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The physical properties of oxide heterointerfaces depend crucially on the electronic and ionic reconstruc-
tions across the interface. For the formation of a two-dimensional electron liquid (2DEL) at the interface of
LaAlO;/SrTiO3 (LAO/STO) systems, although it is well accepted that the conduction of amorphous-LAO/STO
samples comes exclusively from the oxygen vacancies due to interfacial redox reactions, the relative contribution
of ionic reconstruction and electronic reconstruction to the conduction at the polar crystalline LAO/STO
interface has been a topic of debate. Herein, by resonant x-ray photoemission spectroscopy and x-ray absorption
spectroscopy measurements, we investigated the evolution of the Ti 2p signal as well as the in-gap states at
the diluted oxide interface of LaAl;_,Mn,05;/STO (0 < x < 0.3), where the doping of Mn into LAO gradually
decreases the carrier density of the interfacial 2DEL but does not change the interface polarity. The spectro-
scopic results present direct evidence that the conduction from redox reaction at polar LAO/STO interfaces
is suppressed by increasing the Mn doping level without the need of oxygen postannealing. A pure polarity
discontinuity induced electronic reconstruction can be achieved by deliberately controlling the Mn doping level

in LAO, which results in low-carrier, high-mobility, and spin-polarized 2DELs at x = 0.3.
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I. INTRODUCTION

Heterostructures of transition metal oxides can exhibit a
wide spectrum of astonishing properties and functionalities
not accessible for their bulk counterparts, thanks to structural
symmetry breaking and the strong coupling among spin, or-
bital, charge, and lattice degrees of freedom [1,2]. One of
the particular emergent electronic phenomena is the formation
of high-mobility two-dimensional electron liquids (2DELs)
at the interface between two band insulators of LaAlO3; and
SrTiO; (LAO/STO) [3], which also exhibit magnetism [4,5],
superconductivity [6,7], and quantum Hall effect [8]. Under-
standing the interface conduction mechanism has been one
of the central issues of oxide electronics [9-15]; it consists
of two fundamental aspects: (i) interfacial electronic recon-
struction due to the polarity discontinuity; and (ii) interfacial
ionic reconstructions—intermixing and/or chemical redox re-
actions. It has been generally accepted that the conduction
mechanisms depend strongly on the growth oxygen pres-
sure. For samples grown at low oxygen pressure (1076 mbar)
and high deposition temperature, conduction is dominated by
oxygen vacancies (Vps) which extend deeply into the sub-
strate, while for samples grown at higher oxygen pressure
(1075-1073 mbar), the conduction is confined at the interface.
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However, considering the fact that redox reaction could occur
at the interface between STO and the Al-containing oxides
when oxygen pressure is below 107> mbar [16,17], for ex-
ample, amorphous-LAO/STO (a-LAO/STO) [16], it remains
open on the relative contribution of redox reaction, and thus
Vos and electronic reconstruction, to the interface conduction
even though most of the carriers are confined at the interface
(for samples grown at higher pressure of 10°—10~> mbar)
[13]. To resolve this issue, oxygen postannealing is often
adopted but it results in either insulating or metallic inter-
faces [18], which is difficult to understand, firstly, due to the
sensitivity of the STO conduction to the sample history and,
secondly, because the electron mobility for the resultant 2DEL
is often low.

Besides oxygen postannealing, interface engineering with
the aim to decrease the content of Vgs on the STO side
and to enhance the carrier mobility at LAO/STO interfaces
has been intensively investigated [19-22]. One representative
example is the incorporation of a surface strontium copper
oxide nanolayer that enhances the oxygen surface exchanges
and thus lowers the oxygen defects in STO as well as defect
scattering at LAO/STO interfaces [19]. The other remark-
able example is the introduction of a manganite buffer layer
at the interface of a-LAO/STO [21] where the presence of
LaMnO; (LMO) blocks the formation of Vs in STO during
the film deposition due to its high kinetic barrier for oxygen
exchange [23], which results in a 2DEL with low carrier
densities in the range of 10'> cm™ and high mobility above
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FIG. 1. Polar discontinuity and the intrinsic electronic recon-
struction at the LAO/STO and LAMO/STO interfaces. (a), (d),
Planar charge distribution across the polar interfaces. (b), (c)
Schematic diagram for the formation of 2DELs at LAO/STO in-
terface within the polar-catastrophe model and the surface defects
model, respectively. (e), (f) Schematic diagram of the polar-
catastrophe model at LAMO/STO interfaces.

