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Symmetry Lowering in Extreme-Electron-Density Perovskite Quantum Wells
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We report on structural distortions in extreme-electron density (~ 6 X 10'* cm™~?) confined quantum
wells of SrTiO; embedded in GdTiO;. Sr-column displacements are measured using high-angle annular
dark-field imaging in scanning transmission electron microscopy. Using thick SrTiO; layers as a
reference, orthorhombic-like Sr-site displacements are observed when SrTiO; quantum wells are thinner
than 4 SrO layers, in precise agreement with an experimentally observed metal-to-insulator transition. It is
shown that the structural displacements are absent in thicker quantum wells, even in the immediate
proximity to the orthorhombic GdTiO;. The results are discussed in the context of strong electron

correlations in this system.
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Unique physical phenomena occur in “Mott” insulators,
in which electron-electron interactions are significant [1].
Prototypical Mott insulators often feature structural dis-
tortions, magnetic or charge ordering. For example, the
rare earth titanates (ABOj3, where the A site is a rare earth
ion including Y, and B = Ti) exhibit oxygen octahedral
tilts, or Ti-O-Ti bond angle distortions, away from the 180°
angle in the ideal cubic perovskite structure. The insulating
state is intimately coupled with the structural distortion, as
the octahedral tilt lowers the bandwidth by reducing the
charge transfer between neighboring Ti 7,, orbitals that
occurs via the O 2p orbitals [2]. Furthermore, magnetic
ordering temperatures, whether the ordering is antiferro-
magnetic or ferromagnetic, and the critical doping density
needed for metallic conduction, are all correlated with the
amount of tilt of the TiOg octahedron [2—4].

Thin film heterostructures allow for separately control-
ling the contributions of lattice distortions and electronic
configuration to the insulating state. For example, octahe-
dral tilts are modified by coherency strains imposed by the
substrate, or by coupling across interfaces [5]. Electrostatic
doping can be used to modulate carrier concentrations [6].
For example, SrTiO; can be electrostatically doped to high
sheet carrier densities (~ 1/2 mobile electron per interface
unit cell) by interfacing it with a rare earth titanate
[7-9]. Signatures of electron correlations, including mass
enhancement [10], were observed in narrow, metallic
SrTiO; quantum wells bound by two such interfaces.
This is remarkable because bulk SrTiO; is a band insulator
with cubic symmetry. The thinnest quantum wells, which
are 2 SrO layers wide on average, are insulating [10].
Recent density functional theory simulations indicate that
oxygen octahedral tilts in the thinnest quantum wells are
critical in promoting a Mott insulating state [11]. Key to
understanding the Mott physics of these extreme-electron-
density quantum wells is, therefore, whether structural
distortions indeed exist, and, if present, whether they are
correlated with the insulating state, and what role the
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oxygen octahedral connectivity at the interface and elec-
tronic origins (high electron density) play in driving any
distortion. To address these questions, we measure A-site
cation displacements in GdTiO;/SrTiO;/GdTiO; struc-
tures, using high-angle annular dark-field (HAADF) scan-
ning transmission electron microscopy (STEM). Although
the studies are carried out on this specific system, we note
that electrostatic doping of correlated materials is a subject
of great current interest (see, e.g., Refs. [12-16]). In this
context, the GdTiO;/SrTiO; system is an almost ideal
model system, due to its relative chemical, electronic and
structural simplicity, such as no pre-existing (bulk) struc-
tural distortions or electron correlations in the SrTiO;.

GdTiO; is an orthorhombic distorted perovskite
(space group Pnma [17]) with a*bh~ b~ tilt in Glazer
notation [18]. A feature of this tilt system is the 2 degrees
of freedom of the A-site (along x and z in Pnma), allowing
it to shift to a more favorable position to optimize its local
oxygen coordination [19,20]. Therefore, while direct imag-
ing of oxygen columns in HAADF is not yet possible,
oxygen octahedra tilts in a* b~ b~ are directly related to
A-site cation displacements, which can be measured. Bulk
SrTiO; is cubic (a’a’a®), having neither A-site displace-
ments nor oxygen octahedral tilts.

