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Electron-energy-loss spectroscopy (EELS) is used to investigate single layers of LaAlOz grown on SrTiOs
having an n-type interface as well as multilayers of LaAlO5 and SrTiO5 in which both n- and p-type interfaces
occur. Only minor changes in Ti valence at the n-type interface are observed. This finding seems to contradict
earlier experiments for other SrTiO;/LaAlO; systems where large deviations in Ti valency were assumed to be
responsible for the conductivity of these interfaces. Ab initio calculations have been carried out in order to
interpret our EELS results. Using the concept of Bader charges, it is demonstrated that the so-called polar
discontinuity is mainly resolved by lattice distortions and to a far lesser extent by changes in valency for both

single layer and multilayer geometries.
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I. INTRODUCTION

Interfaces between the insulating transition-metal oxides
SrTiO; (STO) and LaAlO; (LAO) gained a lot of interest
when it was found that for a specific stacking sequence of
atomic planes at the interface, a conductive quasi-two-
dimensional (2D) electron gas exists at the interface."> When
LAO is grown on TiO,-terminated STO, a conducting inter-
face (n-type) is obtained, whereas an insulating interface is
found when growing LAO onto a SrO-terminated STO sub-
strate (p-type)."> Soon after, this experimental measurement
was explained by an electronic reconstruction model® based
on the fact that the atomic planes in STO are nominally
charge neutral, whereas in LAO, the charge states are (LaO)*
and (AlO,)™ in principle. Therefore, a polar discontinuity is
expected at the interface between STO and LAO. In order to
stabilize this discontinuity, it has been suggested that an extra
1/2e~ per interface unit cell is transferred from LAO to STO
at the conducting interface, yielding a reduction of the va-
lence for Ti from 4* to 3.5*. This model was supported by
electron-energy-loss spectroscopy (EELS) measurements
which showed the appearance of a valency change of Ti near
the n-type interface spread out over a few nanometers.’

However, it became clear that the simple electronic struc-
ture model could not explain all the experimental details;
researchers started investigating the role of oxygen
vacancies,*> chemical intermixing,4 and lattice strain.® A
wide range of interesting transport properties was
measured,>” ! and a broad overview of the structure-
property relation of this system was published recently.'?

Only a few experimental papers®*%!? investigated the mi-
croscopic origins of this conductive interface and especially
EELS results have been scarce.>* This is remarkable since
EELS can, in principle, provide direct measurements of the
electronic structure with atomic resolution and seems ideally
suited for these heterostructures.

In this paper, we present experimental EELS results for
both a single layer n-type interface sample as well as for a
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multilayer sample’ containing n- and p-type interfaces.
Based on these measurements, we obtain an estimate for the
Ti valency near the interface which we will compare with ab
initio electronic structure calculations in order to obtain more
insight on the role of the electronic reconstruction at these
interfaces.

Many ab initio studies have been published on this sub-
ject already;*'4~17 here we obtain estimates of the Ti valency
by making use of the concept of Bader charges which can
be directly compared to our experimental data. This calcula-
tion also provides insight in the role of electronic reconstruc-
tion, lattice deformation, and layer thickness in these sys-
tems. The fact that we, experimentally and theoretically,
study both a single layer containing only an n-type interface
and a multilayer containing both n- and p-type interfaces has
the advantage that the differences between these different
geometries can be explored.

II. EXPERIMENTAL DETAILS AND RESULTS

A single n-type interface sample was grown by depositing
20 nm of LAO on TiO, terminated STO by pulsed laser
deposition at 850 °C and a O, pressure of 1073 mbar. A
multilayer sample is grown under identical conditions as a
repeated sequence of ten unit cells of LAO followed by ten
unit cells of STO.

High angle annular dark field (HAADF) images as well as
EELS spectra are acquired using a probe-corrected Titan 80—
300 (FEI) in scanning transmission electron microscopy
(STEM) mode. For EELS measurements, an effective probe
size of =5 A is used, taking beam broadening into
account.’® Spectra are recorded simultaneously from the low
angle part of the scattering by using a Gatan GIF Tridiem
with 2K charge coupled device camera having a collection
and convergence angle @=[£=25 mrad. The energy reso-
lution in EELS was approximately 0.5 eV.
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FIG. 1. (A) HAADF-STEM image of the single n-interface
sample. (B) EELS Ti-L, 5 spectra across the interface from STO to
LAO obtained along the direction indicated by the arrow in A. The
approximate position of the n-type interface is indicated.

