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Supplementary Fig. S1. (a) Typical RHEED intensity oscillations for the epitaxial growth of a 3 unit 
cell (uc) LSMO on TiO2-terminated STO in a layer-by-layer two-dimensional film growth mode at 600 
ºC and PO2 of 1.0×10-4 mbar. The RHEED images show clear streaky pattern both before (b) and after 
(c) film growth, indicating high quality film deposition. (d) The illustration for the fabrication of a 1 uc 
LSMO buffered d-LAO/STO sample. The single monolayer LSMO sample is deposited firstly by 
deliberately controlling the RHEED oscillations at 600 ºC. Upon cooling down, the subsequent growth 
of LAO at room temperature results in disordered or amorphous-like films as indicated by the 
disappearance of RHEED pattern upon the start of film deposition.
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Supplementary Fig. S2. EELS spectroscopic mapping of the d-LAO (8nm)/LSMO (x=1/8, 1 uc)/STO 
interface. (a) HAADF image and its corresponding two dimensional elemental maps for Ti, O, Mn and 
La. The color map (RGB) is presented with Ti (red), Mn (green) and La (blue). (b) Two dimensional 
EELS line scans showing the evolution of the Ti-L2,3, O K, Mn-L2,3 and La-M4,5 edges across the 
LSMO layer. A strong bending of the O K in the disordered/crystalline region can be clearly observed.
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Supplementary Fig. S3. Proposed schematic diagram of the stacking sequence during the growth of d-
LAO/LSMO (x=1/8, 1 uc)/STO interface. Based on the EELS measurements shown in Fig. S2 as well 
as Fig. S4, La diffusion inside the STO is detected as well as the diffusion of Mn into the d-LAO layer. 
It is interesting to note that the extent of Mn outward diffusion can be directly correlated to the extent 
of the crystallization of the LAO originating from the manganite/d-LAO interface. There is also 
significant intermixing on the Mn-Ti sublattice within the LSMO layer. We can therefore advance the 
following sequence during the growth: 1) A La1-xSrxO layer grows epitaxially on the TiO2-terminated 
STO substrate; 2) A MnO2 layer is deposited on top; 3) Interdiffusion of La in the first STO unit cell 
and some Ti diffusion into the MnO2 layer occurs; 4) The first atomic plane deposited during d-LAO 
growth is a crystalline LaO layer and the crystallization induces diffusion of Mn in the growing d-LAO 
film. Note that during the exposure of the sample to the TEM electron-beams, epitaxial recrystallization 
could occure at the amorphous/crystalline interface when a high electron dose was used (>50 pA). The 
y represents La diffusion and z represents possible Sr outward diffusion. 
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Supplementary Fig. S4. EELS spectroscopic mapping of the d-LAO (8 nm)/LMO (1 uc)/STO 
interface. (a) HAADF image and its corresponding two dimensional elemental maps for Ti, O, Mn and 
La. The color map (RGB) is presented with Ti (red), Mn (green) and La (blue). (b) Two dimensional 
EELS line scans showing the evolution of the Ti-L2,3, O K, Mn-L2,3 and La-M4,5 edges across the LMO 
layer. Note that the O K bending in the LMO/STO region is weaker in comparison with the LSMO 
(x=1/8) sample. From these maps we observe the presence of Mn in 2 uc, with some interdiffusion 
towards to the d-LAO. Next to it is the proposed schematic diagram of the stacking sequence during 
growth as determined in agreement with EELS measurements where the sequence is identified. 
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Supplementary Fig. S5. (a) and (b) Sheet conductance,σs, and the carrier density, ns, of d-LAO (8.5 
nm)/LSMO(x=1/8)/STO heterostructures, respectively, as a function of the film thickness for 
amorphous LSMO (x=1/8) buffered layers . (c) and (d) Sheet conductance and the carrier density, 
respectively, as a function of the thickness for the capping d-LAO layer in d-LAO/LSMO (x=1/8, 1 
uc)/STO heterostructures. All results are obtained at room temperature (T=300 K). 

As shown in Figures S5a and b, besides the crystalline buffer layer discussed in the text, we have also 
investigated the amorphous LSMO film as the buffer layer. We find that, in the case of amorphous 
LSMO buffer layer, samples become highly insulating when the LSMO film is thicker than 1.2 nm 
(equal approximately to 3 uc crystalline LSMO), higher than the 1 uc of crystalline buffer layer (Fig. 2a 
and b). More interestingly, the optimized amorphous LSMO buffer layer results in only a medium 
enhancement of carrier mobility up to approximately 3000 cm2V-1s-1 at 2 K, much lower than the large 
mobility of 10000-73000 cm2V-1s-1 at 2 K for crystalline buffer layer. This highlights the important role 
of the specific band alignment at the crystalline manganite-titanate interface in suppressing impurity 
scattering or determining the modulation doping at oxide interfaces as discussed in the main text. 