Coherently strained SrTiO; and GdTiO; layers were
grown on (001) (Lag3Sro7)(AlygsTag35)O03 (LSAT), as
described elsewhere [21]. Figure 1(a) shows a schematic
of the sample. GdTiO; layers were 4 nm thick, while the
SrTiO; thickness was varied from 1 SrO layer to 8 SrO
layers. The structure had a 10 nm SrTiO; buffer and cap,
respectively. The SrTiO; quantum well thicknesses
matched those in the electrical studies [10], except here
they were in a single sample. This allowed for recording all
data in a single session, thus reducing effects from any
variability in microscope conditions. Cross-section
samples were prepared by focused ion beam (5 kV Ga
ions) and imaged on an FEI Titan STEM with a field-
emission source and super-twin lens (C, = 1.2 mm)
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FIG. 1 (color online). (a) Schematic of the sample. SrTiO;
layer thicknesses are indicated on the right (in units of SrO
layers). (b) HAADF image of 2 SrO layers embedded in GdTiO;
showing Sr column displacements. The red line is a guide to the
eye. (¢) HAADF image of the first SrTiO3-buffer/GdTiO; inter-
face showing Gd displacements parallel to the growth direction.
The GdTiOj; appears bright due to the larger atomic number of
Gd. The angle @ (solid lines) is measured between three succes-
sive A-site cations. The first SO row shows no Sr displacements
(dashed line). (d) Lower magnification HAADF STEM image of
the sample.

operated at 300 kV. The convergence semi-angle was
9.6 mrad. All images analyzed had a 1024 X 1024 frame
size recorded at the same magnification, with a dwell time
of 30 us to reduce effects from drift, while retaining a high
signal-to-noise ratio. Centroid positions of each atom col-
umn were determined using a custom MATLAB algorithm
[22]. Position averaged convergent beam electron diffrac-
tion (PACBED) [23] was used for precise tilt alignment.
PACBED patterns were simulated using Kirkland’s frozen
phonon multislice code [24]. Figures 1(b)—1(d) show rep-
resentative HAADF images, discussed in more detail
below. The nature of the AO layer (SrO vs GdO) can be
unambiguously identified from the image intensities.

The preferred orientation for GdTiO; on LSAT is
(110),]1(001),, where the subscripts indicate the ortho-
rhombic or cubic unit cells, respectively [21]. Orientation
variants that are related by a 90° rotation about [001], are
expected [25,26]; see Fig. 2(a). These will be projected
along [110], and [001],, respectively, in cross section
samples imaged parallel to (100);gaor. Figure 2(b) shows
the GdTiO; unit cell viewed along [110], and [001],, and
simulated and experimental PACBED patterns for these
orientations. The sensitivity of PACBED to structural dis-
tortions has been demonstrated previously [26-28]. The
PACBED patterns of the two orientation variants are

FIG. 2 (color online). (a) (110),]/(001), orientation of ortho-
rhombic GdTiOj; cell (solid black outline) on cubic LSAT (blue
shaded). Projections are shown along [110], (left) and [001],
(right). Both occur within one cross-section sample due to
domain formation. (b) Projected views of GdTiO; along
[110], (top) and [001], (bottom), respectively, along with simu-
lated and experimental PACBED patterns from these projections.
The contrast in experimental patterns was adjusted to match
background intensities of simulated patterns.

distinct. Reasonable agreement between experimental
and simulated PACBED indicates that the GdTiO;3 has
close to bulk like symmetry. We note that under compres-
sive in-plane strain, the tilt system should be more accu-
rately a*a”c¢™ [29]. The difference lies in the precise
values for the tilt angles, which are not the subject of this
study.