EELS results

The structure of the single n-type interface sample is il-
lustrated in Fig. 1(A) where a HAADF-STEM image is pre-
sented, showing a sharp interface between STO and LAO.

Figure 1(B) shows the Ti-L, 3 edge, taken along the arrow
in Fig. 1(A). No remarkable difference is found between
spectra obtained well within the substrate and those acquired
closer to the interface. It must be noted that there is an abrupt
disappearance of the Ti signal at the STO/LAO transition.
This is in good agreement with the sharp interface as ob-
served in the HAADF-STEM image.

The HAADF-STEM image of the multilayer sample is
shown in Fig. 2(A), which is obtained with the same analyti-
cal probe as used for EELS. From this image, the sequence
of ten unit cells of LAO and ten unit cells of STO can be
confirmed. The white arrow indicates the direction and loca-
tion of the EELS scan presented in Fig. 2(B). Since a
TiO,-terminated STO substrate was used for growth, the first
interface along the growth direction is expected to be an
n-type interface followed by a p-type interface. The EELS
spectra show no indication toward a large deviation of the Ti
valency at the interface.

Subtle changes in the fine structure of the Ti-L, 5 edge are
often interpreted as indicators toward a variation in Ti
valency.>* We will therefore study the fine structure of the
Ti-L,; edge in more detail in Fig. 3.3! The Ti-L,; edge
consists of four peaks, labeled a, b, ¢, and d. These peaks can
be attributed to transitions from Ti 2p to Ti 3d levels with (a)

2P3/2—>3d12 (b) 2p32-34, > (€) 2P1123q,, » and (d) 2pyjp3q, -

For the n- type interface in the smgfe layer sample, pre—
sented in Fig. 3(A), we note only small changes of the
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FIG. 2. (A) HAADF-STEM image of the multilayer sample ac-
quired using the analytical probe which was used for the EELS
measurements shown in B. The interfaces appear quite sharp al-
though they tend to get rougher as the thickness of the sample
increases along the direction of growth. (B) EELS Ti-L, ; spectra
across the first LAO layer obtained along the direction indicated by
the arrow in A. The approximate position of n- and p-type interface
is indicated.

Ti-L,; edge near the interface indicating the absence of
strong valency effects in this sample. Also for the multilayer
sample represented in Fig. 3(B), only small changes in the
Ti-L, 5 edge are present when comparing bulk STO with the
n- and p-type interfaces. If we compare the spectra of the
single n-type interface with the n-type interface in the
multilayer sample, we note that in both cases there are only
very small changes in the shape of these spectra with respect
to the substrate, indicating a Ti environment very close to
that of bulk STO.

Quantifying these differences in terms of valency changes
is not straightforward since the exact shape of the edge de-
pends not only on the valency but also on changes in the
crystal structure. In addition, both effects are strongly
coupled. Moreover, there are currently no commonly avail-
able ab initio electronic structure calculations that can accu-
rately predict the detailed shape of this excitation edge which
was shown to depend in a sensitive way on many-body ex-
citation effects. Atomic multiplet approaches were more suc-
cessful, but they require the input of crystal symmetry and
crystal-field strength which are generally unknown.!®1?

Keeping these difficulties in mind we have to resort to
more qualitative fingerprinting techniques by comparing our
Ti-L,; EELS edges with x-ray absorption spectroscopy
(XAS) spectra obtained for La;_,Sr,TiO; from Abbate et
al.'® reproduced in Fig. 3(C). It is important to note that the
XAS data were obtained with an energy resolution of 90
meV whereas the EELS results have an energy resolution of
approximately 0.5 eV. The effect of this resolution reduction
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FIG. 3. Comparison between the Ti-L, 5 spectra at the interface
(n or p) and in the substrate (STO). (A) single n-type interface
sample, (B) Multilayer sample containing both n- and p-type inter-
faces. (C) XAS reference spectra of La;_,Sr,TiOz taken from Ab-
bate et al. (Ref. 18).

