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Despite continuous efforts, a conceptual perception on the origin of quasi-two-dimensional electron gas
(g-2DEG) in oxide heterostructures remains far from any generalization. Along this perspective, a systematic study
identifying systems that exhibit heterointerface conductivity (LaAlO3/SrTiO;) and that do not (LaCrO;/SrTiO5)
is undertaken. High quality LaAl,_,Cr,0; (0 < x < 1) films were fabricated on TiO, terminated SrTiO; (001)
substrates using a pulsed laser deposition technique and its growth was monitored by reflection high energy
electron diffraction (RHEED). The transport and photoemission spectroscopy experiments reveal that the the
origin of heterointerface q-2DEG is associated with Ti*" states and that it ceases to exist with increasing Cr
ion concentration in the overlayer films. Following experimental evidences of the Cr concentration dependent
metal-insulator electronic phase transition at the heterointerface, explanation is sought within the realms of a
polar catastrophe model. Based on our transport and spectroscopy measurements, we propose that an electronic
reconstruction drives the formation of q-2DEG for pristine LAO/STO and Al rich samples due to the formation of
Ti** /Ti*" mixed valent state, while for heavily doped Cr samples, the required electron count necessary to solve
the polar catastrophe instability are trapped in the LaAl;_,Cr, O3 overlayers in the Cr 3d states. These trapped

electrons in the overlayers are manifested in the form of Cr*" ions.
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I. INTRODUCTION

The origin of quasi-two-dimensional electron gas (q-
2DEG) at the interface of insulating oxides [1], such as
LaAlO;/S1TiO; (LAO/STO), is associated with both extrinsic
and intrinsic factors. Variance in the q-2DEG properties with
change in synthesis conditions infer to extrinsic factors such
as O, defects [2-4] and intersite cation mixing [5-9]. On
parallel grounds, modeling the oxide heterointerface as a
polar-nonpolar interface leads to the manifestation of the
polar catastrophe scenario [10], which being intrinsic in origin
develops a diverging potential, in proportion with increasing
LAO film thickness. In this model, polarity compensation
occurs via charge transfer across the LAO film to the TiO,
terminated substrate. Exigencies to the charge neutrality
condition therefore switches on the intrinsic chemical property
of the interface transition metals (Ti ions) to adjust their
valence state, resulting in the formation of q-2DEG at the
interface via the Ti>™ states [11-13].

Although both models appear legitimate, a general picture
of the origin of q-2DEG in oxide heterointerfaces is still lack-
ing. Recent spectroscopy measurements find that the defect
states resulting from O, vacancies lie in the midgap energy
range and are rather very localized, resulting in no significant
contribution to the interface conductivity [14,15]. However, the
origin of these in-gap states has also been attributed to strong
O 2p-Ti 3d hybridization [16,17] similar to the mechanism
as proposed in Ref. [18] for impurities in semiconductors
and also due to the formation of a two-dimensional polaronic
phase related to a strong electron-lattice interaction [19]. On
the other hand, the high energies involved in the synthesis
trigger a possibility of alloying, whereby cations from the film
and substrate mutually swap their ionic positions imparting
chemical disorder at the interface [5,20]. A confined disorder
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of La/Sr (and Al/Ti), La/Al non-stoichiometry would also
induce conductivity [5,21-24]. However, a couple of facts
forbid intersite chemical disorder to be regarded as a universal
mechanism of g-2DEG at heterointerfaces. For example, in
case of LAO/STO, the critical thickness to exhibit q-2DEG
is found to be 4 unit cell (u.c.) [11,25-29], and the depth
of the g-2DEG into the STO substrate has been estimated to
be 70 A (=17-20 u.c.) [13,30,31]. If the origin of q-2DEG
is associated with La/Sr disorder due to intermixing, La ions
would diffuse over larger spatial lengths into the substrate. This
would enforce a proportionate migration of Sr ions to 4 u.c.
LAO film overlayers, implying large chemical inhomogeneity
across the interface. Such a chemical inhomogeneity across
the interface has not been observed, so far.

Besides, La/Sr disorder inducing q-2DEG in LAO/STO and
not in LaCrO3/SrTiO; (LCO/STO) is also worth mentioning.
If cation intermixing of Sr and La drives in q-2DEG, then it
could be well presumed that any La based perovskite, grown
epitaxially on TiO, terminated STO substrate, would exhibit
a conducting heterointerface. It may be noted that identical
synthesis conditions suffice layer-by-layer growth of both
LAO and LCO films on TiO, terminated STO. So extrinsic
factors governing only La/Sr intersite mixing in LAO/STO
and that both La/Sr and Cr/Ti inter-site mixing in equal
proportions in LCO/STO seem to be less satisfactory [20,32].
The question then to be addressed is whether there exists
any universal mechanism which can explain the conducting
(insulating) heterointerface of LAO/STO (LCO/STO) on
equal footing. To systematically address this view, we have
synthesized and characterized the properties of LaAl,_,Cr, O3
films on TiO, terminated SrTiO; substrate, under similar
growth conditions, given that at its concentration extrema
x = 0 and 1, the heterointerface is conducting and insulating,
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respectively. In this work, with the help of transport and
photoemission spectroscopy measurements performed on high
quality LaAl;_,Cr,O3/SrTiO; heterointerfaces, we argue that
electronic reconstruction can be considered as a universal
model for g-2DEG formation in oxide heterostructures. Based
on our experimental findings, we propose that an electronic
reconstruction drives the formation of g-2DEG for LAO/STO
and Al rich samples (0 < x < 0.4) due to the formation
of Ti**/Ti** mixed valent state, while for heavily doped
(x > 0.6) Cr samples, the threshold electron count necessary
to solve the polar catastrophe instability are trapped in the
LaAl;_,Cr, O3 overlayers in the Cr 3d states. These trapped
electrons in the overlayers manifest in the form of Cr** state.

