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 Electron Transfer and Ionic Displacements as the Origin 
of the 2D Electron Gas at the LAO/STO Interface: Direct 
Measurements with Atomic-Column Spatial Resolution  
 Interfaces between correlated oxides are currently among the 
most investigated systems in condensed matter. The atomic-
scale engineering of such interfaces holds a great promise: the 
ability to manipulate electrons by locally modifying orbitals, 
shape and occupation, yielding new quantum states that can 
be exploited in novel electronic devices. The interface between 
LaAlO 3  (LAO, made of alternating (LaO)  + 1  and (AlO 2 )  − 1  planes) 
and SrTiO 3  (STO, made of neutral (SrO) 0  and (TiO 2 ) 0  planes), 
which hosts a high-mobility 2D electron gas (2DEG) in spite 
of the large bandgap of its bulk constituents, is among the 
most intensely debated worldwide. [  1  ,  2  ]  After seven years of 
sustained theoretical and experimental work, there is no con-
sensus regarding the dominant mechanism responsible for 
electrical conductivity, superconductivity, and magnetism in 
this system. [  3  ]  Understanding the relevant physics of the LAO/
STO interface is imperative not only for the practical develop-
ment of reliable devices, but also for its implications on the 
entire fi eld of oxide superlattices and oxide electronics. [  4  ]  First-
principles calculations predict an electronic reconstruction in 
response to the diverging electrostatic energy generated when 
depositing a polar material (LAO, with alternating charged 
planes (LaO)  + 1  (AlO 2 )  − 1 ) on a non-polar substrate (STO, with 
neutral planes (SrO) 0  (TiO 2 ) 0 ). In this scenario, half an electron 
per 2D unit cell is transferred across the interface reducing the 
interfacial Ti valence from 4 +  to 3.5 + . [  5–9  ]  However, theoretical 
studies presuppose an atomically abrupt interface with negli-
gible defects and/or disorder. Is such an interface realizable 
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with current fi lm deposition techniques? Oxygen vacancies and 
cation substitution are known to easily form in perovskites, 
acting as electron donors and giving rise to electrical conduc-
tion. Can defect-generated electrons explain all the observed 
properties of LAO/STO? Although simple to formulate, these 
questions have remained to date unanswered, partly because of 
sample variations due to different growth and process history, 
and partly because of the challenge involved with direct local 
probing of charge transfer, cation, and oxygen vacancy distri-
butions with atomic-scale spatial resolution. One experimental 
technique suitable for these measurements is electron energy 
loss spectroscopy (EELS) performed in an aberration-corrected 
scanning transmission electron microscope (STEM), which per-
mits atomic-scale resolved mapping of Ti, La, and O core loss 
spectra. However, the few STEM/EELS studies reported so far 
on n-type LAO/STO interfaces have been inconclusive because 
they were carried out on interfaces with high levels of oxygen 
defi ciency and/or cation intermixing. [  10–12  ]  Here we present evi-
dence that nearly perfect LAO/STO interfaces with negligible 
cation intermixing can be fabricated by pulsed laser deposition 
(PLD). In these samples the interfacial charge density decays 
over  ∼ 3 unit cells (u.c.) within the STO bulk and is not gener-
ated by oxygen vacancies concentrated at the interface. Samples 
with LAO thickness of 4–5 u.c. show an interfacial charge den-
sity less than 0.5  e  per areal unit cell ( S ) and a residual polariza-
tion of the LAO fi lm. The direction and spatial dependence of 
the polarization allows us to conclude that the positive charge 
left behind by the electrons migrated to the interface is located 
towards the surface of the LAO fi lm. These new fi ndings rule 
out donor defects in STO as the main source of interfacial con-
ductivity and offer unprecedented experimental evidence that 
in atomically abrupt LAO/STO interfaces the 2DEG is gener-
ated by an electronic reconstruction mechanism. 

 We have carried out a systematic growth optimization of 
our PLD LAO/STO samples based on in situ refl ection high-
energy electron diffraction (RHEED) oscillations, in situ plume 
spectroscopy, X-ray diffraction, transmission electron micro-
scopy, fi eld- and temperature-dependent transport proper-
ties, and optical spectroscopy, as reported in previous publica-
tions. [  13–16  ]  Details of the fi lm fabrication process are reported 
in the Supporting Information (SI). [  17  ]  We selected 10  − 3  mbar 
as an optimal growth oxygen pressure, corresponding to the 
higher end of the usually employed oxygen pressure range. [  18  ]  
Optimally grown samples showed a charge density close to the 
theoretically expected value and a threshold for conductivity of 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 3952–3957
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4 u.c. STEM cross sectional samples were prepared by precision 
machine polishing and low voltage Ar +  ion milling, avoiding 
any contact with moisture. 