will be that the difference between the observed peak
maxima and the minima between the peaks will be somewhat
reduced in EELS as compared to the XAS data which com-
plicates the comparison even further. Nevertheless, we can
use the XAS reference data to estimate a lower boundary for
the valency by comparing the shape of the Ti-L, 5 edge be-
tween peaks ¢ and d (indicated by an arrow). In Fig. 3(A), a
clear valley is seen between peaks c¢ and d for the STO sub-
strate which is slightly reduced for the interface spectrum.
The appearance of this valley is also seen in the XAS refer-
ence spectra, and the depth of this valley reduces up to x
=0.8 after which it becomes filled. We can use this observa-
tion to estimate the Ti valency from the EELS spectra to be
at least Ti”*8*(x=0.8). It is important to point out that this
is a lower boundary because the limited energy resolution in
EELS will lead to a reduced contrast of the peaks and valleys
in the spectrum as compared to the XAS results. For the
multilayer sample, the same approach leads to an estimate of
Ti~ 38+ for the n-type interface. Note that the p-type interface
remarkably shows a bigger change in Ti-L,; fine structure
which could be due to the effect of oxygen vacancies near
this interface. This finding again stresses the need for further
advances in ab initio calculations.

III. AB INITIO DETAILS AND RESULTS

In order to get a better understanding of the origins of the
experimentally obtained small valency change, we perform
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ab initio density-functional calculations. The density-
functional theory formalism using the (linearized augmented
planewave) (L)APW+lo method as implemented in the
WIEN2K code?® is used. In all our calculations we used
muffin-tin radii of 2.0, 1.67, 1.75, 2.1, and 1.73 Bohr radii
for Sr, O, Ti, La, and Al, respectively. The largest reciprocal-
lattice vector K,,,, used in the plane-wave expansion was
given by R}7K,,..=5, where R}/7 is the smallest muffin-tin
radius. The Brillouin-zone integration was performed using
21 k-points in the irreducible wedge of the first Brillouin
zone. The exchange-correlation potential was described by
the Perdew-Burke-Ernzerhof functional.?!

The structures which have been used for calculations are
based on the bulk parameters of STO and LAO. Cubic STO
has a lattice parameter of 3.905 10\,22 whereas the pseudocu-
bic unit cell of rhombohedral LAO has a lattice parameter
a=3.791 A% In our calculations we assume that the LAO
adopts the in-plane lattice parameter of the STO (001) sub-
strate a=b=3.905 A. This in-plane tensile strain causes a
decrease of the lattice parameter along the growth direction,
which in principle can be determined from Poisson’s ratio. A
previous x-ray diffraction study of LAO films grown epitaxi-
ally onto a TiO,-terminated (100) surface of STO (Ref. 12)
has shown that the lattice parameter of LAO along the
growth direction was 3.73 A, which corresponds to a 1.6%
decrease as compared to the bulk lattice parameter of LAO,
consistent with TEM exit-wave experiments on the same
specimen.

In our calculations, different stackings have been built,
containing an equal amount of STO and LAO unit cells (2
+2,4+4,8+8). These systems have been calculated with pe-
riodic boundary conditions. This implies that both types of
interface are present. Besides these structures, a multilayer
yielding only n-type interfaces is calculated by constructing
a (8.5+7.5) geometry. Furthermore, a single LAO layer on
STO is simulated by including a vacuum region above the
last LAO atomic plane (8+8+vac.) similar to the structure
calculated in.® In the latter configuration, only one n-type
interface is present and this geometry is in closest agreement
to the experimental single interface sample. The geometry of
the (8+8) system on the other hand, is in closest agreement
to our experimental multilayer sample, where a repeated
stacking of ten unit cells of STO and ten unit cells of LAO is
present.

Atomic positions have been relaxed for all systems by
minimizing the forces on the atoms. The forces driving the
relaxation are mainly due to the polar character of the LAO
system. Indeed, the dipole created by the polar discontinuity
at the p- and/or n-type interface can be compensated by a
reorganization of the electrons (such as proposed by Ref. 3)
but also by a displacement of the atoms, as was shown to be
important in Ref. 6. It should be noted that here, both mecha-
nisms are taken into account.

