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The band gaps of rare-earth titanates are commonly reported to be 0.2–0.7 eV. These values are based on optical
reflectivity measurements, from which the onset of optical absorption is derived. Here we report experimental
and theoretical results on GdTiO3 (GTO) indicating that the gap is significantly larger. Photoluminescence (PL)
measurements show a strong peak near 1.8 eV, consistent with an observed onset in PL excitation (PLE) at about
the same energy. First-principles calculations, based either on density-functional theory (DFT) with a hybrid
functional or on DFT+U , consistently show that the gap is close to 2 eV. We also propose an interpretation
of the previously reported optical absorption spectra. Given the similarities in electronic structure between the
rare-earth titanates, our results for GTO have repercussions for the other members of the series. The results also
affect the design of complex-oxide heterostructures involving these materials.
DOI: 10.1103/PhysRevB.92.085111
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I. INTRODUCTION

The rare-earth titanates are Mott insulators, in which the
energy band gap arises from strong intra-atomic Coulomb
electron-electron interactions that split partially filled d or
f bands, separating an occupied lower Hubbard band (LHB)
from an unoccupied upper Hubbard band (UHB) [1]. This
Mott-Hubbard gap is fundamentally different from band gaps
in conventional semiconductors and insulators, which can be
understood in a noninteracting electron picture. In rare-earth
titanates such as GTO the Ti atoms assume a Ti+3 oxidation
state (3d 1 ), with a single unpaired electron per Ti atom.
The opening of the gap in these 3d 1 compounds can be
explained within a single-band Hubbard model, in terms of
the ratio between the Hubbard U and the d bandwidth [2].
The magnitude of the gap then reflects both the strength of the
intra-atomic interactions (U ) and the bandwidth.
The value of the Mott-Hubbard gap is not only a key
descriptor of Mott insulators, it also determines the functionality of complex oxide heterostructures. Recent experiments
have shown the formation of a two-dimensional electron gas
(2DEG) at the SrTiO3 /GTO interface, with an electron density
of 1/2 electron per unit-cell area [3]. The value of the GTO
gap determines on which side of the interface these excess
electrons reside and the degree of electron confinement, and is
therefore an important design parameter.
Previous efforts to determine the Mott-Hubbard gap of GTO
were based on optical absorption obtained by Kramers-Kronig
analysis of reflectivity data on bulk crystals [4] or thin films
grown on (LaAlO3 )0.3 (Sr2 AlTaO6 )0.7 (LSAT) [5], and from
transmission spectroscopy of films grown on SrLaGaO4 [6].
These measurements revealed an onset of optical absorption
at around 0.7 eV, which was interpreted to correspond to the
Mott-Hubbard gap.
Here we present photoluminescence (PL) and PL excitation
(PLE) measurements on GTO that produce a strong signal
around 1.8 eV. The observation of this PL peak is incompatible
with an assumed gap of 0.7 eV, and forces us to reexamine the
electronic structure. We therefore perform density-functional
1098-0121/2015/92(8)/085111(5)

theory (DFT) calculations using exchange-correlation functionals that are capable of addressing the strong electronelectron interactions that govern the electronic properties of
GTO. Conventional exchange-correlation functionals, such
as the local density approximation or generalized gradient
approximation (GGA), yield an incorrect description of the
electronic structure of Mott insulators; they predict GTO to be
a metal. These functionals suffer from spurious self-interaction
and tend towards excessive delocalization of the electron
density. We therefore use a hybrid functional [7,8], which
provides partial cancellation of self-interaction and has been
shown to give an accurate description of the electronic and
structural properties of a wide range of materials [9,10],
including perovskite Mott insulators [11]. We also use the
DFT+U method, which is based on a corrective functional
inspired by the Hubbard model, and was designed for the
study of Mott insulators [12]. Both approaches produce a
Mott-Hubbard gap around 2 eV. This is similar in magnitude
to the gaps of the closely related compounds LaTiO3 and
YTiO3 when studied with the same methods [11,13–15]. Our
conclusion will be that the actual Mott-Hubbard gap of GTO
is ∼2 eV, and we will attribute the absorption onset at 0.7 eV
to self-trapped holes.

