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ABSTRACT
Using band symmetry analysis and density functional theory calculations, we reveal the

origin of why oxygen vacancy (Vo) energy levels are shallow in some ABO; perovskites, such as
SrTiOs, but are deep in some others, such as LaAlOs;. We show that this diverse behavior can be
explained by the symmetry of the perovskite structure and the location (A or B site) of the metal
atoms with low d orbital energies, such as Ti and La atoms. When the conduction band minimum
(CBM) is an anti-bonding I, state, which is usually associated with the metal atom with low d
orbital energies at the A site (e.g., LaAlOs), then the Vo energy levels are deep inside the gap.
Otherwise, if the CBM is the non-bonding I';s- state, which is usually associated with metal
atoms with low d orbital energies at the B site (e.g., SrTiOs), then the Vg energy levels are
shallow and often above the CBM. The V, energy level is also deep for some uncommon ABOs
perovskite materials that possess a low s orbital, or large-size cations, and an anti-bonding I';
state CBM, such as ZnTiOs. Our results, therefore, provide guidelines for designing ABOs

perovskite materials with desired functional behaviors.

PACS number: 71.15.Mb; 71.20.Nr; 71.55.-1



ABO; perovskites are group of materials that possess many interesting physical properties
and functional behaviors, such as ferroelectricity, superconductivity, and photoelectrochemical
sensitivity [1]. It has been observed that the properties and functional behaviors of the
perovskites are heavily influenced by the presence of oxygen vacancies (Vo) in these materials.
For example, the insulator-to-metal transition, observed in SrTiO;y, can occur when a certain
amount Vo is introduced [2]. The free carriers that are responsible for the blue-light emission of
Ar-irradiated SrTiO; (STO) at room temperature are generated by Vo [3]. The recently
discovered two-dimensional conducting electron gas (2DEGQG) at the interface of STO and LaAlOs
(LAO) [4, 5] can also be linked to the formation of Vo in STO and LAO; conductivity was
observed when a significant concentration of Vo was introduced in the STO/LAO system [6-8].
Interestingly, however, advanced conducting-tip atomic force microscope (CT-AFM)
measurements show that the spatial carrier density extends from the interface to the STO side but
not to the LAO side [9]; this seems to indicate that the Vo could be shallow donors in STO, but
they produce deep levels in LAO. This conjecture is also consistent with recent experimental
observation that Vg could result in 2DEG at the surface of STO even without the existence of
LAO [10, 11]. This puzzling behavior of Vg in perovskites, i.e., Vo levels are shallow in some
perovskites such as STO but deep in some others such as LAO, is fascinating. However, so far,
the origin for this puzzling behavior and its relationship to the band structure of the perovskites
are still not known. Understanding these issues will shed light on understanding the unique
electronic and optoelectronic properties of ABO;3 perovskites and help in designing perovskites
with new and desirable properties and functional behaviors.

In this Letter, we elucidate the origin of the various behavior of Vo in ABO3 perovskites

using band symmetry analysis and density functional theory (DFT) calculations. We show that



the interesting behavior of Vo in ABOj; perovskites originates from the symmetry of the
perovskite structure and the location (A or B site) of the transition metal (TM) atoms (e.g., Ti or
La in the crystal). The conduction band minimum (CBM) of common perovskites can be either
the anti-bonding I, state or the non-bonding I'»s> state as derived from TM d orbitals. V, levels
could be shallow when the CBM is derived from the non-bonding I'»s- state, as in the case of
STO. However, the V, levels are deep if the CBM is derived from the anti-bonding I';; state, as
in the case of LAO. We also find that the V, levels are deep for some uncommon perovskites,
such as ZnTiOj;, when their CBM is the anti-bonding I'; state.

The structural and electronic properties of perovskite crystals are calculated by using a
hybrid density functional (HSE06) (with exact exchange part a = 0.25) [12] as implemented in
VASP code [13] using standard frozen-core projector augmented-wave (PAW) method [14]. The
cut-off energy for basis functions is 400 eV. The primitive cell of perovskite structure (Pm3m) is
a five-atom cube [Fig. 2(c) and (f)], in which a I'-centered (7x7x7) k-ponit mesh is used. For the
study of the isolated V, point defect, the (3%3x3) host supercell containing 134 atoms (with the
removal of one O atom) is used. Only the I" point is used for the Brillouin zone integration. The
(3%x3%3) supercell is found to be large enough in the defect calculation. The calculations with
different methods including different o in HSE06 and local density approximation (LDA) were
also applied and we found that our conclusion did not change [15].

