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Electronic structure of electron doped SrTiO;: SrTiO;_5and Sry_,La,TiO4

N. Shanthi and D. D. Sarrfia
Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560012, India
(Received 13 June 1997

Electronic structures of electron-doped SrJiQ and Sg_,La, TiO; have been investigated within ttado
initio band-structure approach using a supercell containing eight basic units. A small amount of electron
doping is found to drive SrTi@metallic, with the Fermi level moving into the conduction band in both the
systems. Clustering of oxygen vacancies in the case of SrTi@ives rise to distinct non-rigid-band-like
evolution of the electronic structure, trapping doped charge carriers in midgap states; similar effects are not
observed for Sr ,La,TiO3, explaining the difference in the Hall measurements of these two closely related
compounds[S0163-18208)01404-7

INTRODUCTION In order to understand such unexpected differences in the
electronic structures of differently doped SrEi€@ompounds,
Stoichiometric SrTiQ with Ti** ions has ad® electron  we investigated Sr ,La,TiO; and SrTiQ_; in terms ofab
configuration, and consequently is a band insufawith a  initio band-structure calculations. It is known that strong
band gap of about 3.2 eV. It is a well-known ferroelectric electron-electron interaction effects often make the effec-
materiaf with a wide range of technological applications. It tively one-electron band structure approaches seriously inad-
is also used as a substrate material for growing thin filmsequate for a large number of transition-metal compounds.
Thus its electronic and other properties have been exterHowever, SrTiQ has ad® configuration and, thus, is a band
sively studied over the yeafs’ In recent years, there has insulator rather than being a correlatédott) insulator. In
been a renewed interest in the electronic structure of SrTiOsuch casesb initio band-structure results are knotfmo be
doped with charge carrieréelectron$®-1* Such electron reliable. Even in the doped cases, there are very few elec-
doping is known to transform insulating Sr®@eadily into  trons (<1) per Ti site in the system. This ensures that the
a metallic state even with a very small extent of doping.effect of electron correlation on the elctronic structure is not
Doping can be achieved by altering any of the three sublatvery important, also makingb initio band-structure methods
tices, namely, those of Sr, Ti, and O. Specifically, Laa good starting point for describing the electronic structure of
substitution!~*at the Sr site (Sr.,La,TiO3) and vacancies the doped systems. The results obtained here establish that
at the oxygen sites (SrTiO ) (Refs. 3—10 dope electrons there are indeed important differences in the doping-
into the system, and have been extensively studied in thdependent evolution of the electronic structure in the two
past. Not only does this system undergo an insulator-to-metalystems, Sr ,La,TiO; and SrTiQ_ s, though both repre-
transition on doping, it has been reported that the compoundsent electron doping of the empty conduction band in
even become superconducting at low temperatufesc0.3  SrTiO;. Specifically, though the modifications in the density
K) for a range of compositions. The extensively studied syseof states with La substitution can be described within a rigid-
tems, Sy_,La,TiO5 and SrTiQ_ 5, have many similarities. band model, the changes in the density of stéB8S) of
For example, in both cases an insulator to metal transitiolsrTiO;_ s with changings cannot at all be explained with
takes place for an extremely small nunfifett*%of electron  such a model.
doping (on the order of 18 cm™3). The highesfT for the
super_conducting trgn_sitip_n is about 0.3 K for both_ systems. METHOD OF CALCULATION
In spite of these similarities there are some specific differ-
ences between these two closely related systems. It has beenSrTiO; is possibly the best-known example of the cubic
found!® that there is exactly one delocalized electron dopecperovskité’ with the space grouf®m3m, where Ti atoms
for every atomic substitution of Sr by La in S, La,TiOg; are at cube corners, Sr atoms at cube centers, and O atoms at
in other words, there are number of electrons per Ti site in edge centers. The unit cell contains one formula unit of
this series. It is to be noted that in the case of oxygen vacarSrTiO;. In order to study fractional oxygen vacan@y La
cies, SITiIQ_; is expected to have ®number of electrons substitution in each formula unit, it is necessary to consider
doped for every formula unit. In contrast, Hall a larger cell than the basic unit. Thus we have constructed a
measurements suggest that there are only2 number of  supercell of eight unit cells consisting of 40 atoms in the
conduction electrons in SrTiDfor larger values of s  basis. We study the oxygen deficiency by replacing oxygen
(=~0.28). Thus 75% of the doped electrons do not appear agtoms in this supercell by empty spheres. Replacing any one
charge carriers or contribute to the conduction process iof the oxygens in the supercell will correspond to the for-
such cases. The discrepancy between the number of chargwla SrTiQ g;s0r SrTiO;_ 5 with §=0.125. Having two va-
carriers found experimentally, and that expected on the basizncies will correspond to the formula Srgi¢d with &
of the chemical formula, tend to decrease with decreading =0.25. In the case of a single vacancy in the supercell, there
or nonstoichiometry. is no difference between configurations with the vacancy at
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to each configuration is tabulated in Table I. We have studied
all of these configurations. There are many distinct configu-
®B) rations possible with three oxygen vacancies in the supercell
corresponding to the chemical formula Sr}is; we have
investigated only four representative configuratipfRig. 1]
in this case. These include configuratibh) where all the
three oxygen vacancies are farthest apart from each other;
o) configurationd andJ, where two out of three vacancies are
nearer to each other; and configuratiénwith all three va-
cancies closest to each other. We have also studied the lan-
thanum doped compositions (SglLa, TiO3) by replacing Sr
with La in the supercell. In this case, we have studied the
(F) compositions  Sg7d-89.125Ti03, Sy 7589 5TI05, and
Siye0d-89.375T103 by replacing 1, 2, and 3 Sr, respectively,
by La in the supercell. In each of the latter two cafeso-
and three-atom substitutionstwo distinct configurations
were studied with the substituent atoms closest to and far-
thest from each other. In undoped Srti@ll atoms of the
same type, Sr, Ti, or O, in the unit cell are equivalent. How-
ever, in the presence of doping or vacancy, the translational
symmetry within the supercell is broken and the various at-
oms of the same type become inequivalent.
We have used the linearized muffin-tin orbital method
M within the atomic-sphere approximatfSnLMTO-ASA) to
study all of the above-mentioned configurations. No effort
was made to optimize the structure within these calculations,
since the supercell approach becomes computationally pro-
hibitive particularly in view of the large number of different
configurations involved. However, it is known that the crys-
tal structure and the lattice parameters do not vary signifi-
cantly for small dopings in SrTiQ™ Self-consistency was
) ) . . o acheived with 21& points in the Brillouin zone, and with,
FIG. 1. Different configurations arising from the distribution of p, andd bases within each atomic sphere. The ener;E,i’,es