10000cm? V-'s7! at 2 K. In these engineered LAO/STO
heterostructures, the charge transfer in addition to the forma-
tion of an interfacial 2DEL is determined by the interplay
between polar discontinuities and redox reactions [10,12].
Howeyver, the relative contribution of redox reaction, and thus
Vos and electronic reconstruction, to the interface conduction
remains to be investigated. Different from the cuprate-capped
or manganite-buffered LAO/STO interfaces, the recent dis-
covery of the diluted oxide interface, LaAl;_,Mn,O3/STO
(LAMO/STO) [22], enables us to tailor the carrier density
and the ground state of the 2DEL deliberately in the full Mn
doping range (0 < x < 1), where the carrier density is de-
creased gradually across the Lifshitz transition point of n, =
2.8 x 10" cm™ before it exhibits a sharp metal-insulator tran-
sition at x = 0.3. Compared to previous reports of diluting
the LAO layer with nonpolar STO [24], the LAMO/STO
system provides an opportunity to tune the carrier density of
the interfacial 2DEL without changing the polar discontinuity
across the interface, as demonstrated in Fig. 1. Herein, we
further present spectroscopic evidence on the decoupling of
the conduction from redox reaction and electronic reconstruc-
tion at LAMO/STO interfaces. Although the nonannealed
LAO/STO interfaces exhibit conduction from both redox re-
action and electronic reconstruction, the Vg-related in-gap
states (IGS), and thus redox reaction at polar LAMO/STO
interfaces, are suppressed by increasing the Mn dopant con-
centration in LAO. A pure polarity discontinuity induced
electronic reconstruction is achieved by deliberately control-
ling the LMO doping level when the redox reaction on the
STO side is strongly suppressed near x = 0.3, which results
in low-carrier, high-mobility 2DELs.

II. EXPERIMENTAL METHODS

The LAMO/STO samples with Mn dopants of x = 0, 0.2,
and 0.3 were grown on TiO,-terminated STO substrates by

pulse laser deposition (PLD) under 650 °C with O, pressure
of approximately 3 x 10~ mbar by ablating ceramic LAMO
targets. The film thickness is fixed at 4 unit cells (u.c.)
as determined by reflection high-energy electron diffraction
(RHEED) intensity oscillations [22]. After the growth of the
film, the sample was cooled under the same pressure at a rate
of 15°C/min to room temperature. Resonant x-ray photoe-
mission spectroscopy (RXPS) measurements were performed
at the ADRESS beamline [25] of the Swiss Light Source with
photon energy of 1000 eV with C* polarization. The x-ray
absorption spectroscopy (XAS) results across the Mn L3
absorption edge were recorded in total-electron-yield mode.
The photon energy varies from 630 to 660 eV at a step of
0.1 eV. The light had s polarization.