All atomic displacements are in the pm range [=8.8 pm
for (4+4), =8.2 pm for (8+8), and =11 pm for (8+8
+vac.)]. For all systems a polar distortion is found whereby a
displacement of the cations with respect to the oxygen octa-
hedra creates a ferroelectric field that compensates the polar
discontinuity near the p- or n-type interface. This polar dis-
tortion is in agreement with previous results in systems
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TABLE 1. Bader analysis and extrapolated valences for different
geometries. All geometries are relaxed.

Band gap Ti valence

System (eV)  Ti center (¢) Ti interface (e) interface
(2+2) 1.8 2.53 2.55 4.00*
(4+4) 1.1 2.53 2.55 4.00*
(8+8) 0 2.53 2.54 3.97
(8.5+7.5) 0 2.54 2.45 3.74*
(8+8+vac.) 0 2.55 2.50 3.87*

where only n-type interfaces are present.%24-2

To investigate the electronic properties of the STO/LAO
multilayer as a function of layer thickness, the density of
states (DOS) has been calculated. The derived band gap after
structural relaxation is listed in Table I for all geometries. We
observe a decrease in band gap as the layer thickness in-
creases with a closing of the band gap for the (8+8) system.
These results follow the same trend as what was observed for
trilayer structures containing both a p- and a n-type interface.
In such systems a drastic increase in the sheet resistance was
found to occur below a critical layer thickness of approxi-
mately six unit cells.”

In order to understand our experimental findings concern-
ing the Ti valence, the atomic charge assigned to Ti by the
so-called atoms-in-molecules approach of Bader?’” has been
computed. In bulk STO, the atomic charge of Ti equals 2.55¢
while for bulk LaTiO; a charge of 2.16¢ is found for Ti.*?
Associating the STO and LTO bulk values with their nominal
Ti** and Ti** valence, we can estimate the Ti valence at the
n-type interface in Table I.

It can be seen that the valence of the Ti ion at the interface
tends to 4* for all relaxed multilayer geometries containing
n- and p-type interfaces. For geometries where metallic con-
duction is found, a slight reduction in the Ti valence at the
interface is observed. From this analysis we can expect the
nominal Ti valence at the interface in our experimental
multilayer sample [which would correspond to a (10+10)
stacking] to be slightly different from Ti** in agreement with
our observations. In any case, the calculated valency changes
are much smaller than what is expected when assuming only
electronic compensation of the polar discontinuity as in (Ref.
3).

For systems containing one or more n-type interfaces only
((8.5+7.5) and (8+8+vac.)), a larger deviation with respect
to Ti** is found although the calculated valency for the (8
+8+vac.) is still rather close to 4+. This difference between
multilayers containing both n- and p-type interface and ge-
ometries containing only n-type interfaces could be related to
the creation of a dipole field in multilayers with n- and
p-type interfaces, which is absent in layers where only
n-type interfaces are present. Due to the difficulties when
quantifying valency changes from EELS spectra, as de-
scribed above, this subtle difference could not directly be
resolved in our experiments. However our experiments do no
contradict the theoretical predictions either since a lower
boundary of Ti”*8 was found in each case.

The results for the single layer of LAO with vacuum (8
+8+vac.) show a similarly large effect of lattice relaxation
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FIG. 4. Unoccupied Ti d DOS calculations for the (4+4) and
the (8+8) system. For each type, n-type and p-type interfaces are
indicated. Note the presence of a band gap for the (4+4) case while
for (8+8) the interface remains metallic and a small Ti valency
change is expected. Each layer is offset by 1 for better visibility.

on the electronic structure as already observed by Pentcheva
et al.’ This polar distortion reduces strongly the need for
electronic screening of the polar discontinuity and therefore
the predicted valency of 3.87" is rather close to 4" in agree-
ment with our experimental lower bound of Ti~*#* and with
the experimental estimate of Salluzo et al. of Ti*** (Ref. 13)
and of Thiel et al. of Ti**7.3 Earlier work by Nakagawa et
al.?® showed a much lower estimate of Ti*** which may be
due to differences in growth and possible occurrence of oxy-
gen vacancies.*8

In order to get more insight in the details of the electronic
behavior of the 4+4 and 8+ 8 multilayers, the projected DOS
for the Ti d band is shown in Fig. 4 for the unoccupied states
comparable to the work of Son et al.'” for single layers. For
simplicity, only the (4+4) and the (8+8) systems are shown.
For the (4+4) system a band gap is observed while for the
(8+8) system the Ti d band slightly crosses the Fermi level
at the n interface. It must be noted however that the amount
of d electrons below the Fermi level is very small in agree-
ment with the fact that according to the Bader analysis the Ti
valence remains close to 4*.