two oxygen vacancies in the supercél{G). Some of the distinct for each angular momentum partial wave were chosen at the
configurations arising from the distribution of three oxygen vacan-

cies in the supercell{—K). Only the vacancy positions are indi- Cent_er of gravity of the _occ_upled parts of the corresponding
cated by solid circles. partial DOS. The contribution of the vacancy states to the

density of states was obtained by adding different angular

_ o _ _ momentum components corresponding to the empty sphere
different oxygen sites in the cell; all such configurations areconsidered at the vacancy site.

equivalent. However, the situation becomes complicated

with two vacancies in the supercell. There are seven different

ways of distributing the two vacancies in the supercell, dis- RESULTS AND DISCUSSION

tinguished from each other by the relative positions of the

two vacancies, and each configuration leads to a unique elec- We show the total DOS for stoichiometric SrE® Fig.
tronic structure. These seven distinct configuratioAs-G) 2(a). The total DOS in this energy range is almost entirely
are shown in Fig. 1 with decreasing vacancy-vacancy sepaontributed by the partial densities of sta(B®OS for Ti d
ration; the distance between the two vacancies correspondirand Op states, also shown in the figure. The results clearly
exhibit a band gap of about 2.5 eV. The calculated band gap
is somewhat less than the experimentally observed gap of 3.2

X)