II. EXPERIMENTAL DETAILS

A. Growth and transport measurements

Six u.c. (=24 A) thick samples of LaAl,_,Cr,O3 (0 <
x < 1) (LACO) were fabricated on the TiO, terminated STO
(001) single crystal substrates using a pulsed laser deposition
(PLD) technique. STO (001) substrates were pretreated with
the standard buffer hydrofluoric (NH4F-HF) solution for 30 s
to achieve uniform TiO, termination. After this treatment,
the substrate was annealed for about 1.5 h at 830°C in the
oxygen pressure of 7.4 x 102 mbar before commencing the
deposition. Thereafter, deposition for each of the composition
was performed at 800°C with oxygen partial pressure of
1 x 10~* mbar. Deposition was performed using a KrF laser
(A = 248 nm) with the repetition rate of 1 Hz and energy
density in the range of 0.50-0.62 J cm~2. In situ reflection high
energy electron diffraction (RHEED) has been used to monitor
the growth mode and thickness of films. After deposition, the
samples were cooled down to room temperature in a similar O,
partial pressure in order to minimize the formation of oxygen
vacancies, if any. Sheet resistance and Hall measurements
of the interfaces were performed using a four-probe Van
der Pauw method in a Quantum Design magnetic property
measurements system (MPMS) which gives access to 7 T
magnetic field in the temperature range from 300 to 2 K. Stable,
low resistivity contacts with the q-2DEG were made by wire
bonding using thin Al wires. In order to probe the LACO/STO
interface directly using photoemission spectroscopy we have
restricted our growth to 6 u.c., knowing the fact that the
optimized thickness to observe the g-2DEG in the LAO/STO
system is 4 u.c.

B. Photoemission spectroscopy

Photoemission spectroscopy (PES) measurements were
performed using an ultrahigh vacuum (UHV) Omicron mul-
tiprobe surface analysis system (MPSAS) equipped with a
monochromatic Al K« x-ray source for x-ray photoelectron
spectroscopy (XPS), gas discharge lamp (He I = 21.2 eV)
for ultra-violet photoelectron spectroscopy (UPS) and a seven
channeltron hemispherical electron energy analyzer (EA 125).
Base pressure of the experimental chamber was 4.0 x 107!
Torr. All the samples were mounted on the sample plates using
spot welded Ta foils. An electrical contact was established
between the sample surface and grounded sample plate with
a highly conducting UHV compatible Ag paint in order to

PHYSICAL REVIEW B 91, 115127 (2015)

avoid charging during the PES measurements due to the
insulating nature of samples. This procedure helped us to
avoid any significant time dependent charging. However, finite
charging was still observed and it was corrected using C 1s
(284.6 eV) core-level binding energy (BE). C 1s core levels
were measured throughout the experiment particularly before
and after each XPS spectra to correct any small shift due to
charging. All binding energies were referenced to the Fermi
level (E ) position of Au film in electrical contact with the
sample and were cross checked using the Fermi edge of clean
polycrystalline Ag foil. All the spectra reported here were
obtained at an emission angle of 40° while UPS spectra were
recorded in normal emission using He-I radiation at room
temperature. Total energy resolution, estimated from the width
of the Fermi edge of a polycrystalline Ag sample, was about
450 meV for XPS (monochromatic Al K«) and 100 meV
for UPS. All the samples were transferred ex situ to the PES
experimental chamber after growth in a separate PLD chamber.
Before PES measurements, each sample has been annealed in
UHYV. The temperature was raised to 350 °C very slowly and
then kept at this temperature for 10 h. In all the cases, the base
pressure inside the chamber during annealing treatment was
better than 1.0 x 10~° Torr. Reduction of surface adsorbed
feature in the O 1s, C 1s peak area and well defined multiplet
structure of La 3d and 4d spectra confirm the relatively
clean surfaces of all samples after this annealing treatment.
More details of effect of annealing temperature are given in
Appendix A. A Shirley background has been subtracted from
the raw data.