Quantitative analysis of the A-site displacements was
performed on domains viewed along [110],, as they cannot
be resolved along [001], [see Fig. 2(b)]. A deviation angle,
(180° — #), serves as a measure of the displacement,
where 6 is the angle formed between three successive
A-site cations (centroid positions); see Fig. 1(c). Figure 3
shows the deviation angle for each AO layer, obtained by
averaging angles from 18 separate images. Shaded (blue)
regions indicate the GdTiO; layers, easy to identify by
their higher intensity in the HAADF images. The 10 nm
SrTiO; cap and buffer (left and rightmost SrTiO5 regions
in Fig. 3), serve as a reference and estimate of the system-
atic error. The deviation angle in these layers is not quite
zero, as expected for a cubic perovskite, but close to 1.5°,
due to a combination of scan distortions, sample drift, and
system noise, which alter the atomic centroid positions
from a perfect line. While the 8 SrO and 4 SrO quantum
wells are bulk like, the Sr columns in the 1 and 2 SrO layer
quantum wells exhibit large displacements, (180° — 6)
~6°. The differences can easily be seen in the HAADF
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FIG. 3 (color online). Measured deviation angle, 180° — 6, of

each AO layer in the sample. The error bars represent the
standard error of the mean.

images in Fig. 1, which show representative sections show-
ing Sr column displacements in the 2 SrO quantum well
[red line in Fig. 1(b)], and the absence of Sr column
displacements in the first SrO layer at the interface between
GdTiO; and the SrTiOj; buffer [Fig. 1(c)]. The Sr column
displacements can also be detected using Fourier trans-
forms (FTs) of the images. Figure 4 shows HAADF images
of the 8, 4, and 2 SrO layer quantum wells, along with FTs
of a 64 X 1024 pixel region in the center of each quantum
well (corresponding to a width of 2 SrO layers). Integrated
intensity profiles of each FT are shown in Fig. 4(c). Extra
half-order peaks appear in the FT of the 2 SrO quantum
well (see arrows), which are not observed in quantum wells
thicker than 2 SrO layers. The extra peaks are due to Sr
displacements parallel to the growth direction.

Because of the need to maintain oxygen connectivity
across an interface [5], structural adjustments are expected
in either the GdTiO; or SrTiOs, or both, at the interface. As
can be seen from Fig. 3, these occur mostly in the GdTiOs,
provided that the adjacent SrTiOj is thicker than 4 SrO
layers. While the deviation angle in the interior of the
GdTiO; layers is close to bulk (16.3° in the [110], projec-
tion), ~2-3 GdO layers adjacent to SrTiO5; show reduced
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FIG. 4 (color online). (a) HAADF STEM images of 8 SrO, 4
SrO and 2 SrO quantum wells. (b) FT of the center 2 SrO layers
(64 X 1024 pixel region) from each quantum well and
(c) integrated intensity profiles of the FT. Extra peaks appear
in the FT from the 2 SrO quantum well, indicated by arrows,
which are absent in thicker layers.

Gd column displacements. This suggests that the TiOg
octahedra in GdTiO; in the interface region are closer to
180°. The fact that interfacial connectivity constraints are
largely accommodated in the GdTiO; indicates ‘‘softer”
bond angles than in SrTiO5. The reduced tilts of interfacial
TiOg octahedra in the GdTiOz will almost certainly influ-
ence the local magnetic properties, which will be the
subject of a future study.

We next discuss the SrTiO; quantum wells with 1 and 2
SrO layers, respectively. Unlike for thicker wells, Sr sites
are significantly displaced in these layers, indicating a
transition to an orthorhombic-like a* b~ b~ tilt system. In
contrast to the changes in the displacements of the inter-
facial GdO layers, it appears that this is not (entirely) a
consequence of interfacial connectivity, because (i) the
GdO layers adjacent to them still show reduced Gd dis-
placements, indicating that the need to maintain interfacial
octahedral connectivity is still accommodated largely by
the GdTiOj;, and (ii) SrO layers in thicker SrTiO; have
bulk displacements, even when immediately adjacent to
GdTi0;. It should also be stressed that the deviation angle
in the 2 SrO layer should not be attributed to interdiffusion.
While interfacial roughness is present, its effect on
the deviation angle should apply equally at all
SrTiO;/GdTiO; interfaces. This is clearly not the case,
as the SrO layers immediately adjacent to GdTiOj; in
thicker SrTiO; films show bulk angles [Fig. 3, points
labeled X; also Fig. 1(c)]. An exception is layers where
SrTiO; is grown on top of GdTiO; (points labeled Y).
A small increase in deviation angle in the first SrO layer
can be detected in this case, due to roughness at this inter-
face (relative to one where GdTiO; is grown on SrTiOj3).
Differences in roughness of a/B vs B/« interfaces are
extremely common in epitaxy. For this reason, the nominal
4 SrO layer in Fig. 3 contains five data points, due to an
extra mixed layer in some images. The deviation angle in
this intermixed layer is much smaller than it is in the 2 SrO
quantum wells. Extra GdO layers are also present in the
first GATiO; layer on top of the SrTiO5 film buffer, again,
due to limitations in controlling one atomic layer in the
presence of steps and roughness, even though the sample
thickness was small (20-30 nm estimated from PACBED).
It should be noted that these limitations do not impact any
of the prior analysis, and only serve to support the con-
clusion that the 2 SrO deviation angle is a significant
measurement and not a result of interfacial disorder.