TABLE |. Distance between the two oxygen vacancies in

SITIO, 75 eV. Such an underestimation of the band gap is a well-
: known limitation of the local-density approximatidfhwhich
Configurations Distance between the vacancies treats the electron exchange correlation in an approximate
way. The occupied part of the DOS is made up predomi-
A V3a nantly of the Op PDOS, consistent with SrTiObeing a
B J2a formal d° system with the valency of Ti as+4 However,
C J2a there is a finite Td PDOS in the occupied energy range due
D V3/2a to the hybridization with the @ states. There are basically
E a two groups of features around5.5 and—3.5 eV. The Tid
F a PDOS contribution is maximum in the vicinity 6f5.5 eV,
G al\2 suggesting that these states arise primarily from bonding in-

teractions between the @and Tid states. The Td PDOS
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- - - - d character, though there also is a non-negligible contribu-
(a) SITiO, = Total tion to these states from the empty spheres. The changes in
N op the DOS due to the smallest extent of electron doping stud-
ied in this work, as shown in Fig.(8, can be described
approximately in terms of essentially a rigid-band shift of the
Fermi energy within the conduction band due to the doping
of electrons.
; J pe Figure 2c) shows the partial DOS in the case where one
0 . f/\—u\ i AN A5 h La substitutes for one of the Sr atoms in the supercell, cor-
(b) SITIO, g7 — s responding to the formula. k7489 1051103. As expected,
sl | the Fermi energy moves into the conduction band due to
: electron doping, and the band structure corresponds to a me-
tallic state, in agreement with experimental observations.
The overall electronic structures shown in Figb)2and Zc)
are similar due to the underlying phenomenon of electron
doping of the band insulator in both cases. There are, how-
ever, some differences in details that can be observed. In the
case of La substitution, primarily @-derived states appear-
La ing far belowEg are somewhat more modified from the par-
ent SrTiG, features than that in the case of oxygen vacan-
cies. Since La-derived stat@srimarily Lad PDOS appear
with non-negligible density in this energy range, it is clear
that these redistributions within the primarily oxygerband
arises from hybridization mixing with such La-derived
states. Moreover, La-derived states do not contribute states
close toEg, since the basic electronic structure responsible
for the transport properties in these materials are almost en-
tirely dominated by Tid—O p interactions, via the three-

FIG. 2. (a) Total DOS(dotted ling, Ti d PDOS(solid ling), and ~ diMensional network of corner-shared Fi@ctahedra. In
O p PDOS (dashed lingin SrTiO;. (b) PDOS of Tid, O p, and contrast, an oxygen vacancy is found to make a more signifi-
total contribution from the empty sphef&S) (thin solid ling in cant contribution at and near the Fermi energy, as shown by

SITIO, 475 () PDOS of Tid, O p, and total from La(thin solid  the finite contributions of the empty sphere in this energy
line) of Sty g7d-ag, 122TiOs. region[Fig. 2(b)], since oxygen vacancies directly influence

the fundamental interactions of the electronic structure by

is very weak in the vicinity of—3.5 eV features in the @ disrupting the Ti-O network. However, these small changes
PDOS; therefore we attribute the features in this energyn the DOS and PDOS shown in Figsb2 and Zc) do not
range to be arising primarily from @—0O p interactions with  explain the fundamentally different behaviors of the two
a nonbonding character with respect topeTi d interac- types of electron doping of SITi) as indicated by Hall
tions. The unoccupied DOS shown in FigaRis dominated measurements:*
by Ti d PDOS with small contributions from @ PDOS. In subsequent discussions on the effect of oxygen vacan-
Thus the conduction band of this band insulator has primaeies, we restrict ourselves to the states fgawhich control
rily Ti d character. Any electron doped into this material isthe physical properties of these systems. In Figc@ves
expected to occupy the bottom of these bands, shifting th&—G), we show Tid, O p, and the empty-sphere contribu-
Fermi energy into the conduction band and consequentliions to the DOS of SrTi@,swith two oxygen vacancies in
giving the system a metallic ground state. In the following,the supercell. These panels are arranged according to the
we concentrate on the changes in the electronic structure afecreasing separation between the two vacancies, and the
SrTiO; on doping with electrons. corresponding supercells are shown in Fig. 1. When the oxy-