In the cubic perovskite structure, O atoms are at the face centers with a local Dg4j, point group
symmetry. The TM atoms at both the A and B sites have the local point group symmetry O,
allowing the d orbitals to split into triply degenerated #,, states (dy, d,., d.) and doubly
degenerated e, states (d-», dy2.,2). However, because of the different local environment (12 nearest

O neighbors at the A sites and 6 nearest O neighbors at the B sites), the Coulomb repulsion



induced crystal field splitting of the d states, E(#,,) — E(e,), 1s significantly different for the TM
atoms at the A sites compared to the B sites; 75, states are higher than e, states if the TM atoms
are at the A site, but it is exactly the opposite, e, states are higher than #,, states, if the TM atoms
are at the B site (Fig. 1). Because of the O, symmetry, the metal d states do not couple with O p
states with #;, and #,, symmetry at the Brillouin zone center, but the e, states can couple with O s
state [16-18]. The coupling of the O s states and cation s states can also form a; states. As we
will show later, the electronic structures and behavior of Vg vary greatly depending on which
state derives the CBM of the perovskites. For common perovskites, there are two scenarios: the
CBM is derived from either the anti-bonding I'j, states or the non-bonding I's: states. Our
findings show that V, levels could be shallow only when the CBM has the non-bonding I'»s:
characteristic, which is the case for STO. We also find that the V, levels are deep for some
uncommon ABOj perovskite materials, such as ZnTiO;, where their CBM has the anti-bonding

I'; characteristic.

Figure 1: (Color online) The schematic picture of the #,, and e, splitting of transition metal atoms

at (a) A and (b) B sites of perovskite ABO;. The orbitals of d,. (left panel) and d.2 (middle panel)



are chosen as representatives of t, and e, states, respectively. The red (solid) dots are the

positions of oxygen atoms.
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Figure 2: (Color online) (a) and (b) are the HSE06 calculated band structures of SrTiO; and
LaAlOs, respectively, with zero energy at the VBM. The primitive cells of (¢) SrTiOs and (f)
LaAlOs; and the partial charge densities of the CBM of (d) SrTiO; and (g) LaAlO; are depicted;
(e) and (h) show the partial charge densities of the VBM at the I" point of SrTiO; and LaAlO;,

respectively, plotted in the (110) plane.

Figure 2 shows the crystal structure of STO and LAO and the calculated band structures
using the HSEO6 functional. For a typical ABO; perovskite [19], such as STO, the valence bands
at the Brillouin zone center have bonding O s derived I'; states and TM s, d derived T}, states,
respectively, (not shown in Figure 2), in addition to O p derived I'js and I'»5 states at the top of
valence bands. The conduction bands have the non-bonding I'>s: (TM #5,), anti-bonding I';» (TM
e, + O s), and anti-bonding I'; (TM s + O s) states [20]. As the coupling between O s and cation s
is usually stronger than that between O s and TM e, states, the I'j. state is usually higher in

energy than the I'j5. states, whereas the I'}y state is usually lower in energy than the 'y, states



(see Fig. 2a and 2b). Therefore, the energy sequence in the valence band is I'js > I'ys > T'j5 > T,
> I';, with the valence band minimum (VBM) in an anti-bonding oxygen p state. In the
conduction band, the CBM usually has a TM d characteristic. However, there could be
exceptions, which we will discuss later. The interesting issue is that the state of the CBM (non-
bonding I';s> state or the anti-bonding I'j, state) depends on the position of the TM with low
energy d orbitals. As discussed earlier, for systems, such as STO (Fig. 2¢), with transition metal
atoms (Ti) located at the B site, the charge density lobes of the e, states point along the bond
direction (Ti-O), while the charge density lobes of the 7, states do not (Fig. 1b). The Coulomb
repulsion between the electronic orbitals pushes the e, states higher in energy than the #,, states.
Consequently, the CBM is derived from the non-bonding I';s- states. On the other hand, if the
TM atom with low d orbital energy is at the A site, such as LAO (Fig. 2f), the situation is
reversed; the wavefunctions of the #,, states point along the bond direction (La-O), while the
wavefunctions of the e, states do not (Fig. 1a). Thus, #,, states are now at a higher energy level
than the e, states, such that the CBM is derived from the anti-bonding I'y, states. The coupling
with the O s states would shift the e, states up slightly, but the effect of the coupling is usually
not as strong as crystal field splitting and does not reverse the order.

In the following section, we will show that the nature of Vo levels is determined by the
character of the CBM, that is, whether the CBM has the I';, I'12, or I'25» symmetry.

(1) The CBM is the non-bonding I'»s- state. In this case, as discussed above, the TM atoms
are at the B site, and STO will serve as a typical example. The band structure of STO definitely
shows the CBM with the ;s> symmetry [Fig. 2(a)]. There are two I'j, states above I»s. The
lower state is derived mainly from Ti 3d, and the higher state is derived mainly from Sr 4d. The

partial charge densities [Fig. 2(d) and Fig. 2(e)] show that the VBM is nearly comprised of a pure