II. METHODS

Hybrid molecular beam epitaxy was used to grow GTO
films [16]. The PL measurements were done by exciting the
GTO using a 488-nm (ω = 2.54 eV) laser and a 325-nm
(ω = 3.81 eV) He-Cd laser. For the PLE measurement, PL
intensity was measured at a fixed wavelength (760 nm) and
the excitation energy was varied from 1.85–2.35 eV using a
continuously tunable supercontinuum laser as the excitation
source.
For the hybrid functional calculations we adopted the
functional of Heyd, Scuseria, and Ernzerhof [7,8] (HSE), in
which a fraction of Hartree-Fock exchange (given by a mixing
parameter α = 0.25) is mixed with GGA exchange [17]
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within a range defined by a screening length (0.2 Å ). The
implementation is with projector augmented wave (PAW)
potentials in the VASP code [18,19]. For the bulk calculations
(20-atom cell), a 500-eV energy cutoff was used for the
expansion of plane waves and a 4 × 4 × 2 -centered k-point
mesh for the Brillouin-zone integrations. For the self-trapped
hole calculations (160-atom supercell), the internal relaxations
were performed using a 400-eV energy cutoff and the (1/4,
1/4, 1/4) k point.
In the DFT+U calculations the corrective functional
contains a screened on-site Coulomb repulsion parameter U ,
which was computed self-consistently using a linear response
method [20], yielding U = 4.38 eV for Gd f orbitals and
U = 3.86 eV for Ti d orbitals. Ultrasoft pseudopotentials [21]
were employed, as implemented in the QUANTUM ESPRESSO
package [22]. A 60-Ry energy cutoff was used for the
expansion of Kohn-Sham states, and a 720-Ry cutoff for the
charge-density expansion, using a 6 × 6 × 6 Monkhorst-Pack
k-point mesh. For both methods, the Gd f electrons were
included in the valence, and all calculations were done using
spin polarization.
III. RESULTS AND DISCUSSION
A. Optical measurements

A 20-nm thick GTO film was grown on a cubic LSAT
substrate using hybrid molecular beam epitaxy [16]. As a
control, both PL and PLE measurements were performed on a
bare LSAT substrate without the GTO layer. PL measurements
on the bare LSAT substrate show emission from midgap states
near 1.67 eV (Fig. 1). The GTO-on-LSAT sample displays an
additional strong peak at 1.8 eV. A bright red PL signal was
also observable with the naked eye at room temperature (inset
Fig. 1). No PL peak near 0.7–0.8 eV was observed (see Supplemental Material [23]). From the PLE measurement, a bandedge-like feature close to 1.8 eV can be observed from GTO.
To reconcile a GTO band gap of 0.7 eV with our 1.8 eV PL
observation, one possibility would be to assume that 0.7 eV
is the indirect band gap of GTO while 1.8 eV corresponds to
the direct transition. However, given that the LHB and UHB
arise from d orbitals that are very localized, band dispersions
greater than 1 eV are highly unlikely. Another possibility
is that the PL arises not from band-to-band recombination,
but from excitonic recombination, defect-to-band transitions,
or defect-to-defect transitions [24]. However, all of these
recombination mechanisms lead to PL emission either equal
to or smaller than the band gap. Therefore, while the PL
measurements alone do not allow identifying the precise
recombination pathway, the observed PL emission from GTO
puts a lower limit on its band gap and indicates this band gap
to be greater than or equal to 1.8 eV.
B. First-principles calculations

Hybrid functional calculations of bulk and optical properties were done using the 20-atom orthorhombic unit cell shown
in Fig. 2(a). Both HSE and DFT+U find the ground state to be
ferromagnetic, with the Ti 3d 1 spins aligned, consistent with
experiment [25,26]. The occupied f states are located in the
low-energy part of the O 2p valence bands, and the unoccupied