Results for SrTiQg75, Which corresponds to one of the gen vacancies are farthest ap@trveA), the Fermi energy
oxygen atoms in the supercell being replaced by an emptis found to shift further into the conduction band, accounting
sphere, and therefore donating 0.25 electrons per formulfor twice the electron doping compared to Sr3 s [Fig.
unit, is shown in Fig. ). For the sake of clarity, we do not 2(b)]. There is substantial amount of contributions from the
show the total DOS here and in the subsequent figures, arempty-sphere states close -, though the Tid PDOS
only the relevent Td and Op PDOS along with the PDOS dominates over most of the energy region. The change in the
arising from states in the empty sphere, are shown. The totalectronic structure for this configuration is still describable
DOS in the energy range of interest is almost entirely madeavithin a rigid-band description. As the two vacancies move
of these states. While the overall PDOS features remain amloser(curvesB and C), there is however a distortion near
proximately similar to those of SrTiJFig. 2(@)], the Fermi  the bottom of the conduction band, with the PDOS showing
energy in this case moves inside the conduction band, ia distinct tailing to energies further beld#:, as indicated
agreement with the metallic ground state of such composiby the arrows in the figures. This is an indication of an in-
tions as a consequence of electron doping. The occupiedpient localization of some of the doped electrons being
states at the bottom of the conduction band have primarily Tirapped by the oxygen vacancies. This is further supported

Density of States (per eV, f.u.)

Energy (E-E) eV
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FIG. 4. PDOS of Tid (solid line), O p (dashed ling and total
ES (thin solid ling in SrTiO, g.5 for the configurations shown in
Fig. 1. The vertical arrows point to the distortions near the bottom
of the conduction band leading to the formation of midgap states
Energy (E-E) eV with decreasing vacancy-vacancy separation or increasing oxygen
clustering.

FIG. 3. PDOS of Tid (solid line), O p (dashed ling and total
ES(thin solid ling in SrTiO, 75 for the configurations shown in Fig.  states in the midgap region. It is obvious from the results that
1. The vertical arrows point to the distortions near the bottom of thehe changes in the density of states due to such vacancy
conduction band, leading to the formation of midgap states withclustering is distinctly non-rigid-band-like. It is to be noted
decreasing vacancy-vacancy separation or increasing oxygen cluthat these localized states have substantiab Téharacter
tering. along with the empty-sphere contributions, indicating that

the electrons are localized on Ti and the vacancy sites.

by the fact that the empty-sphere contribution precisely ovef, Vr(]ary similar trer?d?_ are fu_rthhekr] accentuates indicated
this range of energies is as much as that frondTstates. y the arrows in the |gubeywt three oxygen vacancies in

; X . the supercell corresponding to a chemical formula of
This effect is further acce_ntuated, and made evident, Whengioz.GZS- PDOS’s corresponding to the different configu-
the two oxygen vacancies are brought closer togethefyiinns shown in Fig. 1 are given in the corresponding curves
(marked by arrows in curvels andG). In these two cases, of Fig. 4. When the three vacancies are farthest apart, on
there are states pulled from the bottom of the conductionpee different TiQ octahedracurve H), the bottom of the
band far belowE into the midgap region. In curv@, these  conduction band shows a distinct distortion extending the
states are even separated from the remaining part of the cOBtates to nearly- 1.5 eV belowEg . In the intermediate situ-
duction band, with a small but finite gap. In these cases, it igtion with two vacancies on the same Fi@nit with the
clear that the contribution from the empty spheres at thehird vacancy on a different one, the midgap states are
oxygen vacancies is substantial, suggesting that the vacanejearly defined with some low density of states connecting
potentials play an important role in forming such midgapthem to the bottom of the conduction bafuirvesl andJ).
localized states. It also appears necessary to have the vacan-the opposite extreme of all the three vacancies on the
cies close together on the same {i@tahedrdsee configu- same TiQ unit (curveK), the midgap states are completely
rationsF andG in Fig. 1] for such effects to show up promi- localized and separated from the conduction band with a sub-
nently. It is not enough to have the vacancies nearby, but ostantial gap of about 0.5 eV. In every case, the empty-sphere
different TiG; units. For example, in configuratioisandF, contributions dominate in these states pulled below the con-
the two vacancies are equally far ap@rable ). In configu-  duction band into the midgap region, though thedTPDOS
rationE, however, the two vacancies belong to two differentalso contributes significantly. In contrast, the states near the
TiOg octahedra in contrast to configuratién and, conse- Fermi energy are always dominated bydrPDOS.
quently, only in the case df does one see the formation of It is clear that such midgap states localized due to vacancy
deep midgap states. In other words, it is necessary for thelustering will not contribute to the transport properties of
vacancies to cluster together in order to localize electrothe sample. In other words, only a part of the electrons doped
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by the presence of oxygen vacancies will be available for Srys5lag o5 TiIOg ——Tid - Op
conduction and be seen by Hall measurements, while a sub- :
stantial part will remain localized. However, our results also ol @
suggest that a vacancy clustering is essential for such trap- |
ping of the doped electrons, and homogeneously distributed
vacancies do not give rise to any localization. In this context, al
it is interesting to note that extensive vacancy clustering has
indeed been observed on the surface of oxygen-deficient ~
SITiO;_5.%° Thus it is tempting to speculate that a similar 2 |
clustering of vacancies may also be taking place in the bulk <
of these samples; this possibility can be probed by the trans- @
mission electron microscope. It is, however, clear that our
results provide an explanation for the unusual Hall reSults
in terms of vacancy clustering in the bulk of SrgiQ;. The
present results also suggest a reason for the obseration %
that the discrepancy between the number of electrons dopeds
chemically (25 in SrTiO;_;s) and the number measured by
Hall experiments decreases with decreasing oxygen vacan-
cies (6). In the very dilute limit, the oxygen vacancies re-
main separated, and do not lead to clustering. The present a4}
results show that no split-off localized states form in such
situations and the effect is describable in terms of a rigid
shift of the Fermi energy. With increasing vacancy concen- 2r
tration, more extensive clustering takes place, leading to the
localization of the doped electrons.