O p characteristic and the CBM has a pure Ti d characteristic: which is consistent with the
symmetry analysis described above. As the CBM of STO (I';s) is derived from the non-bonding
Ti 5, states, the removal of one O atom, i.e., the formation of a Vo, only lowers the energy of the
anti-bonding I'j, state to nearly the Ti e, states [21]. The V,, though, does not influence the I'>s:
CBM state (close to Ti t,, states) much. This process creates the Vo energy levels in ABO;
perovskite crystals. Because the Ti e, states are higher in energy than the Ti #,, states, the Vo
levels are above the CBM [Fig. 3(b)(c) and see Ref. [15] for how the level of Vo is determined].
Consequently, a Vo will spontaneously donate its two electrons to the CBM, and therefore, the
Vo is automatically ionized and it is always at the Vo' state. In this case, it is not meaningful to
calculate the transition energies because the neutral and 1+ charged Vo states are unstable. We
find that for the Vo2 state, the resonant Vg level with mainly the Ti e, characteristic is 1.23 eV
higher than the CBM [Fig. 3 (b)]. This high defect level is partially due to the outward relaxation
of the cations for the V02+ charged state. The charge distribution, around the V, site, of this state
is shown in Fig. 3(a). The location of the Vo is indicated by the open, red square. Due to its

resonant nature, though, this state is not very localized.
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Figure 3: (Color online) The partial charge density of the single electron defect level of Vo*' at
the T point in (a) STO and Vo' in (d) LAO. The red (open) squares indicate the location of Vo.
(b) and (e) show the energy positions of Vg levels in STO and LAO, respectively. (¢) and (f)

show the schematic mechanisms of how the Vg’s are formed in STO and LAO, respectively, and

why the Vg levels are shallow or deep.

(i1)) The CBM is the anti-bonding I';; state. In this case, as discussed above, the TM atoms are
at the A site, and LAO will serve as a typical example. The band structure of LAO is shown in

Fig. 2(b). The VBM has a nearly pure O p characteristic, precisely like STO. However, unlike the



case of STO, the CBM of LAO is the I'j, state, which is derived from the anti-bonding states of
O s and La 5d e, states. The removal of an O atom (formation of an V) will lower the position
of the I';; to nearly that of the La e, states and form the Vo levels deep inside the gap, as
indicated in Fig. 3(f). Our HSE06 calculation confirmed that the single electron level of V' is
2.16 eV below the CBM for LAO. The calculated charge distribution of this defect level shows
that the wavefunction is more localized around the Vg site [Fig. 3(d)] as compared to the case of
STO [Fig. 3(a)]. This result is consistent with the fact that the V, state is deep inside the gap. The
single electron energy levels of this state increase in energy as the Vo is ionized to a 1+ and 2+
charged state [Figs. 3(e)] due to the large atomic displacement around the defect site when Vg is
charged. Like most oxides, Vo in LAO is a negative U system.

(ii1)) The CBM is the T'; state. This situation is very rare because I'; is the anti-bonding state
of cation s and O s, and the coupling is usually large. To let the I'; state drop below the I';; and
;s states, one could either increase the cation size to reduce the interaction strength or choose
cations with low unoccupied s states and high unoccupied d orbital energy. ZnTiO; is a good
example since Zn has a much lower s orbital energy than alkaline earth metal elements and its
unoccupied 4d orbitals are much higher in energy. HSE06 calculated the direct band gap of
ZnTi0;3, at the I point, to be 1.31 eV, with the Zn s derived I'; state 2.68 eV lower than the Ti 5,
derived I';s state. The artificial material LulnOs is another example of a I'y CBM state, where
both Lu and In have large atomic radii. As a result, the Lu s derived anti-bonding states (I';) have
weak coupling strength and drop below its ty, and e, states. The calculated single electron levels
of Voo of ZnTiO; and LulnOs are 0.22 eV and 0.37 eV, respectively, below their CBM’s level.
This result is consistent with the picture that the Vo should be deep when the CBM is not the I'»s°

state.



Based on the analysis of the relationship between the band structures and Vo properties of the
ABOj perovskites discussed above, we can now provide general rules to estimate the Vo
properties of perovskite oxides. For example, the V’s are usually shallow for most I[IA-VIB-O;
and IA-VB-0O; perovskites (BaTiO3;, KTaOs, etc. [22, 23]) since their bulk CBMs are I'»s: states
like SrTiO;. The Vg levels are deep in LaAlOs;, YAIO; and LuAlO; [24] since the TM atoms,
with low lying d orbital (i.e., Y and Lu), are on the A site, and the CBM is the anti-bonding I'j,
state: as is the case for LAO. Therefore, it is likely that BaTiO;, KTaO3; will be conductive if
Vo’s are introduced [22, 23]. On the other hand, LaAlO;, YAIO; and LuAlO; [24] would be
intrinsically insulators.

In conclusion, using band structure symmetry analysis and density functional theory
calculation, we have revealed the origin of the unusual behavior of oxygen vacancies in common
ABOj; perovskites. We found that when transition metal atoms are at the A site, the CBM is
usually the anti-bonding state of the transition metal d and the O s (a I'y, state), and the oxygen
vacancy levels will be deep. However, when transition metal atoms are on the B site, the CBM is
usually the non-bonding transition metal t,, states (a I'»s> state), and the oxygen vacancy levels
will be shallow. We also found that the oxygen vacancy levels are deep in perovskites with low
cation s orbital or large cation sizes, and whose CBM is the anti-bonding s state (a I'; state). Our
results, therefore, explain why SrTiO; and LaAlOs; behave so differently and provide guidelines
for designing functional perovskites with desired conductivity.
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