III. RESULTS

A. Growth and structural characterization

The RHEED specular beam intensity oscillations as a
function of growth time (or u.c.), for series of ultrathin films
of 6 u.c. of LACO/STO for (0 < x < 1) are shown in Fig. 1.
Growth control with the precision of single u.c. is evident
from the observed in situ RHEED oscillations which assures
not only the good quality interfaces but also reflects a clean

W L2Al,_CrO/SrTio,
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FIG. 1. (Color online) Observed RHEED intensity oscillations
along the (001) crystallographic direction during the growth of
LaAl;_,Cr, O3 (LACO) (0 < x < 1) film overlayers on TiO, ter-
minated SrTiO;. Inset shows a clean streaky RHEED pattern for
LAO/STO. A similar streaky pattern was observed for all the samples
in LACO/STO series.
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FIG. 2. (Color online) (a) Temperature dependence of sheet re-
sistance for 6 u.c. LaAl;_,Cr,O3; (0 < x < 0.6) films on TiO,
terminated SrTiO; (001) substrate from 300 to 2 K, indicating a
metallic behavior for 0 < x < 0.4 and an insulating behavior for
x = 0.6. The inset shows temperature dependence of sheet resistance
for the x = 0.6 sample. (b) Hall resistance at 300 K for x = 0.0 and
0.4. The sheet carrier density is 2.35 x 10'* and 2.83 x 10" cm™2
for x = 0 and x = 0.4 samples, respectively.

layer by layer u.c. growth. The inset of Fig. 1 shows the
RHEED pattern observed for 6 u.c. LAO/STO along the
(001) crystallographic direction. The observed streaky pattern
throughout the growth process confirms the smooth, 2D, and
epitaxial surface for all the films deposited on TiO, terminated
STO substrate. Intermediate streaks with feeble intensity may
infer to a (1 x 2)/(2 x 1) reconstructed surface.

B. Electronic transport

Figure 2(a) shows the variation of sheet resistance (Rp)
of LACO/STO as a function of temperature (7') over the
range 2 < T < 300 K. Consistent with the earlier reports,
LAO/STO (x = 0) displays metallic behavior with its sheet
resistance decreasing with decreasing 7. With increasing
x, the metallic characteristics diminish as evidenced by the
increasing sheet resistance. For example, at 7 = 300 K (2 K),
the sheet resistance for x = 0, 0.2, and 0.4 are 6.73 (0.64),
12.15 (1.25), and 62.59 (5.72) k2 /0], respectively. The sheet
resistance at 300 K for x = 0.6 heterostructure is very high
(>1 M) which is indicative of an insulating heterointerface.

The Hall measurements were performed at room temper-
ature for x = 0.0 and 0.4. The sheet carrier density (n;) is
calculated from the slope of Hall resistance Ry = B/nge
shown in Fig. 2(b). The extracted sheet carrier density from
the Hall measurements for x = 0 is 2.35 x 10'* cm~2 while
the x = 0.4 sample shows a decrease in the carrier density to
2.83 x 10" cm~2. The measured negative Hall resistance is
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FIG. 3. (Color online) (a) Ti2p core-level photoemission spectra
of the LaAl;_,Cr, O3 /StTiO3, (0 < x < 1). All the spectra have been
normalized at 454 eV and shifted along the y axis for clarity. (b) Ti
23, core-level photoemission spectra for different Cr concentration
(x). Experimental spectra (open circles), fitted spectra (magenta solid
line), deconvoluted components used to fit Ti** (red dashed line), and
Ti** (blue shaded) are also shown. Shirley background subtraction
has been used for all the spectra. Main peak (Ti*") has been truncated
in height to present the Ti** related peak clearly.

indicative of the transport being dominated by the electrons.
The Hall mobility at 300 K is 3.95 and 3.52 cm?/V s for
x = 0 and 0.4 samples, respectively. The observation of Cr
concentration dependent metal-insulator transition and the
substantial decrease in the carrier density are complementary.
The observed trend clearly evidences to the fact that increasing
Cr concentration in the LACO film overlayers suppress the
heterointerface q-2DEG. We have also performed transport
measurements on the samples which were subjected to the XPS
measurements. Results are consistent with our earlier transport
measurements of as-grown samples with an insignificant
change in the sheet resistance.

C. Electronic structure
1. Core-level spectra

To understand the evolution of the electronic structure of
the 6 u.c. LACO/STO system as a function of increasing
Cr concentration, we have investigated the Ti 2p and Cr
2p core-level spectra, which are shown in Figs. 3(a) and
4(a), respectively. For LACO/STO, the Ti 2p3,, and 2p;
spin-orbit doublet peaks are located at 459.1 and 464.8 eV
BE, respectively. The Cr 2p3,, and 2p;,, spin-orbit doublet
peaks are centered at 576.8 and 587.0 eV BE, respectively.
These features remain invariant, irrespective of the overlayer
film composition.