Figures S5c and d show the σs and ns, respectively, as a function of the d-LAO thickness for the d-
LAO/LSMO (crystalline, 1 uc, x=1/8)/STO heterostructures. The buffered sample shows a critical 
thickness of approximate 3.2 nm for the occurrence of interface conduction. This value is larger than 
that of the unbuffered sample, approximately 1.6 nm [Ref.S1]. This is consistent with the proposed  
interfacial charge transfer process, because during the formation of 2DEG in buffered samples, 
electrons, which originate from ionized donors on the d-LAO side, are firstly transferred to the Mn 
sublattice before filling the electronic shell of Ti ions (Fig.4).  
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Supplementary Fig. S6. In-situ XPS spectra of the Ti 2p doublet for unbuffered (a) and LSMO-
buffered (b) d-LAO/STO samples. (c) Mn 2p doublet for the buffered d-LAO/STO. The Ti 2p signal 
for the unbuffered sample (d-LAO film thickness is 2.1 nm) shows clear signature of Ti3+, which can 
be removed by annealing in oxygen due to its origin of oxygen vacancies [Ref.S1]. In contrast, all 
LSMO-buffered d-LAO/STO samples show no discernible Ti3+ signal, probably due to a strongly 
suppressed Ti3+ far below the detection limit of our XPS measurements. Meanwhile, the LSMO layer 
shows a remarkable shake-up satellite peak (marked with a red arrow), which appears once the d-LAO 
film is thicker than 2 nm. It is offset from the main peaks of the Mn3+/Mn4+ 2p doublet by 
approximately 5 eV towards higher binding energies. This behavior is typical for Mn2+ systems such as 
MnO [Ref.S2]. Similar phenomena are observed during film growth in both interrupted mode and 
continuous mode.  
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Supplementary Fig. S7. Energy-loss near-edge structures (ELNES) signatures showing the spatial 
evolution of the Ti-L2,3 (a) and Mn-L2,3 (b) across the interface, respectively, for both the d-LAO (8 
nm)/LSMO (x=1/8, 1 uc)/STO and the d-LAO (8 nm)/LMO (1 uc)/STO samples. The core loss spectral 
shapes are presented for different positions across the interfaces of a LSMO (x=1/8) (upper panel) and 
LMO (lower panel) buffered layer respectively. 

In the Ti-L2,3 spectra, the most remarkable observation is that there is a strong deviation of the L2,3 edge 
in STO close to the LSMO region (blue line) with respect to the ones further in the bulk STO (black 
line). The eg/t2g ratio is decreased in the region proximate to the interface. This prevails in the first two 
unit cells of STO and suggests the location of the 2DEG (Ti3+) [Ref.S3]. Note that this effect is not 
seen in the case of LMO buffered sample, probably indicating the lower detection limit of the ELNES. 

In the Mn-L2,3, the peak position of the L3 edge at 640 eV and its corresponding shoulder at 643 eV, 
together with the 2 peaks at 649 eV and 652 eV in the L2 edge (not seen in the case of LMO) are 
characteristic of Mn2+ states. All these observations are in good agreement with the XPS (Fig.S6) and 
RXR (Fig.3) results, while EELS adds confidence in the spatial distribution although at the expense of 
a reduced signal to noise ratio when compared to XPS or RXR. 
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Supplementary Fig.S8. Experimental geometry for the resonant x-ray reflectivity measurements. 
Measurements were performed by fixing either the incident energy or the momentum transfer (qz), and 
scanning the other parameter. All experiments in this work used σ-light (polarized perpendicular to the 
scattering plane). 
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Supplementary Fig. S9. (a, b) the 2DEGs in the unbuffered d-LAO/STO sample and in the 
conventional modulation-doped semiconductor GaAs-based heterostructures, respectively. 

The 2DEG electrons in the unbuffered d-LAO/STO (Fig. S9a) originate predominantly from oxygen 
vacancies on the STO side as a consequence of interfacial redox reactions [Refs. S1]. In contrast, as 
discussed in the text, the polar LSMO buffer layer suppresses significantly the oxygen vacancies on the 
STO side and acts as a spacer layer that separates spatially the ionized donors and the mobile electrons. 
The latter consequence resembles the situation achieved in the conventional modulation-doped 
semiconductor 2DEG as illustrated in Fig. S9b. 
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Supplementary Fig.S10. Oxygen K edge fine structure analysis from monochromated STEM-EELS in 
the LSMO (x=1/8)-buffered sample. a, Full edge evolution layer by layer across the heterostructure 
from bulk STO (at the bottom) to disordered LAO (at the top). For comparison, two reference spectra 
taken from Ref. S4 for LMO and SMO are also shown (purple and brown curves respectively). b,
Details of the prepeak and main peak region correspond to the metal 3d and La 5d hybridized states, 
respectively. All spectra were smoothed and normalized to the mean value for easier comparison. 

 

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/nmat4303


NATURE MATERIALS | www.nature.com/naturematerials 11

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NMAT4303
 

S10 
 

 
 

 

 

 

Supplementary Fig. S9. (a, b) the 2DEGs in the unbuffered d-LAO/STO sample and in the 
conventional modulation-doped semiconductor GaAs-based heterostructures, respectively. 