III. RESULTS AND DISCUSSION

Figure 1 illustrates the similarity and difference between
the LAO/STO and LAMO/STO interfaces with respect to
planar charge distribution and the electronic reconstructions.
Referring to the intrinsic doping mechanism within the
framework of the polar-catastrophe scenario, an electrostatic
potential builds up as a function of LAO or LAMO thick-
ness and pure electronic reconstruction induced 2DEL occurs
as the film thickness is above a critical thickness #., where
the valence O 2p band of LAO or LAMO at the surface is
lifted up to the level of the STO Ti 3d conduction band at
the interface [Figs. 1(b) and 1(f)] [26]. Experimentally, . is
found to be 4 u.c. for the LAO/STO [27]. At and above 1,
electrons will migrate progressively from the surface to the
interface, forming the 2DEL. The main difference between
LAMO/STO and LAO/STO is the presence of the IGS which
is related to the Mn e§ subband lying below the conduction
band of STO [28,29]. Therefore, there will be two critical
thickness #.; and t.,, corresponding to the charge transfer to
the empty Mn dopant e§ subband correlated IGS and the STO
Ti 14 conduction band, respectively. Atz <t < f, the elec-
tronically reconstructed electrons will be donated and trapped
on the Mn sites [Fig. 1(e)], canceling part of the built-in
polar field (depending on the Mn doping level) while con-
tributing negligibly to the conduction. The critical thickness
is determined by t. = (¢oeLaMoAE )/(ePSAMO) [24]. Here,
go is the permittivity of the vacuum, epamo is the relative
permittivity of LAMO, e is the elementary charge, P,y iS
the formal polarization of LAMO, and AE is the difference
of energy between the valence band of LAMO and the con-
duction band of STO. For a typical LAO/STO case (x = 0),
the AE ~ 3.3eV, and yields an estimate of 1-4° ~ 3.5u.c.,
in good agreement with the experimental value of 7. = 4 u.c.
[27]. For the conducting LAMO/STO case (0 < x < 0.3),
where the Mn doping is low, the relative permittivity of the
LAMO film can be approximately equal to epap, and the
key difference is that the electron trap states of Mn 3d e,?
levels lie approximately 0.7 eV below the conduction band
of STO [28,29]. Therefore, t.; ~ 2.8 u.c. Once the e§ levels

are filled (Mn>* turns to Mn?"), the electrostatic potential
continues to diverge as the LAMO film increases, and sub-
sequent electrons will be transferred to the conduction band
of STO at a critical thickness ., slightly larger than that of
LAO/STO [Fig. 1(f)], i.e., t» > 3.5u.c. Experimentally, z.,
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FIG. 2. (a)—(c) The temperature dependence of the sheet resis-
tance (R,), carrier density (n,), and carrier mobility (u) of the studied
samples with Mn doping concentrations of x =0, 0.2, and 0.3,
respectively.

is also found to be 4 u.c. for LAMO/STO heterointerfaces at
0 < x < 0.3[22]. When x>0.3, the interface of LAMO/STO
becomes highly insulating, probably due to the fact that most
of the reconstructed electrons are accumulated on the Mn
dopants. Note that there has been no detectable built-in po-
tential of the order of the STO band gap at the LAO/STO
interface [30]; therefore a modified scenario that polarity in-
duced Vs at the LAO surface serves as a charge reservoir
for the electronic reconstruction is proposed [Fig. 1(c)] [30].
On the other hand, compared to the intensively investigated
LAO/STO interfaces, the charge reconstruction and practical
conduction mechanism at the LAMO/STO interface remains
under investigation.