 After transport characterization the samples were investi-
gated by STEM/EELS focusing on a LAO thickness in the range 
of 5 to 10 u.c. EELS shows that the Ti valence is reduced at the 
interface. The fraction of Ti 3 +   we fi nd cannot be accounted for 
by oxygen vacancies located at the interface or cation inter-
mixing, as shown below. In addition, direct interatomic dis-
tance measurements reveal distortions of the A, B, and oxygen 
sublattices within the LAO fi lm and in the STO planes close 
to the interface, which have a direct relationship with the den-
sity of compensating carriers. [  19  ]  Within the 5 u.c. LAO fi lm, the 
net lattice polarization  P  associated with these displacements is 
smaller than the natural polarization of LAO,  P  o   =  0.5  e / S  deter-
mined by the alternating charged planes. This shows that the 
electrostatic potential within the fi lm is partially screened by 
a counteracting dipole  Δ  P  originating from lattice distortions, 
therefore requiring an interfacial charge less than 0.5  e  to com-
pensate the polar discontinuity, as we measure. 

 The abruptness of the interface is a crucial aspect because 
even a small cation interdiffusion on the order of  ∼ 10% La sub-
stitution on the Sr sites can potentially give rise to a signifi cant 
fraction of the predicted charge density.  Figure    1  a is a high-
angle annular dark fi eld (HAADF) image of one of our typical 
LAO fi lms grown on a TiO 2  terminated STO single crystal by 
pulsed laser deposition (PLD) at an oxygen partial pressure of 
10  − 3  mbar. Figure  1 b shows normalized, integrated intensity 
© 2012 WILEY-VCH Verlag Gm

     Figure  1 .     Structure and chemical composition of the LAO/STO interface at
a-c) HAADF micrograph and superimposed EELS Ti and La elemental map (
d) Experimental La-M4,5 and Ti-L2,3 EELS profi les from (b) (open symbols), a
simulated profi les (solid lines) for an atomically abrupt interface. e) Simulat
experimental (line + symbols) O-K profi les from (c). The experimental curv
+ NLa), with N areal concentration of atoms. Simulation and experimental
slightly different quantities and their different average does not indicate dif
tent (see text). Data in (a), (b), and (d) are from a VG 501 operated at 100
with a Nion aberration corrector and an Enfi na EEL spectrometer. Data and
from a Nion UltraSTEM operated at 100 kV.  
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profi les for the La-M 4,5  and Ti-L 2,3  edges across the interface. 
The experimental data is compared in the same fi gure with 
simulated profi les from inelastic scattering modeling for an 
atomically abrupt LAO/STO interface. [  17  ]  In order to improve 
the sensitivity to any interdiffusion, the experimental profi les 
were averaged over a four-unit-cell-wide spectrum image. Small 
differences between simulation and experiment are expected 
due to experimental unknowns not included in the simulation 
such as small specimen thickness variations and drift, possible 
damage by ion mill, detailed aberrations, temporal incoherence 
etc. In this case, the discrepancy is largely attributable to a sample 
drift of  ∼ ½ u.c. over the duration of the SI (or 2  ×  10  − 13  m/s), 
which causes the tail of the La(Ti) signal to fall slightly 
above(below) the simulated profi le. Overall, the experimental 
profi les are consistent with inelastic image simulations of an 
abrupt interface, and provide no evidence for signifi cant La 
diffusion in the STO substrate. This fi nding agrees with meas-
urements of plasma kinetics, [  15  ]  which suggest that La is not 
implanted into STO during growth, showing substantial differ-
ences with reports in References [   10  ,  11   ]. To evaluate the presence 
of oxygen vacancies at the interface we calculated the relative O 
concentration using the procedure described by Egerton. [  20  ]  As 
shown in Figure  1 c, the experimental O relative concentration 
shows atomic cell resolution, peaking at each BO 2  plane just as 
predicted by the simulated EELS O-K integrated intensity shown 
in the same fi gure. [  21  ]  It is important to compare the simulated 
O-K integrated intensity with the experimental O relative con-
centration as opposed to the experimental integrated intensity 
bH & Co. KGaA, Weinh

 the atomic scale. 
b) and O map (c). 
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 data express two 
ferent oxygen con-
 kV and equipped 
 in (c), and (e) are 
because the simulation does not account for 
the O-K fi ne structure. Due to differences in 
fi ne structure, the experimental O-K inte-
grated intensity in LAO is different than 
in STO, independent of the actual oxygen 
content in the two materials. The O relative 
composition is constant within the analyzed 
region, suggesting no interfacial oxygen defi -
ciency. This is confi rmed by analysis of fi ne 
structure, discussed next.    