From Fig. 4 it is furthermore clearer that there is a shift in
the maximum of the Ti d-DOS (in case of the 8+8 system
=~2 eV) across the layers. This effect is in excellent agree-
ment with the calculation of Bristowe et al.'® who explained
the insulator metal transition as caused by the crossing of the
band gap due to a constant electrostatic field between n- and
p-interfaces. This field is constant up to the point where the
layer thickness would make the accumulated shift in the
DOS cross the Fermi level. In our case these fields can be
estimated as approximately 0.25 eV/unit cell (4+4 and 8
+8) in excellent agreement with Ref. 16. This shift in the d
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DOS does not lead to a shift in the EELS excitation edges
because calculations of the Ti 2p core states show a similar
shift resulting in a strongly reduced excitation energy differ-
ence across the layers of less than 60 meV, difficult to ob-
serve by EELS. The shift of the Ti d band however seems to
be of fundamental importance to understand the behavior of
these layers and a potential technique to measure this shift
might be electron holography.?®

IV. DISCUSSION

From the EELS experiments we were able to estimate a
lower boundary for the valency change to Ti~33* for n-type
interfaces in both single and multilayer samples. This is
somewhat surprising since much lower experimental esti-
mates even below Ti*>* were found®?° on similar samples. A
possible explanation for this discrepancy could be the differ-
ent growth conditions for the samples, but practically the
same results for completely different oxygen partial pres-
sures during the growth (8 X 107> and 2 X 103 mbar) were
obtained by Salluzo et al.'3

On the other hand, our experimental findings are in agree-
ment with recent observation of Salluzo ef al. where depth
resolved XAS was used to estimate the valency in single
n-type interface LAO layers to be at least Ti***. It has to be
noted however that EELS has an intrinsic better spatial res-
olution as compared to depth resolved XAS as in Ref. 13.

Our experimental findings are also in agreement with our
DFT estimates of the charge on Ti being very close to 4+ for
both the single layer geometry (8+8+vac.) as well as for the
multilayer geometry (8+8). It is important to note however
that the conduction in both single layer and multilayers is
due to electrons with Ti d character although their density is
considerably less than what would be expected from a simple
ionic model.

These small valency changes also raise questions about
the purely ionic polar discontinuity model.? Indeed, our DFT
calculations also give insight in the crucial effect of strain on
the electronic structure. Although the atomic displacements
are small, the structural displacements compensate to a large
extent the polar discontinuity near the LAO interface and this
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effect is somewhat different in geometries containing both n-
and p-interfaces and those only containing n-interfaces.
These observations are in favor of a model where ferroelec-
tric distortions are in competition with electronic compensa-
tion of the uncompensated charges from LAO near the
interfaces.®

It is important to note here that vacancies in these samples
are unlikely to be present in view of the high oxygen pres-
sure of 10~ mbar used during growth. Also, chemical inter-
mixing near the interface seems to be very limited as can be
observed from the sharpness of the Ti signal when scanned
over the interfaces in Figs. 1(B) and 2(B). An estimate of the
upper boundary for Ti interdiffusion can be made to approxi-
mately one unit cell, especially when the spatial resolution
effect of the microscope is taken into account.

V. CONCLUSION

In conclusion, single layers containing only one n-type
interface and multilayers of STO and LAO in which both the
n- and p-type interfaces are present have been investigated
by experimental EELS and HAADF-STEM. By comparing
to XAS measurements a lower boundary of Ti~*#* is found
at the n-type interface in single layers as well as multilayer
samples.

These changes are smaller than those expected in the
ionic polar discontinuity model. Combining our experimental
findings with our theoretical results indicates that the polar
discontinuity is compensated in the first place by lattice dis-
tortions and only in second order by electronic compensa-
tion. As a consequence, the Ti valence at the interface stays
close to a value of 4*.
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