Closer view of the Ti 2p3,, spectrum shows that it has
two components—a main peak which is characteristic of the
Ti** state emanating from the bulk substrate and the other
component manifested as a shoulder to the lower binding
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FIG. 4. (Color online) Cr 2p core-level photoemission spectra for the samples having different Cr concentration (x). Shakeup satellites are
shown by arrows. All the spectra have been normalized at 572 eV binding energy and shifted along the y axis for clarity. (b) Cr 2ps/, core-level
photoemission spectra (open circles) for the samples having different Cr concentrations. Fitted spectra (thick solid line) and five multiplet
components (dashed lines) used to fit each core level are also shown. Feature belonging to Cr’* is shown as a shaded part. Each set of spectra
have been normalized by the peak height of the highest peak and staggered along the y axis for clarity of presentation. (c) Main peak (Cr’*) is
truncated in height to present the Cr** related feature more clearly.

energy of the Ti*" peak. The latter feature is unambiguously assumed as invariants for the fitting of all core levels. Results
related to Ti’* states, the origin of which can be associated  Of the fit are shown in Table I and Fig. 3(b). Consistent with
with both intrinsic and extrinsic mechanisms of q-2DEG the earlier XPS reports, for LAO/STO the weak Ti’" peak,
heterointerface conductivity [13,14,33—-36]. We note that no  shaded component in Fig. 3(b), was determined 2.2 eV lower
prominent Ti** states were observed for bare TiO, terminated  in binding energy with respect to the Ti*" peak centered at

STO surface [37]. For 0 < x < 0.4, the characteristics of the ~ 459.1 eV [13,14,33-36]. The relative percentage (normalized
Ti3t feature is well preserved, beyond which as x increases, peak area) of Ti*" to Ti*" is estimated as 12.3% for LAO/STO

the feature disappears. and 7.2% for x = 0.2. This ratio tends to zero for systems

To derive an estimate of Ti>t as a function of x, we adopt with x > 0.6. In conjunction with transport measurements, the
to the x? iterative fit of the Ti 2p3 /2 core-level peak using two decrease in the concentration of Ti** jons evidence to its role
components corresponding to the Ti** and Ti** as shown in in q-2DEG formation at the heterointerface of these systems.
Fig. 3(b). Except for the peak integral and energy positions, the On the other hand, the Cr 2p core level for x = 1 resembles
line shapes, widths (FWHMSs), and all other parameters were that emanating from a Cr’™ state [38-41]. We also note the

TABLE 1. Fitting parameters for the Ti 2p3,, core-level spectra shown in Fig. 3(b). The binding energy positions and FWHM of both
the components are also listed. Relative percentage of Ti*" is calculated from the ratio of the area under the Ti** peak and total peak area
(Ti** + Ti**). Uncertainty in determining the BE position and FWHM is estimated to be £0.1 eV. Uncertainty in determining Ti** content is
estimated to be 5% of the base value.

Sample Ti** Ti** ABE

(x) BE position FWHM BE position FWHM (Ti*T- Ti*h) Relative % of Ti**
0.0 456.90 1.36 459.10 1.18 22 12.3

0.2 457.18 1.36 459.31 1.12 2.1 72

0.4 457.37 1.36 459.32 1.12 2.0 7.0

0.6 457.19 1.10 459.22 1.11 2.0 0.2

1.0 457.00 1.10 459.00 1.12 2.0 0.1
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TABLE II. The fitting parameters for the Cr 2p;,, core-level
spectra shown in Fig. 4(b). The binding energy positions of Cr*" and
Cr** components are also listed, where for Cr** the value represents
the average of the multiplet peaks 1 and 2. Relative percentage of Cr**
is calculated from the ratio of the area under the Cr** peak and total
peak area (Cr’*+ Cr*"). Uncertainty in determining the BE position
and FWHM is estimated to be 20.1. Uncertainty in determining Cr**
content is estimated to be 5% of the base value.

Sample Crit crt ABE

(x) BE position BE position (Cr**- Cr**) Relative % of Cr**

PHYSICAL REVIEW B 91, 115127 (2015)

0.2 577.15 575.73 1.42 53
04 577.25 575.84 1.41 53
0.6 577.03 575.63 1.40 7.8
1.0 576.82 575.53 1.30 9.3