 Figure 2  a shows a comparison of experi-
mental Ti-L 2,3  EEL spectra for bulk STO 
(reference), STO well away from the inter-
face, and the STO/LAO interface. Peaks  a  and 
 c  are signifi cantly suppressed at the interface 
as expected for a valence change. Peak  b  is 
also suppressed and broadened, suggesting 
a possible distortion of the interfacial Ti-O 
octahedron. [  22  ]  The t 2g /e g  ratio between the 
amplitudes of peak  c  and  d  in the Ti-L 2  was 
used to estimate the Ti valence. [  23  ,  24  ]  Addi-
tional insight was obtained from the O-K 
edge, in which the information relative to 
valence and lattice distortions is better sepa-
rated. [  25  ]  Shown in Figure  2 b is a comparison 
between the O-K energy-loss near-edge spec-
trum (ELNES) well away from the interface 
and the O-K ELNES at the interface. The 
distance ( Δ  E ) between peak A and peak C 
has been recognized as an accurate indicator 
of valence change in perovskites, [  26  ,  27  ]  with 
3953wileyonlinelibrary.comeim
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     Figure  2 .     Analysis of Ti-L2,3 and O-K edges. a) Comparison between the bulk STO Ti-L2,3 ELNES (green dashed line), the STO Ti-L2,3 ELNES at 10 unit 
cells away from the interface (blue line), and the STO Ti-L2,3 ELNES at the interfacial TiO2 plane (red line). The last two spectra are part of the same 
line scan. b) Comparison between O-K in STO well away from the interface (purple, solid line) and O-K at the interfacial TiO2 plane (red, dotted line). 
Spectra are displayed after noise reduction by Principle Component Analysis (PCA). c) Left panel: EELS data acquired in a line scan showing the evolu-
tion across the interface of the Ti-L, O-K, and La-M edges. Red arrow indicates peak A in O-K . Right panel: Evolution of c/d in the T-L2 edge (top),  ΔE 
from the O-K edge (middle), and the Ti3+ fraction calculated from c/d and ΔE (bottom) as a function of distance from the interface. Data refer to the 
∼5-u.c.-thick sample. The curves shown in the graphs are guides to the eye.  
negligible contribution from atomic distortions. [  22  ,  28  ,  29  ]  Sup-
pression of peak A and decrease of  Δ  E  are evident in the graph 
and are unambiguously related to a decrease in the Ti valence. 
As an additional confi rmation of the minor role of oxygen defi -
ciency, we can compare Figure  2 b with the O-K ELNES reported 
in References [   30  ,  31   ] for oxygen defi cient SrTiO 3− δ  . For  δ   =  
0.25 the O-K ELNES is drastically different from our interface 
O edge, which indicates that O vacancies cannot be the only 
source of electrons (if each oxygen vacancy contributes 2  e   −  ,  δ   =  
0.25 corresponds to 0.5  e   −   transferred). Moreover, marked dif-
ferences exist between the  δ   =  0.13 edge in Reference [   31   ] and 
our interface edge. Quantitative analysis (see SI [  17  ] ) shows that 
our oxygen content is 3.00  ±  0.06. Therefore, interfacial oxygen 
vacancies could only account for 0.12  e  −    transferred at most. 
Figure  2 c shows a set of data used to extract the interfacial Ti 3 +   
fraction for a sample with  ∼ 5-u.c.-thick LAO. The fi rst panel 
shows a collection of EEL spectra across the interface. The 
second and third panels show the measured  Δ E and the ratio 
 c/d  obtained from a Gaussian fi t of the normalized Ti-L 2  edge, 
as a function of distance from the interface. From reference 
spectra [  32  ]  of STO (Ti 4 +  ), LTO (Ti 3 +  ), and TiO (Ti 2 +  ) we derive 
two linear equations for the Ti valence as function of  Δ E and 
 c/d  from which we extract two independent estimates of the Ti 3 +   
fraction as plotted in the last panel of Figure  2 c. By integrating 
the Ti 3 +   fraction as a function of position near the interface we 
obtain the total interfacial charge density, which amounts to 
 − 0.34  ±  0.09  e/S  and –0.23  ±  0.09  e/S  for the  Δ E and  c/d  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
methods, respectively. The Ti 3 +   fraction calculated with the same 
procedure for the 10-u.c.-thick sample (not shown) is 0.6  ±  0.01. 
While the measured injected surface charge is consistent with 
0.5  e/S  for the 10-u.c.-thick sample, the net injected surface 
charge for the 5-u.c.-thick sample is smaller than the value pre-
dicted by the ionic model. [  33  ]  In the presence of an incomplete 
charge transfer, we expect that the electric potential within the 
LAO is not completely screened by injected free charge. There-
fore, such potential must stimulate a dielectric response within 
the fi lm and be partially screened through ionic relaxations. 
Ab initio computations [  19  ,  7  ,  34  ]  have shown that a dielectric LAO 
polarization retards charge transfer in thin fi lms. This might 
correlate well with the small thickness, 5 u.c., of the thinner 
samples measured.  

