calculations with a doubled superc@D atom$. Com-  impurity state in the band gap associated with the oxygen
pared to the 40 atom supercell, there are two important difvacancy, although they did not see the shifting of the impu-
ferences in the electronic band structure. First, the defedity energy due to lack of relaxation of the internal atomic
band dispersion becomes almost flat with a bandwidth otoordinates. In another recent paper on the oxygen vacancy
0.3 eV, which is the result of reduced interaction betweerby Bubanet al.3* it is claimed that the defect wave function
defect wave functions due to a larger supercell. Second, fathanges its character from a deep to a shallow level by going
the two Ti atoms next to the O vacancy, the distance to theifrom a 40 atom supercell to a 160 atofand 320 atomn
other nearest-neighboring O atoms along the Ti-Vac-Ti issupercell. While the defect wave function in their 40 atom
reduced by 0.086 A compared to the undoped structure. Thsupercell calculation is similar to the Tid3s, type defect
enhanced crystal field caused by the closer O atoms lifts uptate wave function in our calculation, the shallow-level-like
the g, type defect states. This shifts its energy level todefect state in their 160 atoand 320 atomsupercell cal-
0.40 eV higher than the conduction band minimum andculations is strikingly similar to the conduction state above
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the defect state in our calculatigeee Fig. 4b)]. It is pos-  nantly composed of Of2orbitals. It is reasonable to expect
sible that the shallow-level-like defect state they had is actuthat hole doping achieved by substituting Sc for Ti should
ally one of the Ti &-t,, type (xy,yz,zx) conduction bands, not significantly affect the top of the valence bands. Our
while the reale, type defect state is higher in energy and is calculations show that the highest valence band fRota M,
unoccupied as shown in the present study using 80 atorwhich is not shown in Fig. (&), is very flat with an energy
supercells. Since the defect state energy sensitively dependgference of less than 0.07 eV for undoped SrJiThis

on the distance between neighboring vacancy sites and theeans that the holes at the top of the valence band may have
neighboring oxygen environment of the Ti atoms closest tdarger effective masses and the DOS at the Fermi level could
the vacancy, we expect the clustering of oxygen vacahciesbe higher than fom-type systems. Therefore it would be
could lower the defect state energy. This could trap dopeghteresting to explore whether hole doping provides an alter-
electrons in localized states which could give an explanatiomate way to improve th&, of doped SrTiQ systems. In the

of the discrepancy between the density of doped electrongresent work, we study the hole doping realized by substi-
deter_mlged using Hall effect data and by oxygen vacancyyting Sc for Ti, as described in Sec. Il. Our calculations
density®® A recent experimental study on SrTjGuperlattice _show that for SiTi, g5 1,005, the structural relaxation

films suggests that oxygen vacancy clustering occurs igy,q 1 hole doping is small, similar to the case of substitu-
SrTiO; films and the oxygen doping profile can change dras'tional electron doping. The six nearest O anions of* $at-

X o : 6 _
tically within a few atomic layers> We can expect that clus ion are displaced away from the substitutional Sc. The cal-

ters of oxygen vacancies in SrTi®ecome energetically fa- . o
vored compared to isolated vacancies. It is possible tha(fllfk?]t?d lbond Iehngthhof EPeOScE)—Odblond IS 3'50002)'&.‘ which is
clusters of oxygen vacancies will have much smaller diffu-S9htly larger than the Ti-O bond lengii. In-un-