subtle change in the main peak intensity and it has been
discussed in Appendix B. Features such as multiplet splitting
due to 2 p-3d exchange interaction (manifested as the splitting
of main peak) [41-43], and the shakeup satellites were also
observed in the spectra shown in Fig. 4(a) [40,41,44]. Biesinger
et al. [42] have successfully fitted the Cr 2ps3,, core level
of Cr,03 (Cr’*, d?) using five multiplet peaks based on
a simple Hartee-Fock model (please see Appendix B for
more details). Knowing that in our case of LACO, Cr is
mainly in the 34 valence state (d°), we have used the same
approach to fit the Cr 2p3/, spectra of LACO/STO. These
fittings are shown in Fig. 4(b). We have used a x? iterative
program for fitting the Cr 2p3,, spectra with five multiplet
components (Gaussian) with separation of 1.0, 0.8, 0.9, and
0.8 eV (going from right to left of main peak) and FWHM
of each component was 1.1 eV. Individual fitting components
are shown as dashed lines in Fig. 4. Even though most part of
the spectrum was successfully fitted using this approach, an
extra component [shown as shaded region in Fig. 4(b)] was
necessary to fit the tail of the spectrum at the lower binding
energy side. This component had finite contribution for all
LACO/STO heterostructures (except x = 0). The main peak
position corresponding to Cr’*, which can be represented
by average position of first two dominant multiplet peaks,
is estimated to be 576.8 eV. An extra component (shaded
region) lies 1.3 eV below the main peak with FWHM of 2.5 eV
and its energy separation from the main peak is close to the
expected separation of Cr’* and Cr** binding energies [45,46].
Therefore, we attribute this component to Cr*". Adopting to
the same fitting routine for 0 < x < 1, we have calculated the
evolution of Cr*" contribution to the spectra and it is shown in
Table II, together with the fitting parameters. Summary of all
the fitting parameters is provided in Table III in Appendix B.
Colby et al. [32] have recently suggested the presence of Cr>*™
in LCO/STO (x = 1) on the basis of electron energy loss
spectroscopy (EELS) data. However, the authors also suggest
a small but finite amount of Ti** in the overlayer LCO film
side, which they attribute to cation intermixing. Contrary to
their suggestion, our Ti 2p core-level analysis do not find any
evidence of Ti*t features for 0.6 < x < 1 heterostructures.
Figure 5 shows the calculated percentages of Ti** (Table I)
and Cr*" (Table II) as a function of x. It is evident that
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FIG. 5. (Color online) Relative percentage of Cr** (left axis)
and Ti** (right axis) as a function of Cr concentration (x) in
LaAl,_,Cr,O3/StTiO5 (0 < x < 1) heterostructures. Dashed lines
serve as a guide to the eye. Error bars representing experimental
uncertainty (5% of the base value) in quantification are also shown.

mixed valence states coexist over the entire LACO/STO phase
diagram, with Ti**/Ti** and Cr** /Cr**. As being accepted
that the heterointerface conductivity in LAO/STO is associated
with Ti*", its steady decrease with increasing x in conjunction
with decreasing conductivity as observed from the transport
measurements, evidences to a direct correlation between the
mixed valence states of Ti and Cr with the creation and
annihilation of heterointerface q-2DEG state.

2. Valence band spectra

In order to study the evolution of valence band (VB) states
in LACO/STO (0 < x < 1), we measured the XPS VB spectra
as shown in Fig. 6(a). The top of the valence band for 0.2 <
x < 1 is mainly comprised of Cr 3d derived states, with a
peak at 2.4 eV, with small admixture of O 2p states. The
energy window between 3 and 8 eV is primarily dominated by
O 2p states [20,41]. The overall shape of the VB for x = 0 and
x =1 is in agreement with earlier reports. We note that the
binding energy position of Cr 3d and O 2 p states are different
compared to bulklike samples due to surface and interface
effects. The inset of Fig. 6(a) illustrates a continuous increase
in the relative intensity of the Cr 3d feature with increasing
x in LACO/STO. No features representative of any additional
scattering due to Al/Cr inhomogeneity are observed in the
XPS VB spectra. Insignificant change in the binding energy
position of Cr 3d derived states with varying x infers that the
corresponding states are more or less localized.

To identify the distribution of Ti 3d states in the va-
lence band spectra, UV photons of energy of 21.2 eV are
used, providing much better energy resolution and higher
photoionization cross section in comparison to XPS [47].
Figure 6(b) provides the change in spectral weight in the
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FIG. 6. (Color online) (a) XPS valence-band spectra of the LaAl,_,Cr,03/SrTiO; (0 < x < 1). Inset shows x dependence of the area of
the Cr 3d derived peak. (b) Near the Er region UPS (He I) VB spectra of the LaAl,_,Cr,03/SrTiO; (0 < x < 1) samples (open circles) are
overlapped with spectrum for x = 1 (filled circles, magenta) to track the evolution of electronic states near Ey. The dashed line through energy

zero refers to E.

vicinity of Er where the UPS VB spectra corresponding to
each composition have been plotted together with thatof x = 1
(filled circles). Consistent with the earlier reports, a weak
feature at the Ep related to Ti*" derived states is observed
for conducting the LAO/STO (x = 0) interface [3,33,48]. The
near Ep spectral weight is found to be gradually decreasing
with increasing x and an insulating gap opens up. Since we
find that the Cr 3d and Ti 3d states are separated in energy
by 2.4 eV, and given that Cr 3d states are localized, there
exists the least possibility of charge transfer between these
states in LACO/STO, contradicting the views of Chambers
et al. [20,38]. It is evident from Fig. 6(b) that T3 spectral
weight is largest for the highest conducting sample x = 0,
which steadily decreases with increasing x. The systematic
reduction in the spectral weight of Tt for 0 < x < 0.4 is
also reflected in the resistivity data. On the other hand, the
insulating interfaces for x > 0.6 are manifested by an energy

gap opening.