In order to understand the different behavior of La-
substituted samples, Sr,La, TiO; compared to SrTiQ g,
we studied some representative configurations with La occu-
pying some of the Sr sites in the supercell, and the results are
shown in Fig. 5. We show the results for two and three La

atoms in the supercell corresponding to the chemical formuIeEa (thin solid lin in Sr,_,La,TiO,. (a) For x—0.25, with the two
x . .25,

Slo.78-80 251103 and Sp,9-80 37T 103, reSpeCtlv.ely’ N FIg. | 2 atoms farthest apart from each oth@). For x=0.25, with the
5. In each of the two cases, we study two configurations with

he L farth i d dcl wo La atoms closest to each othé). For x=0.375, with the three
the La atoms arthest apditigs. Ja) and 3c)] and closest La atoms farthest apartd) For x=0.375, with the three La atoms
together[Figs. 8b) and §d)]. The results for the two La jsest to each other.

atoms in the supercell $fag ,5Ti05 show a further move-

ment of the Fermi energy into the conduction band compared ) o ) ) . )
t0 Stgrd-80.12Ti05 [Fig. 2b)] to accommodate the in- gressively shifts into the conduction band with doping. This

creased number of doped electrons. Besides this change, thBOws that every electron doped into the system contributes
results, particularly those related to the conduction-bando the conduction process. At low vacancy concentration, the
states, are remarkably similar for orld=ig. 2(c)] and two-  electronic structure of SrTiQ; resembles that of
and three-atongFig. 5 substitutions irrespective of whether Sr;_,La,TiO;. With incresingd, however, it is found that
the La atoms are close together or remain far apart. In parvacancy clustering seriously distorts the bottom of the con-
ticular, there is no tendency for the formation of midgapduction band, making it impossible to describe the evolution
states in this case, in sharp contrast to the case of SriO  of the DOS even approximately within the rigid-band model.
instead, the results here are consistent with a rigid-band deSeveral configurations of the vacancy clustering lead to the
scription of electron doping in a band insulator. This is information of localized midgap states in SrEiQ;. Thus only
agreement with the experimental observatidhat the num- 4 part of the electrons doped contributes to the conduction
ber of conduction electrons estimated by Hall measurementgrocess, with a sizable portion being trapped by the vacancy

agrees well with the number of doped electrons according t@|ysters. These results are consistent with Hall measurements

In conclusion, we investigated electronic structures of
electron-doped SrTiQ s and Sk_,La,TiO3 for several val-
ues of § andx, gnd different geometric arrangements of the ACKNOWLEDGMENTS
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