FIG. 1. (Color online) (Left and bottom axes) Room-temperature
PL spectrum at 488 nm laser excitation of a 20-nm thin film of
GdTiO3 grown on LSAT (red). A peak at 1.8 eV is observed. (Inset)
Visually observable red PL from the GdTiO3 sample when pumped
with a 325 nm laser. (Right and top axes) Room-temperature PLE
spectrum (red) of 20-nm thin film of GdTiO3 showing a band-edgelike feature near ∼ 1.8 eV. The pump laser energy was varied, and
the detector was tuned to measure the PL intensity at 760 nm. The
control measurements of PL and PLE from the bare LSAT substrate
are shown in blue.

(a)

(b)

FIG. 2. (Color online) (a) Ball-and-stick model of the GdFeO3
crystal structure of GdTiO3 . The Ti atoms used to define the Ti-O-Ti
angles are indicated with I, II, and III. The lower Hubbard band charge
density is shown in red (isosurface set to 10% of maximum). (b) Band
structure of GdTiO3 calculated using HSE, with red (solid) lines
corresponding to spin-up states, and blue (dotted) lines to spin-down
states. The lower Hubbard band is filled, and the upper Hubbard band
is empty—the Mott-Hubbard gap occurs between these bands. The
zero of energy is set to the highest occupied eigenvalue.
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FIG. 3. (Color online) Atom-projected density of states for
GdTiO3 calculated (a) using HSE and (b) using DFT+U . The zero
of energy is set to the highest occupied eigenvalue.

ones in the high-energy part of the Ti 3d conduction bands, as
can be seen in the density of states (Fig. 3). The main difference
between HSE [Fig. 3(a)] and DFT+U [Fig. 3(b)] calculations
is the position of the O 2p bands, which are located about
2 eV higher in DFT+U . This is expected since DFT+U is not
meant to correct the position of these bands.
Full structural relaxations yield lattice parameters and
angles in close agreement with experimental values for bulk
GTO, as shown in Table I. The volume is underestimated by
0.7% in HSE, and overestimated by 5.0% in DFT+U , typical
for the accuracy provided by these methods.
The band structure from the HSE calculation is shown
in Fig. 2(b), giving an indirect band gap of 2.02 eV. The
top of the LHB occurs at a point along the Y -Z direction,
while the bottom of the UHB occurs at . The direct  → 

band gap occurs at only slightly higher energy, namely
2.05 eV. The dispersion of the individual Hubbard bands is
less than 0.7 eV, and the LHB is spin up, corresponding to
ferromagnetic alignment of the Ti 3d 1 electrons. The LHB
charge density is plotted in Fig. 2(a), where orbital ordering of
the LHB electrons can be seen. This is a consequence of the
large crystal-field splitting of the Ti 3d t2g states introduced
by the GdFeO3 -type distortions, as described in previous
work [14,27]. These localized electrons occupy bands derived
primarily from dxz and dyz orbitals alternating on every second
Ti atom. The band structures from DFT+U calculations (not
shown) are very similar, yielding an indirect band gap of
2.21 eV, consistent with a recent study on GTO also using
DFT+U [28]. The slight overestimate compared to HSE can be
largely attributed to the larger equilibrium volume in DFT+U .
Based on this band structure, we expect an onset of
direct interband transitions at 2.05 eV. While electric dipole
transitions within the d manifold, which gives rise to the LHB
and UHB, are forbidden by symmetry, the hybridization with
other orbitals, most significantly with O 2p, leads to finite
optical transition elements. The effect of hybridization of Ti d
states with O p, Gd d, and Gd f states is clearly visible in the
atom-projected density of states shown in Fig. 3. The presence
of strong optical transitions is confirmed by our first-principles
calculations of the absorption coefficient, defined by
√
2ω 
|ii | − Re[ii (ω)],
(1)
αi (ω) =
c
where ii  is the dielectric tensor and ω the frequency. The
dielectric tensor was computed with the HSE functional within
the PAW formalism as described in Ref. [30]. A 0.2 eV
Gaussian smearing of the band occupancies was used, leading
to a broadening of the absorption coefficient. The results shown
in Fig. 4 indicate strong optical transitions starting around
2.0 eV, with a peak at 2.8 eV. Recombination will occur
at lower energies, closer to the band edge, since electrons
excited to higher energies in the UHB will lower their energy
nonradiatively before recombining with holes.
C. Discussion