IV. DISCUSSION

Various factors, both extrinsic and intrinsic, have been
associated with the origin of q-2DEG at the heterointerface of
LAO/STO, LaTiO3/STO, and other similar systems. Studies of
heterosystems synthesized under different O, partial pressures,
substrate temperature, and annealing temperatures [2,3,49-51]
revealed that O, vacancies play a significant role in the

q-2DEG characteristics. For a pressure variation in the range
1072 to 10~° mbar, the LAO/STO heterointerface still exhibits
metallicity, however, with a order of magnitude change in
the sheet resistance. In this context, with the growth and
synthesis procedures kept similar for the deposition of LACO
on TiO; terminated STO, the role of O, vacancies determining
the metal-insulator transition as a function of increasing Cr
concentration in the overlayer films seldom applies as a
relevant factor.

The possibility of defects and that of O, vacancies generated
at the heterointerface is partly associated with the impact
of high energy species incident on the substrate. In case
of energetic La ions impinging on the STO surface, cation
intermixing at the heterointerface also become equally well
probable [49]. As mentioned above, if cation intermixing of
Sr and La drives in heterointerface q-2DEG then any La based
or A-site trivalent ABOj type perovskite grown epitaxially on
STO substrate would suffice to drive in conductivity. However,
the case is not true for LaMnOs5 [52,53], LaCrO3 [20,32,38],
and EuAlO; [54] overlayer films on TiO, terminated STO.
Instead, these heterosystems remain insulating. To address the
problem in LCO/STO heterostructures, Chambers et al. argued
that equal fraction of La/Sr and Cr/Ti in LCO/STO would
be swapped across the interface, resulting in an insulating
heterointerface. Such a mechanism, if it happens, would
reduce the problem to that of a heterostructure composed of
two nonpolar materials where an insulating heterointerface is
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expected. Of relative importance of this model would be its
extension to LaMnO3/STO and LaCoQO3/STO heterostructures
[55], where an insulating interface is observed. Furthermore,
to account for the q-2DEG in LAO/STO heterostructures,
the model ascertains that only La/Sr intersite disorder would
take place, and that of Al/Ti across the interface may be
partly suppressed. If valid, then this finds a lesser extension
to account for the insulating interface of EuAlO3/STO het-
erostructures, and also to account for the conducting interfaces
of LaTiO3/STO [56,57] and LaVO3/STO heterostructures [58].
Thus a proportionate mixing of either cations across the
interface, suggesting a chemically coordinated pair-correlated
disorder among the constituents of the overlayer films and
that of the STO substrate, appear to be less satisfactory.
Besides, no chemical inhomogeneity has been explicitly
observed in structural characterizations, although the question
of abrupt interfaces have been raised following cross-sectional
microscopic images.

It has been also shown previously that § doping in the
oxide heterointerface with transition and rare-earth elements
leads to an overall decrease in the conductivity [59-62]. For
example, 0.5 at. % Mn doped AlO; planes of LAO films with
Mn/Al disorder confined to monolayers in the vicinity of the
heterointerface completely suppresses the conductivity. The
suppression in conductivity has been related to the formation
of multiple valence states of Mn [61]. Existence of multiple va-
lence states has also been reported in LaMnO3/STO insulating
superlattices [63]. Sandwiching EuTiO3 (ETO) layers between
LAO and STO has also been reported [62]. In this system,
the q-2DEG was observed only when the thickness of ETO
layers was less than 3 u.c. The critical thickness dependence
of ETO suppressing q-2DEG in the LAO/ETO/STO system is
explained in terms of the polar catastrophe model, where it
is argued that the Coulomb repulsion hinders the transfer of
electrons to the Eu derived electronic levels.

In a different way as manifested in this work, with chemical
disorder (Al;_,Cr,) being homogeneous throughout the film,
we find a gradual suppression of q-2DEG at the heterointer-
face. Transport measurements indicate a decreasing level of
charge carrier concentration with increasing Cr concentration
in the LAO overlayers. This may reflect an increasing level
of Coulomb correlation effects, as LaCrOs is a Mott-Hubbard
insulator. An alternate mechanism to the gradual decrease in
the conductivity would be due to the increasing propensity
of Cr ions to exhibit multiple valence state, as evidenced
from our photoemission data. A correspondence between the
Ti** and Cr’* concentration is observed with increasing Cr
concentration in LACO/STO heterostructures. Absence of
Ti*" states for x > 0.6 in LACO/STO and that transport mea-
surements finding the system to be insulating, unequivocally
suggests that the origin of q-2DEG at the heterointerfaces
is associated with Ti** states. Thus, the concentration of
Ti** ions dictate the concentration dependent metal-insulator
transition in LACO/STO heterointerfaces.