Figures 2(a)-2(c) show the temperature dependence of the
sheet resistance (Ry), carrier density (ny), and carrier mobility
(w) at different Mn doping concentrations of x = 0, 0.2, and
0.3, respectively. All three samples are metallic. The metallic
LAQO/STO is characterized by a typical sheet carrier den-
sity ny = 1.1 x 10" cm™ measured by Hall effect at room
temperature (7 = 300 K). At a low temperature of 2 K, n;
of 5.58 x 1083 cm™ and a typical electron mobility u of
367 cm? V! 57! are obtained. Increasing the Mn doping level
reduces the carrier density and causes the gradual increase of
sheet resistance, which is in good agreement with the electron
sink effect described in Figs. 1(e) and 1(f). Atx = 0.2, the car-
rier density is 3.83 x 10'3 cm~2 at 2 K which remains higher
than the Lifshitz transition point of n. = 2.8 x 103 cm™
[22]. This means the conduction of both LAO/STO and
LAMO/STO (x = 0.2) lies in the two-band conduction region
where both Ti 14 d,, electrons and d, /d,, electrons contribute
to the conduction. In contrast, the LAMO/STO (x = 0.3)
samples exhibit a carrier density of 3.2 x 10'> cm~2, which
is much lower than n. and also lower than the carrier density
for the single-unit-cell LMO buffered a-LAO/STO interface
[21]. Therefore, the conduction of LAMO/STO (x = 0.3)
lies in the single-band conduction region with mainly d,,
electrons contributing to the conduction, while their low-
temperature mobility is enhanced by 3—4 times compared to
the LAO/STO, probably due to the Lifshitz transition. It is
noteworthy that a clear anomalous Hall effect is also observed
at x = 0.3, which indicates the 2DEL is spin polarized. Addi-
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FIG. 3. (a) Ti 2p orbital XPS curves of LAO/STO, LAMO/STO
(x =0.2,0.3),a-LAO/STO, and a-LAO/LMO/STO (t = 1,2u.c.).
(b) Ratio of spectra weight between Ti*" and Ti as a function of
carrier density.

tionally, the temperature dependence of the resistivity of the
LAMO/STO at x = 0.3 shows a clear discontinuity around
T = 20K. Considering the fact that there is no discontinuity
in the temperature dependent carrier density (n,) at T = 20K
[Fig. 2(b)], the resistivity discontinuity is mainly due to the
change in the carrier mobility (u), where we did observe a
clear decrease in the mobility around 10 K [Fig. 2(c)]. The
low-temperature mobility of SrTiOz is mainly determined
by defect scattering. When the LMO doping level is rela-
tively high (such as x = 0.3, the highest doping level for a
conducting sample), there is more La interdiffusion and/or
Ti/Mn intermixing into SrTiOsz expected [22], so the resis-
tivity shows a slight upturn at 7 = 20 K. Note that the onset
of the measured magnetic signal, particularly the anomalous
Hall effect, becomes only clear at 7 = 2 K, so the relation
is weak between the discontinuity in the resistivity and the
magnetic signal. The typical low-temperature transport prop-
erties of LAMO/STO (x = 0, 0.2, and 0.3) samples are also
summarized in Table I. For comparison, the results of the
a-LAO/STO system where the conduction is dominated by
the redox reaction induced Vs are also presented.

The transport measurements detect mainly the mobile
2DEL electrons. In contrast, optical and spectroscopic mea-
surements detect simultaneously both mobile and localized
3d electrons at the interface, and thus the total reconstructed
electrons [30-33]. In particular, RXPS can enhance the spec-
tral weight of Ti 3d states around the Fermi level position
and thus has been widely used to study the interface elec-
tronic structure of LAO/STO heterostructures [32,33]. By
scanning the photon energies across the Ti 2p core level,
RXPS can distinguish if the interface carriers are associated
with the in-gap states resulting from Vgs or the quasiparti-
cle states from 2DELs. Figure 3 shows the Ti 2p spectra
of the series samples of LAMO/STO (x =0, 0.2, 0.3) in
addition to the a-LAO/STO interfaces. The amorphous a-
LAO/STO, where the conduction is dominated exclusively
by redox reactions, shows a clear signature of Ti’* near
the binding energy of 458 eV, indicating the presence of a
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TABLE I. Summary of low-temperature carrier density (n), carrier mobility (1), and the relative concentration of the Ti** of the studied

samples.
LAMO/STO LAMO/STO
Samples LAO/STO x=02 x=03 a-LAO/STO a-LAO/LMO/STO
ns (10" cm™2) 5.58 3.83 0.32 6.0 1.4
w (cm? Vgt 367 464 1698 220 4392
Ti** percentage ~0.11 ~0.08 ~0 ~0.19 ~0