Both PL/PLE measurements and first-principles
calculations are therefore consistent with a Mott-Hubbard

TABLE I. Equilibrium lattice parameters and Ti-O-Ti angles for
bulk GdTiO3 . Angles referenced to Ti atoms as shown in Fig. 2(a).

a (Å)
b (Å)
c (Å)
3
Volume (Å )
TiI -O-TiI I (◦ )
TiI -O-TiI I I (◦ )
a

Reference [29].

HSE

DFT+U

Exp.a

5.351
5.725
7.627
233.65
144.4
140.4

5.464
5.820
7.781
247.43
144.1
144.2

5.393
5.691
7.664
235.22
145.8
144.1

FIG. 4. (Color online) Total optical absorption for bulk GdTiO3 ,
calculated with HSE and averaged over the x, y, and z directions.
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FIG. 5. (Color online) Configuration coordinate diagram for a
self-trapped and delocalized hole in GdTiO3 . EST is the net energy
gain from self-trapping, ES is the lattice energy cost, and ET is the
vertical transition energy. The purple arrow indicates the possibility
of excitations below ET due to vibrational broadening.

in the absorption spectrum. The onset of absorption can occur
at significantly lower energies due to vibrational broadening
(as indicated by the purple arrow in Fig. 5). We propose that
such transitions involving self-trapped holes are responsible
for the low-energy onset in the optical absorption spectra of
GTO.
The possibility of luminescence resulting from self-trapped
holes should also be examined. There are two conceivable
mechanisms that could be probed using PL/PLE. First,
excitation of an electron from the LHB to the self-trapped hole
state could occur, but after this excitation the small-polaron
state is gone—all that remains is a local distortion of the
crystal structure, which will decay via phonon emission.
Second, an electron excited to the UHB could recombine
with a small-hole-polaron state. A transition at this energy
is actually more likely to be nonradiative [33], and indeed, PL
measurements around 0.7 eV do not show any signal in this
energy range [23].
IV. CONCLUSIONS

gap of around 2 eV in GTO. This raises the question
of the origin of absorption with an onset around 0.7 eV
observed in reflectivity measurements [4–6]. We attribute
this onset to transitions between self-trapped holes and the
LHB [15]. The presence of self-trapped holes in rare-earth
titanates has been inferred from thermally activated p-type
hopping conductivity [31]. Recent transport measurements
on Sr-doped GTO also show that holes readily localize in the
material [32]. Optical excitations of electrons from the LHB
to the self-trapped hole state can then occur.
Using a 160-atom supercell (a 2 × 2 × 2 enlargement of
the 20-atom unit cell) we investigate the behavior of a single
missing electron, simulating both localization (self-trapped
hole), and delocalization (equal hole density on all Ti atoms).
The results are shown in Fig. 5. Self-trapping indeed occurs,
and the self-trapped configuration is more stable than the
delocalized state by 0.55 eV, the self-trapping energy EST .
A lattice-energy cost of 0.64 eV ES is associated with the
self-trapping of the hole; this value is found from the energy
difference between the atomic structures of the self-trapped
and delocalized hole configurations, calculated in a chargeneutral supercell. The transition energy ET is the sum of
the lattice-energy cost (0.64 eV) and the self-trapping energy
(0.55 eV); the resulting value of 1.19 eV corresponds to a peak
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