The results which we obtain are in accordance with the polar
catastrophe theory [10,64—71]. In LAO/STO heterostructure,
an electrostatic potential builds up due to the polar nature
of LAO. Polarity compensation occurs through a transfer of
0.5 e~ from the LAO overlayers to the STO substrate. There-
fore, a fraction of charge flows across the interface, thereby
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getting confined at interface through electronic reconstruction
of Ti which results in partial occupation of an otherwise empty
Ti 3d band of STO. The conducting interface is therefore due
to the itinerant Ti 3d! electrons. However, the situation is
significantly modified in case of LACO due the presence of
Cr, which also like Ti ions have the propensity to exhibit
multiple valence states. Earlier photoemission spectroscopy
measurements illustrated that Cr in LaCrO3 possesses strong
mixed valence character and thus can assume different charge
states [41]. In this scenario, the polar catastrophe at the
interface of LACO/STO can be well compensated by charge
redistribution in the Al;_,Cr,O, layered planes through the
multiple valence of Crions, i.e., Cr** and Cr**. Thus, contrary
to LAO/STO heterointerface, the spontaneous upward polar-
ization of the layer-by-layer LACO film (0.6 < x < 1) cancels
out the build-in downward polarization stimulated from the
surface which is responsible for the electronic reconstruction
of Ti ions at the interface. Variation in extent of Cr** and Ti**
with x (as shown in Fig. 5) in LACO/STO clearly suggests that
the polar catastrophe induced electronic reconstruction of Ti is
progressively suppressed as more and more Cr>™ is created in
the Al,_,Cr,O; planes. Conductivity of LAO/STO decreases
with introduction of Crin LAO (0 < x < 0.4) as Cr electronic
reconstruction in Al;_,Cr,O, planes starts competing with
Ti*" reconstruction at interface. When Cr concentration is
increased, x > 0.6, the polar catastrophe is nullified by the
creation of sufficient Cr** ions, thereby having little influence
of the surface charge felt at the interfaces and rendering an
insulating ground state. Our results infer that the origin of the
insulating nature of the interface in LCO/STO lies in the charge
redistribution in LCO films as electronic reconstruction of Cr
suppresses the Ti reconstruction at interface completely.

V. SUMMARY AND CONCLUSION

In summary, high quality epitaxial 6 u.c. LaAl,_,Cr,O3
(0 < x < 1) films have been deposited on TiO, terminated
SrTiO; (001) substrates in which the layer-by-layer growth
has been observed by an in situ RHEED. Transport measure-
ments find that the system exhibits heterointerface q-2DEG
properties over the Cr concentration profile (0 < x < 0.4) and
the heterointerface becomes insulating for x > 0.6. With the
help of photoemission studies, we find multiple valence states
of both Ti and Cr ions, whereby a inverse proportionality
is observed between the Ti*™ and Cr** ion concentration
with increasing x in LaAl;_,Cr,O3. The progressive increase
(decrease) in the concentration of Cr*™ (Ti**) ions as a
function of x, the steady increase in the sheet resistance,
and the complete disappearance of Ti** states for x > 0.6,
which associates Ti’* as a primary factor responsible for
g-2DEG, lead us to conclude that electronic reconstruction is
the most important and universal mechanism in these oxide
heterostructures. Although more characterizations, such as
thickness dependence may have to be performed, we validate
that the origin of a heterointerface q-2DEG is associated with
the Ti electronic reconstruction in the STO substrate, however,
for heavily doped Cr samples, the required electron count
necessary to nullify the polar catastrophe instability are trapped
in the LaAl;_,Cr, O3 overlayers. These trapped electrons show
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as Cr’™ ions, thereby rendering the LaAl;_,Cr, O3 (x > 0.6)
heterointerface, insulating.
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APPENDIX A: SAMPLE PREPARATION: ULTRAHIGH
VACUUM (UHV) ANNEALING

Figure 7 shows the O 1s core-level XPS spectra of the
6 u.c. LaAl;_,Cr,O3/SrTiO3 0 < x < 1 samples (as-grown
and annealed). The O 1s spectra for all as-grown samples (thin
solid lines) show two features: (i) A main peak at 530 eV which
originates from oxygen in the film lattice and (ii) a higher
binding energy (BE) shoulder (~532 eV) which is attributed
to (OH™) adsorbents at film surface. A few earlier PES studies
on LAO/STO heterostructured systems have unequivocally
reported on the presence of this surface adsorbed feature
[14,20,36]. It has been recently reported that charged surface
adsorbents can affect the q-2DEG properties at the oxide
heterointerfaces [33,72]. We have performed an annealing
treatment for all the samples as discussed in the experimental

LaAl,_Cr O, (6 u.c.)/ SITiO,

O1s
— as-grown

Intensity (arb.units)

x =0.0

o
5 o]
o
o
&
g

538 536 534 532 530 528 526
Binding Energy (eV)

FIG. 7. (Color online) O 1s core-level photoemission spectra of
as-loaded (thin solid lines) and in situ annealed (open circles)
LaAl;_,Cr,05(6 u.c.)/StTiO; samples. All the spectra have been
normalized to the same peak height and shifted along the y axis for
clarity.
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FIG. 8. (Color online) The Ti 2p core-level core spectra of as-
received and in situ annealed (250 and 365°C) TiO, terminated
SrTiO; (001). All the spectra have been normalized at 454 eV. Inset
shows close up of binding energy region where Ti*" related states are
expected.

section of the main text. It is evident from Fig. 1 that the
feature at higher BE reduces significantly for all the samples
after annealing at 350 °C. The line shape and BE position of the
O 1s peak show negligible changes in LaAl;_,Cr,O3/SrTiO3
0 < x < 0.4 and small changes for x > 0.6.