large amount of Vgs on the STO side. The estimated per-
centage of Ti*T is 0.19%, corresponding to a carrier density
of 1.33 x 10" cm™2, higher than that measured by the Hall
effect, as expected, because the electrons released by the
Vos tend to form clusters of localized states, in particular,
at high Vg concentrations [32]. Although the a-LAO/STO
and the crystalline LAO/STO show comparable carrier den-
sity from transport measurement, the crystalline LAO/STO
only shows a finite signature of Ti** and its percentage is
decreased approximately two times to 0.11% compared to the
a-LAO/STO. This indicates that the interfacial redox reaction
contributes less to the 2DEL at crystalline LAO/STO despite
the absence of oxygen postannealing, probably due to oxygen
uptake from the background during the high-temperature de-
position. It further highlights that the conduction mechanisms
are different between LAO/STO and a-LAO/STO [13]. Upon
Mn doping, a significant decrease in Ti** at the LAMO/STO
interfaces is observed and, at x = 0.3, the content of Ti°t
becomes so low that it is beyond the detection limit of our
RXPS measurement. Therefore, the contribution of the Vgs
to the interface conduction is expected to be negligible at
x = 0.3. Figure 2 summarizes the ratio of spectra weight of
Ti*t ((Ti*H)/[I(Ti*+) + I(Ti*T)]) with respect to the sheet
carrier density, n,, measured by Hall effect at 2 K. It is
remarkable that the content of the Ti** scales with the n, for a-
LAO/STO, and crystalline LAO/STO and LAMO/STO (x =
0.2) when n; > 1.1 x 103 cm™2. This probably suggests a
high limit for the pure polar discontinuity induced 2DELs at
the LAO/STO interfaces; i.e., the LAO/STO interface with
ngy < 1.1 x 10" cm will come predominantly from intrinsic
electronic reconstruction as observed in a-LAO/LMO/STO
(t = lu.c.) [12,21]. This limit is also in good agreement with
that achieved in the SrCuO,-capped defect-free LAO/STO
[19]. When n; > 1.1 x 103 cm™2, the interface conduction
most likely comes from both polarity discontinuity induced
electronic reconstruction and the interfacial redox reactions.
Figure 4(a) shows the Mn L edge XAS for the LAMO/STO
as well as the a-LAO/STO buffered with 1 u.c. LMO. Strong
features near 640 eV appear in the XAS spectra at the Mn
L edge for both diluted interfaces of LAMO/STO with x =
0.2 and x = 0.3, which corresponds to the main absorption
peak of Mn”" as observed in buffered a-LAO/LMO/STO
(t = lu.c.) [21,34,35]. Therefore, the nominal valence of the
Mn** dopant is strongly or completely reduced to Mn>* in di-
luted heterostructures of LAMO/STO (x = 0.2, 0.3) [12,21].
This is consistent with the scenario that during the formation
of a 2DEL in the buffered and diluted samples, the electrons
will be first transferred to the Mn sublattice before filling the
electronic shell of Ti ions, as illustrated in Figs. 1(e) and 1(f).
The observed decrease in both Ti** concentration and the Hall

carrier density as presented in Fig. 3 should result from such
electron sink effect of the Mn dopant and/or the suppression
of formation of Vgs in STO.