   Figure 3  a is an HAADF image of the  ∼ 5-u.c.-thick sample 
resolving both cations and oxygen columns, acquired using a 
Nion UltraSTEM operating at 100 kV. Shown in Figure  3 b and c 
are the results of our column displacement analysis of Figure  3 a. 
Figure  3 b shows a plot of the  a  and  c  lattice parameters 
obtained by averaging the distances between A-site and B-site 
columns. The  a  parameter calculated from either the A or B 
sublattices is constant across the interface, as expected for a 
fully strained LAO fi lm. Remarkably, the  c  spacing calculated 
from A and B sublattices shows signifi cant variations at the 
interface. The A sublattice appears expanded by about 4% at the 
interface in agreement with the literature. [  35  ]  However, in con-
trast to the suggestion in that work, a similar expansion is not 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 3952–3957
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     Figure  3 .     Atom displacements in proximity of the LAO/STO interface. a) LAO/STO interface 
imaged by HAADF in a Nion UltraSTEM operated at 100 kV. The inset is an enlarged portion 
of the image (raw data) with color coded circles indicating the position of each atomic column 
(red = Ti, blue = Al, yellow = Sr, green = La, cyan = O). b) a-axis spacing as a function of position 
for A (closed circles) and B (open circles) sublattices. c-axis spacing as a function of position 
for the A (closed triangles) and B (open triangles) sublattices. The data are averages in the 
direction parallel to the interface. c) Red symbols: Distance between the B plane at a given 
z coordinate and the A plane on its left (D1; circles), and on its right (D2; diamonds). Blue 
symbols: Difference between cation and oxygen position in AO planes (D3; triangles) and BO2 
planes (D4; squares). Inset: Schematic (not in scale) of atomic displacements.  