When subjected to high temperatures (~800°C), it
has been observed that O, vacancies are generated in
STO [73,74] which significantly affect its electronic and
transport properties [37,75,76]. For example, a change
in surface conductivity at lower annealing temperatures
(250—-350°C) led authors of Ref. [77] to associate
the origin of surface q-2DEG in STO to the surface
O, vacancies. On the contrary, it has also been reported that low
temperature annealing of STO seldom changes the insulating
nature [78,79]. Hitherto, we have performed low temperature
UHYV annealing so as to minimize the surface contaminants
which are adsorbed on to the surface of our samples, due to its
exposure to ambient conditions which occurred during the ex
situ transfer of the samples to the UHV chamber. Our choice
of 350°C annealing in UHV not only helps in amplifying
the signal to noise ratio during the PES measurements but
also finds little and/or no changes in the properties of the
oxide heterointerfaces. Adopting to the fact that the presence
of Ti** related feature in Ti 2p core-level spectrum of STO
would serve as an indicator to any changes in the electronic
spectrum, we show in Fig. 8 the Ti 2p core-level spectra of
the as-loaded and UHYV annealed (265 and 350 °C, 6 h) TiO,
terminated STO (001) substrates. Evidently, the inset of Fig. 8
reveal no characteristic signatures of the Ti*" feature, thereby
confirming the insulating nature of the post-UHV annealed
STO substrates.
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TABLE III. Fitting parameters for the Cr 2p3,, core-level spectra shown in Fig. 4(b) of the main text. Binding energy (BE) positions,
FWHM, relative percentage, and relative BE positions of all multiplet components and Cr*>* component used for fitting are given. BE position
of multiplet peak is defined as (BEwuipiet v+1 — BEmutipie v)s N = 1—4. ABE is BE difference between Cr'* and Cr*", where the Cr** BE
position is taken as the average position of dominant multiplet components 1 and 2. Relative percentage of multiplet components is calculated
from the ratio of the area under individual peak and total peak area of all multiplet components. Relative percentage of Cr*" is calculated
from the ratio of the area under the Cr’** peak and total peak area (Cr** + Cr**). Uncertainty in determining the BE position and FWHM is
estimated to be £0.1 eV. Uncertainty in determining relative percentage is estimated to be £5% of the base value. Our estimation of error is
based on fitting of more than one experimental data set of the same sample with identical conditions, fitting using different initial guesses, and
variation of fitting parameters systematically.

Sample (x) 1 0.6 0.4 0.2
Multiplet 1 BE position 576.34 + 0.05 576.53 576.75 576.65
FWHM 1.1 + 0.02 1.12 1.11 1.13
Relative % 356 £ 1.1 41.7 42.95 429
Multiplet 2 BE position 5773 + 0.07 577.53 571.75 577.65
FWHM 1.1 + 0.03 1.1 1.1 1.1
Relative % 31,1 £ 1.2 337 3255 34.5
Relative BE position 0.96 1.0 1.0 1.0
Multiplet 3 BE position 578.1 + 0.04 578.43 578.51 578.47
FWHM 1.1 &£ 0.03 1.1 1.1 1.1
Relative % 152 £ 0.6 11.8 11.4 9.6
Relative BE position 0.8 0.8 0.8 0.8
Multiplet 4 BE position 579.0 £ 0.09 579.33 579.41 579.37
FWHM 1.1 £ 0.04 1.1 1.1 1.1
Relative % 6.2 + 0.28 5.1 55 6.2
Relative BE position 0.9 0.9 0.9 0.9
Multiplet 5 BE position 579.8 + 0.08 580.13 580.21 580.53
FWHM 1.1 + 0.04 1.1 1.1 1.1
Relative % 1.8 £ 0.1 1.2 2.1 1.5
Relative BE position 0.8 0.8 0.8 0.8
Cr** component BE position 575.53 £ 0.1 575.63 575.84 575.73
FWHM 24 £+ 0.1 2.38 2.33 2.24
Relative % 9.2 £ 046 7.8 53 53
ABE 1.3 1.40 1.41 1.42

APPENDIX B: SUMMARY OF FITTING PARAMETERS
FOR Cr 2p3;; FITTING

All the fitting parameters (the FWHM, peak position, area,
and line shape) were individually optimized for each multiplet
component of Cr>* and that of Cr** component, for x = 1
(Table III). Once optimized, the parameters were transferred
to the remaining cases of x = 0.6, 0.4, and 0.2, keeping the
relative energy separation of multiplets and their FWHM fixed,
yielding a better consistency to the fit. A small change (+5%
of base value) in peak area was found when the FWHM or the
relative energy separation were varied, with other parameters

kept invariant. However, the area of each component was
allowed to vary for best fitting as we noticed subtle relative
change in the Cr 2pj3,, relative intensity for different x. The
relative changes in the Cr 2p3,, split peak for various Cr
containing compounds could be found in Refs. [40,42,80-82].
Such changes in relative intensities has been related to various
possible factors like local magnetic moment of the Cr ion
[82,83], change in core hole screening [80,81], variation in
2p-3d exchange coupling [83], and configuration interaction
matrix element [43].
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