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Lattice Relaxation in Oxide Heterostructures: LaTiO;/SrTiO; Superlattices
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Local density approximation + Hubbard U and many-body effective Hamiltonian calculations are used
to determine the effects of lattice relaxation in LaTiO5;/SrTiO; superlattices. Large ferroelectric-like
distortions of the TiOg octahedra are found, which substantially affect the Ti d-electron density, bringing
the calculated results into good agreement with experimental data. The relaxations also change the many-
body physics, leading to a novel symmetry-breaking-induced ordering of the xy orbitals, which does not
occur in bulk LaTiOs, or in the hypothetical unrelaxed structure.
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Recent advances in the techniques of pulsed laser depo-
sition and molecular beam epitaxy have allowed the crea-
tion of “‘oxide heterostructures” consisting of alternating
layers, of thickness one or two unit cells, of different
transition metal oxide compounds [1,2]. Heterostructures
in which one or more of the constituent layers is a material
exhibiting correlated electron properties [3,4], such as
Mott insulating behavior, high temperature superconduc-
tivity or colossal magnetoresistance, are of particular in-
terest, and progress has been made in characterization [5—
9] and theoretical analysis [10-15] of such structures.
However, the existing literature does not address the cru-
cial issue of lattice relaxation. This is expected to be
important because a key feature of heterostructures is
“charge redistribution” [10]: the flow of electrons from
one layer to another driven by the difference in electro-
chemical potentials between the component materials. The
electric fields associated with the resulting dipole layer
may be expected to drive significant changes in atomic
positions compared with the bulk materials. Further, many
experimentally relevant heterostructures involve ferroelec-
tric or nearly ferroelectric materials, for example SrTiO;
with enhanced dielectric response. In this Letter we present
the first calculations of lattice relaxation in LaTiO;/
SrTiO; heterostructures. We show that the lattice distor-
tions are substantial (~0.15 A), and have important conse-
quences for the many-body physics, leading, in particular,
to new orbitally ordered phases not found in bulk materials.

We used density functional theory to study [001] (m-n)
superlattices in which a unit consisting of m planes of
LaTiO; followed by n planes of SrTiO; layers is repeated
in the [001] (z) direction as in the experiments of Ohtomo
et al. [2]. The lattice constants in the x and y directions
were fixed to the experimental value for cubic SrTiO;
(3.91 A), the substrate used in the experiments [2]. The ¢
axis lattice constant and atomic z coordinates were opti-
mized retaining the tetragonal symmetry of the crystal. We
used the projector augmented wave (PAW) approach [16]
as implemented in the Vienna Ab initio Simulation Pack-
age (VASP) [17,18] with a 4 X 4 X 4 k-point grid and an
energy cutoff 500 eV, and the rotationally invariant LDA +
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U method of Liechtenstein et al. [19] with U = 5 and J =
0.64 eV for the Ti d states [20]. For Sr and Ti we used PAW
potentials in which semicore s states are treated as valence
states (Sr,, and Tiy, in the VASP distribution). For La and O
we used standard potentials (La and O in the VASP distri-
bution). In addition, we found that within the LDA the La f
states lie only ~2 eV above the Fermi level, leading to a
spurious mixing with the Ti d bands. Since, in practice, the
La f bands lie much higher in energy [21] we impose a
large Uy = 11 eV and J; = 0.68 eV on the La f states.
Omitting U, changes the results, for example, reducing the
magnitude of the lattice relaxation by ~50%.

Figure 1 shows our calculated relaxed-lattice structures
for two representative cases: (1-8) and (2—7) heterostruc-
tures. The largest structural relaxations occur in the TiO,
layer at the LaTiO5-SrTiO; interface (Tiys in the upper
panel and Ti; in the lower panel) and involve a
ferroelectric-like distortion in which the negatively
charged O and positively charged Ti ions are displaced
relatixie to each other by 0.15 A in the (1-8) case and
0.18 A in the (2—7) structure. This distortion produces a
local ionic dipole moment which screens the Coulomb
field created by the substitution of Sr>* by La’* ions,
and also leads to an increase in the z direction Ti-Ti
distance by about 0.08 A. Moving further away from the
interface, the magnitude of the ferroelectric-like distortion
decays rapidly, while the Ti-Ti distance reverts to a con-
stant value very close to bulk. The sizes of the lattice
distortions are comparable for the one- and two-La-layer
cases.