Given that interface roughness is not the origin of the Sr
displacements in the thinnest quantum wells, this points to
a connection between electron correlations at extreme
densities in the thinnest wells, and the observed symmetry
lowering. Although the electrons are localized in the 1 SrO
and 2 SrO quantum wells, Hall measurements indicate that
these quantum wells still contain the entire electron density
of ~6 X 10" cm?, or one electron shared between three
TiO, planes in the 2 SrO layer quantum well [10,30,31].

256401-3



PRL 110, 256401 (2013)

PHYSICAL REVIEW LETTERS

week ending
21 JUNE 2013

Quantum wells with thicker SrTiOs, having a lower 3D
electron density, are metallic [10]. The results show that
the metallic state has no Sr displacements and octahedral
tilts; conversely, the insulating state is correlated with
large Sr displacements and octahedral tilts. The observed
symmetry lowering, most likely an orthorhombic-like dis-
tortion, occurs at the thickness for which the metal-to-
insulator transition is observed in dc transport. The results
show that similar to bulk RTiO; Mott insulators, the tran-
sition to the insulating state is accompanied by a reduction
of symmetry. The results support true ‘“Mott” physics,
controlled by on-site repulsive interaction at large electron
densities, in these quantum wells.

Bulk SrTiOj, even in its tetragonal low-temperature
phase, does not exhibit Sr displacements. Compressively
strained SrTiO; undergoes a phase transition to a structure
that is similar to that for the bulk tetragonal phase [32];
thus no A-site displacements are expected due to the com-
pressive film strain. We compared deviation angles in
strained and compressively strained SrTiO; films and
could find no difference. In bulk RTiO;, A-site displace-
ments are correlated with tilts of the TiOg octahedra. The
deviation angle in the 2 SrO well (~6°) is significantly
smaller than that of any RTiO; (ranging from 10.5° to
16.9° in LaTiO; and YTiO;, respectively) [17]. Using
empirical relationships between A-site cation displace-
ments along [110], and Ti-O-Ti bond angles in the
RTiO; series [17], and interpolation to the cubic structure
(0° deviation angle, 180° Ti-O-Ti angle), yields a Ti-O-Ti
bond angle of ~160 = 5° for the 2 SrO layer quantum
well. In bulk RTiO;, the activation energy for polaronic
transport decreases with increasing Ti-O-Ti angle, with the
lowest activation energy (~ 0.025 eV) measured for
LaTiO; (Ti-O-Ti angle of 154°) [4]. The activation energy
measured for the 2 SrO well is 0.02 eV [10], consistent
with the larger angle. Caution should, however, be applied
in further comparisons with bulk RTiO5 due to differences
in bonding, interfacial coupling, two-dimensionality etc.
Furthermore, disorder almost certainly plays a role in the
transition to the insulating state [10]. Future studies should
establish the magnetic and/or charge ordering states
(if present) in these quantum wells.

Finally we note that quantification of the oxygen octa-
hedral tilts in the SrTiO; quantum wells interface should be
possible with PACBED. Such studies are currently under-
way [33]. However, we found PACBED in these structures
more challenging than for the nickelate superlattices
studied previously [27,28]. The dimensions of 2 SrO quan-
tum wells along the growth direction are smaller than a
single orthorhombic unit cell, and PACBED requires at
least one unit cell. The surface of TEM samples containing
GdTiO; tends to be less ideal, which causes a background
in the PACBED pattern and hinders quantification. Further
development of the technique to overcome these issues is
necessary.
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