     Figure  4 .     Polarization per unit cell calculated using atomic positions 
from Figure  3 . The inset shows a parallel plate capacitor model discussed 
in the text.  
observed in the B sublattice. Figure  3 c gives additional insight 
into the nature of the interfacial atomic distortions. Shown here 
is the distance of each B plane from its two adjacent A planes, 
one towards the bulk and the other towards the surface (D2 and 
D1 in the fi gure). As the interface is approached, each B plane 
moves closer to the A plane towards the bulk, with the distance 
AB remaining unchanged within the STO bulk. The displace-
ment of oxygen creates a buckling of the AO and BO 2  planes 
indicated by the differences between cation and oxygen posi-
tions D3 and D4 in the graph. Both D3 and D4 are close to zero 
in the STO bulk and increase as the interface is approached. 
They reach a maximum value at the interface and then change 
sign in the LAO fi lm. This behavior indicates that, starting from 
about 3–4 unit cells from the interface, the oxygen atoms in STO 
move in the direction opposite to the Ti ions, that is, towards 
the surface. In the LAO fi lm near to the interface the oxygen 
atoms move towards the bulk, in the same directions as the 
Al ions. The ferroelectric-like cell distortions observed in LAO 
and STO are consistent with results from density functional 
theory, [  19  ,  36  ]  and in part with previous structural studies. [  37–41  ]  In 
the absence of any lattice distortions and neglecting the elec-
tronic polarization, the dipole moment of an individual LaO-
AlO 2  unit is  d   =   ea /2 ( a   =  lattice parameter;  e   =  electron charge), 
corresponding to an intrinsic LAO polarization  P  o   =   e /2 S , where 
 S  is the cell surface. The corresponding polarization in STO is 
null. The displacements we measure are responsible for an 
induced polarization  Δ  P  that contrasts with the intrinsic polari-
zation  P  o  of the LAO fi lm and extends for a few unit cells into 
the STO, partially compensating the polar discontinuity. In the 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2012, 24, 3952–3957
LAO fi lm the main contribution to  Δ  P  arises 
from the unequal distance between La and Al 
planes, while in STO the main contribution 
is given by the buckling of the TiO 2  and SrO 
planes. The resulting polarization  P   =    P   o   +  
  Δ   P  calculated using formal ionic charges and 
the atomic position illustrated in Figure  3 c is 
shown in  Figure    4  . The polarization is posi-
tive in our frame of reference, thus  P  points 
from LAO to STO and varies from an average 
of 0.36  ±  0.07  e / S  within the LAO fi lm to zero 
over 3–4 STO unit cells. As expected, within 
LAO,  P  is smaller than the “built in” polariza-
tion due to the alternating charged planes,  P  o  
 =  0.5  e / S . Therefore, we are in an interme-
diate situation between a) the case of a thin 
overlayer, [  37  ,  40  ]  for which charge injection 
does not take place and the electric potential 
is screened only by ionic displacements, and 
b) the case of thick overlayers for which  P   =  
0.5  e / S  in LAO and the electrostatic potential 
is completely screened by the injection of a 
net interface free charge of –0.5  e / S . The 
spatial dependence of the lattice polarization 
offers by itself a remarkable indication of the 
intrinsic nature of the 2DEG. The decay of  P  
within the STO occurs on the same scale as 
the decay of the interfacial charge measured 
by EELS, and both agree well with a fi rst-
principles model of the LAO/STO interface. 
In fact, as demonstrated in Reference [   19   ], a partial compen-
sation scenario with a polarization ≤0.3  e / S  in LAO is realized 
through injection of a net surface free charge of –0.3  e / S  dis-
tributed over 3–4 STO unit cells, just as we measure. Moreover, 
3955wileyonlinelibrary.comeim
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 the polarization is constant throughout the LAO fi lm allowing 

us to draw an analogy with a parallel plate capacitor in which 
the negative and positive charges are distributed on planes 
located at the STO interface and at the surface of the LAO fi lm 
respectively. The direction of the electric fi eld, pointing from 
LAO to STO and vanishing in the STO bulk, as probed directly 
through the polarization plot in Figure  4 , shows that the posi-
tive charges left behind by the electrons that migrated to the 
interface cannot be located on the bulk-STO side but must be at 
the top of the LAO fi lm. The nature and the exact position of the 
“donors” of the electronic reconstruction process is a crucial but 
relatively unaddressed issue, so far. Due to the heavy energetic 
cost of displacing charges from the largely ionic La 3 +  Al 3 +  O 2 −   3  
lattice, we cannot exclude that relatively free electrons, loosely 
bonded around positively charged O vacancies located close to 
the LAO surface are transferred to the STO.   

 In summary, we report direct observation of Ti valence reduc-
tion near the interface from 4 to 3.72  ±  0.09 for interfaces with 
a 5-u.c.-thick LAO fi lm, and from 4 to 3.4  ±  0.1 for interfaces 
with a 10-u.c. LAO fi lm. We provide evidence that charge injec-
tion is not the only reconstruction mechanism occurring to 
reduce the potential build-up in thin LAO overlayers. The built-
in dipole in the LAO layer is also partially compensated by ionic 
displacements occurring in both LAO and STO. In STO, the 
ions are displaced over a length of about 3–4 unit cells from the 
interface. This picture is consistent with a partial compensa-
tion scenario as predicted by fi rst-principles calculations, which 
is realized in our case for an overlayer thickness close to the 
critical 4-u.c.-value. Our measurements rule out a signifi cant 
contribution from cation intermixing and oxygen vacancies 
either concentrated at the interface or distributed within the 
STO. The polarization profi le shows that the positive charges 
are located towards the LAO surface, in agreement with an 
electronic reconstruction scenario. Overall, these experimental 
results identify key intrinsic phenomena for the formation of 
the 2DEG at the LAO/STO interface.  

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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