An important quantity for physical insight and further
theoretical analysis is the conduction-band charge density:
loosely speaking, the Ti d occupancy, which is not unam-
biguously defined with density functional calculations. To
obtain this we make use of the fact that within LDA + U
the ground state is a highly polarized ferromagnet in which
the magnetization density can be ascribed to the conduc-
tion bands. Following the procedure used for the total
charge density by Ref. [22] we compute the smoothed
magnetization density m(z) by averaging in the xy plane
and smoothing in z over the range *=a/2. We identify the
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FIG. 1. Calculated optimized lattice structures of superlattices
[LaTiO5];[SrTiOs]g (upper figure, z-axis lattice constant ¢ =
35.09 A) and [LaTiO;],[SrTiOs]; (lower figure, z-axis lattice
constant 35.17 A); half of the unit cell is shown in each case. The
intertitanium distances (lower lines) and displacements of the Ti
ions relative to the O, planes (upper lines) are also indicated.
The center of the LaTiO5 region is taken as the zero of the z
coordinate in each case and the Ti ions are labeled by their
relative z positions.

integral of /m(z) over a unit cell with the conduction-band
charge density within that unit cell. The total (summed
over all cells) conduction-band charge density obtained in
this way is within ~1% of the expected 1 electron per La
ion in the two-layer structure. The one-layer structure is
not quite fully spin polarized: the integral of m is ~0.85
electrons; therefore in this case we renormalize the density
appropriately.

Figure 2 compares our calculated Ti d charge densities
for relaxed (black squares) and unrelaxed (white squares)
lattices for [LaTiO3],[SrTiOs]g (upper panel) and
[LaTiO3],[SrTiOs]; (lower panel). In both superlattices,
the screening provided by lattice relaxation reduces the
charge density on the central Ti layer and produces a long
“tail”” in the charge distribution, extending far away from
the interface. The effect is particularly large in the two-
layer structure, reducing the middle-layer density by al-
most a factor of 2. We note that in each case the interface
layer (Tiys or Ti;) remains electronically well defined,
with the density dropping by approximately 0.3 electrons
between the Ti at the interface, and its neighbor surrounded
by two Sr-O layers. The relaxed-lattice charge densities
agree within experimental uncertainties with the Ti®" val-
ues reported by Ohtomo et al. [2] both in terms of peak
values (0.3—0.4 in the central region) and the slow decay
away from the central region.

The lattice relaxations have important consequences for
the electronic physics, leading, in particular, to a novel
planar xy orbital ordering. To demonstrate this, we show in
Fig. 3 the magnetization density (equivalent, as noted
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FIG. 2. Charge and magnetization densities for (1-8) and (2—
7) heterostructures. Open and filled squares: conduction-band
charge densities per unit cell obtained as described in text for
unrelaxed and relaxed superlattices, respectively. Light lines:
smoothed magnetization densities m(z) of relaxed heterostruc-
tures. Dotted, dashed, and dash-dotted lines: results of model
Hartree-Fock calculation with hopping parameters taken from
fits to LDA + U calculations, U =5 and J = 0.64 eV, and
dielectric constant ¢ indicated.

above, to the conduction-band charge density) for the
unit cell nearest the La layer, averaged over the z direction
and presented as contours of constant density. The butterfly
shape corresponding to xy orbital ordering is evident.

To investigate more precisely the effects of lattice re-
laxation on the electronic physics we studied a model
Hamiltonian with local interactions taken to have the usual
Kanamori form [3,10] with J = 0.64 ¢V and the U treated
as an adjustable parameter. We also include the Coulomb
potentials arising from the La-Sr charge difference and (via
the self-consistent Hartree approximation) from the
conduction-band charge. We obtain hopping parameters
from fits to band calculations.

The heterostructures shown in Fig. 1 have too many
bands to make a direct analysis practicable. We observe
that the hopping parameters depend on the local environ-
ment and that in the structures we consider there are three
kinds of Ti sites: those between two La-O planes [e.g. Ti,
in the (2-7) structure], those between one La-O and Sr-O
plane [e.g. Tiy 5 in the (1-8) structure], and those between
two Sr-O planes. There are correspondingly several differ-
ent Ti-Ti bonds and thus hopping amplitudes, which we
obtain by fitting to bands obtained from LDA + U calcu-
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FIG. 3 (color online). Contours of magnetization density in
unit cell nearest-to-La plane, integrated over *1 A along z
direction for relaxed (1-8) heterostructure.

lations for simplified two-layer heterostructures with ap-
propriate choice of counterions and with atomic positions
fixed to those found in the full (1-8) or (2—7) relaxed and
unrelaxed structures. In these additional band structure
calculations we eliminated the on-site Coulomb interaction
for the Ti d states to avoid the level splittings induced by
orbital ordering, but retained the U on La for the reasons
described above. The resulting electronic structure is well
described by a tight-binding Hamiltonian, H,;, involving
three orbitals labeled by @ = xy, xz, yz, representing three
to,-symmetry Ti-O antibonding bands, with on-site ener-
gies &, and nearest-neighbor hoppings ¢ along 8 = x, y, z
directions given by the usual Slater-Koster rules (further
neighbor hoppings were found to be factors of 5-10
smaller). The hopping parameters are dependent on the
layer index [. We have H,, = Y [H|(z;)) + H  (z;)] with

Hy(z) = Z[—Zr’;(z,) cosk, — 2tn(z) cosk,
akj

+ 8“(Z1)]dlién (Zl)da/;” (21, (1

Hy(z) = Y [=file)d]; @)d,g () + Hel @)

a,]zu

The computed hopping and level splitting parameters for
the near-La layers which control the physics are shown in
Table I for both relaxed and unrelaxed structures. We see
that in general the changes due to relaxation are small; in
particular, the level splitting (which acts to favor occu-
pancy of the xz/yz orbitals), although nonzero, is not large
enough to have an important effect. The crucial feature of
our results is a strong (~20%) suppression of the in-plane
hopping amplitude of the xz/yz orbitals, due physically to
the noncentrosymmetric oxygen relaxation caused by the
ferroelectric-like distortion. It is this feature which drives
the xy orbital ordering.