To further investigate the effect of the Mn dopant on
the interfacial redox reaction or formation of Vgs in STO,
we identified the Vp-related IGS through the photoemission
spectra. If there are Vps on the STO side, strong electron
redistribution on neighboring Ti** is expected. Besides the
contribution to the 2DEL, a large fraction of electrons re-
leased by the Vgs (half, in the ideal case) stays near the
Ti ion to form there a localized IGS (Ti-IGS) at binding
energy Ep ~ —1.3 eV, which is Ti e, derived (see Appendix),
strongly correlated, magnetic, and is often viewed as a small
polaron [32,33,36]. This characteristic signature could there-
fore provide direct evidence of Vps on the STO side of the
LAO/STO and LAMO/STO interfaces. Figure 4(b) shows
the evolution of the Ti-IGS as a function of Mn doping in
LAMO/STO (x =0, 0.2, 0.3) measured at hv = 464.4¢V,
which boosts the Ti-IGS peak. This peak is relatively large for
our LAO/STO and thus the nonannealed LAO/STO is slightly
oxygen deficient. It also confirms the main contribution of Vg
to the interface conduction. As the Mn dopant concentration
is increased to x = 0.2, the Vg-related Ti-IGS peak strongly
decreases, manifesting the suppressed redox reaction upon
the Mn doping. At the same time, a new IGS peak related
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FIG. 4. (a) XAS spectra at the Mn L edge of LAMO/STO
(x = 0.2, 0.3), spectra of a-LAO/LMO/STO (¢t = 1u.c.) [21]; refer-
ence materials MnO (Mn”*) and LaMnO3 (Mn**) are also shown for
comparison. (b) Spectra measured through the whole valence band at
hv = 464.4 eV boosting the Vp-related IGS peaks.
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to the Mn dopant (Mn-IGS) is also observed at Ez ~ -2eV
(see Appendix). As the Mn dopant concentration increases
to x = 0.3, the Vp-related Ti-IGS peak reduces while the
Mn-IGS peak builds up. The above results strongly suggest
that the Mn dopant plays two critical roles: firstly, it acts as an
electron sink; secondly, it prevents the formation of Vs on the
STO side. These unique features make it possible to decouple
the conduction from redox reaction and intrinsic electronic
reconstructions.

IV. CONCLUSION

In summary, we have investigated the charge reconstruc-
tion at the diluted oxide interface of LaAl;_,Mn,0O3;/STO
(0 < x < 0.3) by resonant x-ray photoemission spectroscopy
and x-ray absorption spectroscopy measurements. A linear
relationship is observed between the reconstructed electrons
with respect to 2DEL carrier density, which indicates a high
limit for the pure polar discontinuity induced 2DELs at
LAO/STO interfaces, ny = 1.1 x 10> cm™. A decrease of
oxygen-vacancy-related in-gap states upon increasing the Mn
doping level is also observed, manifesting that the conduction
from redox reaction at polar LAO/STO interfaces is sup-
pressed by increasing the Mn doping level without the need of

oxygen postannealing. The results strongly suggest that pure
polarity discontinuity induced electronic reconstruction can
be achieved by deliberately controlling the Mn doping level
in LAO to remove the contribution from the Vgs.
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APPENDIX

See Fig. 5, which shows RXPS data across the Mn and Ti L
edges, identifying the Mn-derived and Ti-derived in-gap states
(Mn-IGS and Ti-IGS, respectively).

(a) (b) (c) (d)
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FIG. 5. (a)—(c) Angle-integrated RXPS intensity map at the Mn L edge for LAMO/STO (x = 0.2, 0.3) and a-LAO/LMO/STO, respec-
tively. The solid curve shows the intensity of the Mn-IGS at —2 eV, whose strong resonance identifies its predominantly Mn character. The
dashed curve displays the Ti-IGS at —1.3 eV, whose weaker but significant intensity enhancement reveals an admixture of the Mn character.
(d) Energy distribution curves (EDCs) extracted from (a—c) at the main Mn resonance peak at ~640eV. (e-h) Angle-integrated RXPS intensity
map at the Ti L edge for LAO/STO, LAMO/STO (x = 0.2/0.3), and a-LAO/LMO/STO, respectively. The yellow solid and dashed curves
show intensities of the Mn-IGS and Ti-IGS, respectively. Whereas the strong resonance of the Ti-IGS confirms its predominantly Ti character,
the resonance of the Mn-IGS identifies an admixture of the Ti character in it. The horizontal solid and dashed lines through the maps mark the
energy integration windows for the Mn-IGS and Mn-IGS, respectively.
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