sion coefficients than that of a single isolated vacancy, thudoped SrTiQ. This is consistent with the fact that the ionic
providing a mechanism for the nanometer-scale abruptne§§d'us of Sc is larger than .that of Ti. Figure 6 shows the band
of oxygen doping profile, which has great implication for the Structure and DOS of §Fi; 57556129 O3. We can see that
growth of high quality thin film nanostructure in SrTjO the Fermi energy sr_m‘tg downwards into the original valence
It is expected that doping-type with substitution of V for barjds due to substltut'lonal Sc, and the system becomes me-
Ti has less effect on the atomic structure of the system thaf@llic. Although there is a remarkable change of the lower
by introducing O vacancies. Our calculation shows thatconduction bandgas shown in Fig. @)], the band structure
structural relaxation due to substitutional V is quite small.around the Fermi level is not significantly affected by the
The six nearest O anions of the¥cation are displaced hole doping and is similar to the top valence band structure
toward the substitutional V. The calculated bond length ofof undoped SrTi@ (note, band-folding effects should be in-
the V-0 bond is 1.920 A which is slightly less than the Ti cluded when making this comparigofThis, as well as the
-0 bond length(1.950 A in undoped SrTi@ This is in  Similarity between Fig. (b) and Fig. gb), indicates that the
agreement with the fact that the ionic radius of ti& ¥nis ~ "9id band model is roughly valid for SrTiQwith hole dop-
less than that of the 11 ion. Figure 5 shows the band struc- N When the doping concentration is not very high. The
ture and DOS of S, g7V 012003, respectively. We can calculated DOS at the Fermi level is about
clearly see that due to substitutional V, the Fermi energyt:62 states/eV cell, which is larger than that of SrTic
shifts into the conduction bands and the system is metallic4-18 states/eV cell and that of SiTizg75/01290s (
There are six conduction bands around the Fermi level, and-80 States/eV cgll Note that the doped electron density in
these six conduction bands are split in energy into two>' 102875 IS twice the doped electron density in
groups, with three bands in each group. The three lower er?"(Ti2878/0.12903 and  the doped hole density in
ergy bands join with the three higher energy bands atthe SMTi2.8755G 129 0s. It seems that hole doping can provide a
points. The splitting is likely due to the difference of poten- higher DOS at the Fermi level than electron doping for the
tial energies between % and TF* ions. The three lowest Same carrier density. Fig(i) also shows that the DOS at the
conduction bands are partially occupied and the other threEermi level may increase sharply by slightly increasing the
conduction bands with higher energy are unoccupied. Withifhole doping density.
the three partially occupied conduction bands, both the band [n order to compare the possible superconducting transi-
minimum fromT to X and the band maximum fron¢ to R~ tion properties of the electron and hole doped SgT#9s-
are very flat. Because of the phase space factor, only th&ms, we also estimate the electron-phonon coupling
band maximum produces a large density of states at the eftrength. We study the perfect system without doping, which
ergy about 0.4 eV above the Fermi level and the DOS at thehould be a good approximation for doped systems with
Fermi level is only 2.80 states/eV cell. small structural relaxations. For simplicity, we only compare
The above results indicate that O vacancy doping and \the contributions from the zone-center phonon modes.
substitution of Ti can lead to significant changes for the con- Because of the cubic symmetry, there are only four differ-
duction bands. Although some conduction bands are rathént optical phonon modes Bt We obtain their eigenvectors
flat when dopingn-type, in general, the density of states atand frequencies by calculating the dynamical matrix corre-
the Fermi level is not enhanced significantly. Hence, increassponding to the zone-center phonons. For each frozen pho-
ing the density of doping electrons might not be useful forhon modej in the crystal, the self-consistent change in the
significantly increasing, of doped SrTiQ systems. crystal potentialdV} is computed. Then the electron-phonon
It is interesting to explore the case of hole doping. Frommatrix elements are obtained usigl, = (nkléV}|n'k). We
Fig. 2(b), we see that the highest valence band is predomifind that the matrix elements between the same band are
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transition temperature than in electron-doped systems or

@ Sr none at all.

. Ti IV. SUMMARY
i

In the present work, we have investigated the structural
O o and electronic properties of SrTi@ystems with botm-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 fom-type doping. Oxygen vacancy doping in-
duces Ti 8i-g4 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. Fomp-type doping, substitution of Sc for
FIG. 7. The strongest-coupling zone-center phonon mode, inTij is considered, and this produces a large density of states at
volving only two of the oxygen atoms in the unit cell. the Fermi energy for comparable doping density. One par-
ticular phonon mode couples much stronger to both the con-

much larger than those between different bands. Also, fOguction bands and the valence bands than other modes. Es-

both the lowest conduction band and the highest valencgmaﬁon of elect.ron—phon_o'n cqupling strength indicate§ that
band, one particular phonon mode involving only two of the? superconducting transition in hole-doped_ systems is less
oxygen atoms couples much stronger than all otheptical likely than for the electron-doped case despite the large den-

phonon modes, so only this phonon mode is used for Ou§ity of states associated with the valence band states.

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 This work was supported by National Science Foundation
conduction band. For a typic&tpoint near the conduction Grant No. DMR00-87088 and by the Director, Office of Sci-
band minimum af’, for example, ak=(0.05,0.05,0.0bfor  ence, Office of Basic Energy Sciences, Division of Materials
the lowest conduction bandgy"|*/%w~2.25 eV. While at  Sciences and Engineering, U.S. Department of Energy under
k=(0.45,0.45,0.4p which is near the valence band maxi- Contract No. DE-AC03-76SF00098. Computational re-
mum at R, for the highest valence bandg}"?/fw  sources have been provided by NSF at the National Partner-
~0.32 eV. Since the density of states for the electron andhip for Advanced Computational Infrastructure. One of the
hole doped systems are not too different, the difference o&uthors (W.D.) acknowledges the financial support from
electron-phonon coupling strengths suggests that a supercoltinistry of Science and Technology of China, and the Ber-
ducting transition in hole-doped systems will have a lowerkeley Scholar Program.
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