We simulated the screening of the lattice relaxation and
the filled electronic bands by a fixed dielectric constant &,

TABLE I. Tight-binding parameters for symmetry-
inequivalent hoppings in units of eV derived from fits to two-
layer heterostructures with atomic positions fixed by LDA + U
calculations. Values are given for relaxed (labeled R) and un-
relaxed (labeled U) [LaTiOs],[SrTiOs]s (labeled 1) and
[LaTiO;],[SrTiO3]; (labeled 2) heterostructures and presented
for Ti layers 0.5 or 0, 1 (see Fig. 1) nearest to La-O planes. For
larger z; the hoppings and level splittings are essentially identical
to the bulk SrTiO; values 1y =y =17 =0.5eV and g, = 0.

tﬁ“ t;z [.?(z Exy €xz
2 -+ 05 05 =05 05 --- 05 .- 0.5
IR --- 053 --- 046 044 057 --- 023 --- 0.19
1 --- 055 --- 055 056 051 --- 027 --- 0.36
7y 0 1 0 1 0 1 0 1 0 1
2R 063 053 0.63 038 047 0.58 0.66 0.06 0.66 —0.07

2U 063 055 063 055 059 051 066 027 066 036

which we adjusted to fit the charge density in the near-La
region as shown in Fig. 2. We see that the charge density for
the unrelaxed lattices is very well described by & = 4,
while the additional screening from lattice relaxations
can be simulated reasonably well by increasing & to 15.
The main deficiency is that the model does not capture the
highly enhanced long wavelength dielectric response of
SrTiO; and hence overestimates the rate at which the
charge density decays far from the LaTiO; layer (n, =
0.05 region) for the (1-8) heterostructure; this is not im-
portant for the results presented below.

Figure 4 displays the ground state phase diagrams for
relaxed and unrelaxed heterostructures, computed using
hopping parameters and dielectric constants given above
and the Hartree-Fock approximation. This approximation,
although poor for the excitation spectrum and for 7 > 0,
gives a reliable representation of the ground state phase
diagram, including the natures of the various ordered
phases and their approximate locations in parameter space.
For example, for strong coupling insulating phases it gives
results in quantitative agreement with superexchange cal-
culations, and for partially filled orbitally degenerate cases
it yields the expected ferromagnetism. To avoid complex-
ity coming from the interference between different La
regions we studied isolated heterostructures in which n
LaTiO; layers are sandwiched by a semi-infinite number
of SrTiO; layers. The lattice relaxation affects the phase
diagram mainly via the changed density profile, shifting
the phase boundaries to higher U values and disfavoring
the OO-G phase, which is replaced by the ferro-orbital Oxy
phase discussed above. We note that the Oxy phase is not
found in the unrelaxed structure even at n = 1 because the
central Ti. 5 charge density is too high. Instead the system
prefers other orbitally ordered states with narrower xy
plane band widths.

To summarize, we have combined density functional
and Hartree-Fock methods to demonstrate the crucial ef-
fects of lattice relaxation on LaTiO5/SrTiO5 superlattices.
The essential effect is a large polar distortion of the TiOg
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FIG. 4. Spin and orbital phase diagrams of realistic three-band
model heterostructures as a function of the intraorbital Coulomb
interaction U and La layer thickness n, computed within the
Hartree-Fock approximation with interorbital Coulomb interac-
tion U’ = U — 2J and exchange interaction J = 0.64 ¢V. Upper
panel: relaxed structure with & = 15 and appropriate band
parameters obtained from LDA + U, lower panel: unrelaxed
structure with € = 4. PM: paramagnetic state, FM: ferromag-
netic state, AF: antiferromagnetic state in which the magnetic
moment alternates from plane to plane, OD: orbitally disordered
state, OO-G: orbitally ordered state in which xz and yz orbitals
alternate in x, y, and z directions, Oxy(xz): orbitally ordered state
in which xy (xz or yz) occupancy is predominant, and OO:
orbitally ordered state in which xz and yz orbitals alternate in
the z direction.

octahedra in the near-La region, leading to screening which
substantially spreads out the conduction-band charge pro-
file, reducing the central layer charge density and creating
a long tail away from the La layers. The conduction-band
charge densities we find agree very well with experiment,
and the distortions also imply a novel ferro-orbital xy
ordering.
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Note added.—After this paper was submitted a paper
appeared [23] reporting results obtained within the GGA
approximation to density functional theory (without U).

Lattice distortions similar to those reported here were
found; but a small overscreening of the La charge oc-
curred, leading to a charge density peak in the middle of
the heterostructure.
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