The 2DEG electrons in the unbuffered d-LAO/STO (Fig. S9a) originate predominantly from oxygen 
vacancies on the STO side as a consequence of interfacial redox reactions [Refs. S1]. In contrast, as 
discussed in the text, the polar LSMO buffer layer suppresses significantly the oxygen vacancies on the 
STO side and acts as a spacer layer that separates spatially the ionized donors and the mobile electrons. 
The latter consequence resembles the situation achieved in the conventional modulation-doped 
semiconductor 2DEG as illustrated in Fig. S9b. 

 

 

 

 

 

 

 

S11 
 

 

Supplementary Fig.S10. Oxygen K edge fine structure analysis from monochromated STEM-EELS in 
the LSMO (x=1/8)-buffered sample. a, Full edge evolution layer by layer across the heterostructure 
from bulk STO (at the bottom) to disordered LAO (at the top). For comparison, two reference spectra 
taken from Ref. S4 for LMO and SMO are also shown (purple and brown curves respectively). b,
Details of the prepeak and main peak region correspond to the metal 3d and La 5d hybridized states, 
respectively. All spectra were smoothed and normalized to the mean value for easier comparison. 

 

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/nmat4303


12 NATURE MATERIALS | www.nature.com/naturematerials

SUPPLEMENTARY INFORMATION DOI: 10.1038/NMAT4303
 

S12 
 

 

Supplementary Fig. S11. Oxygen K edge fine structure analysis from monochromated STEM-EELS 
in the LMO-buffered sample. Details of the prepeak and main peak region corresponding to the metal 
3d and La 5d hybridized states are similar to those shown in Fig. S10. Reference spectra taken from 
Ref. S4 for LMO and SMO are presented and shifted for clarity at the top of the panel (purple and 
brown curves respectively). All spectra were smoothed and normalized to the mean value for easier 
comparison. 
 

The ELNES of core-loss edges probe the transitions to the first unoccupied states above the Fermi 
level. In particular, the O K edge (1s→2p transition) maps the unoccupied density of states (DOS) of 
predominant metal character, giving direct insights in the electronic bands’ redistribution [Ref. S4]. 
Figures S10 and S11 show the ELNES at the O K edge for the LSMO (x=1/8) and LMO buffered 
sample, respectively. The details of the prepeak region corresponding to the metal 3d states are of 
particularly interesting. One of the most remarkable features of both figures is the absence of the first 
peak attributed to eg↑ states in the epitaxial interfacial layer of both LSMO and LMO in intimate 
contact with STO, when compared to the detailed analysis and peak attribution of the different energy 
region made for LMO-SMO superlattices [Ref. S4]. This indicates the eg subbands of the buffer layers 
are full filled, strongly supporting our prior proposal for the charge transfer induced modulation doping 
as demonstrated in Fig.4. 
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Paramete

r
d-LAO/

LSMO/STO
MnO Description

 
0.80 0.80 

Fractional scaling of Slater intra-atomic 
Coulomb and exchange integrals from Hartree-
Fock values 

 /  
6.846 / 0.040 6.846 / 0.040 

Spin-orbit coupling of the indicated shell 

 
0.25 0.67 Ionic crystal field splitting 

 
1.50 1.92 

Hopping integral for eg symmetry 

 
0.75 1.15 

Hopping integral for t2g symmetry 

 
6.0 8.0 O 2p to Mn 3d charge transfer energy 

6.0 5.5 Monopole part of on-site Mn 3d Coulomb 
repulsion 

8.0 7.2 Monopole part of Mn 2p core hole potential 

 
Supplementary Table S1: Parameters for cluster model calculation of Mn L2,3 spectrum.  Typical 
values for MnO are shown for comparison. All parameters have units of eV, except for κ, which are 
fractional values.  Note that L2,3 XAS and RXR are not strongly sensitive to the bottom three 
parameters [Ref.S5]. 
 
Identification of the Mn valence (Mn2+) from the RXR measurements was carried out through 
comparison to the reference XAS spectra. Note that though RXR and XAS are formally different 
probes, they are closely related such that gross features can be compared directly. Since the fine 
features of the spectrum differed appreciably from that of the Mn2+ reference (MnO), cluster model 
calculations were carried out to analyze the differences. In accordance with standard cluster model 
approaches for XAS analysis [Refs. S5 and S6], we used a model Hamiltonian which includes full 
intra-atomic multiplet and spin-orbit interactions for the Mn 2p and 3d shells, ionic crystal field 
splitting, and symmetry-dependent hybridization with nearest neighbor ligands (here, oxygen atoms). 
The difference in fine features of the experimental spectrum from MnO are explained by significantly 
reduced crystal field and hybridization energies compared to those known for MnO. From our data we 
cannot definitively distinguish the sign of the crystal field splitting—meaning the coordination could 
feasibly be octahedral, tetrahedral, or cubic—but the relatively small magnitude of the splitting is clear, 
as is the 2+ oxidation state. We describe the model parameters in table S1, and compare the values with 
those known for MnO [Ref.S5]. 
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are full filled, strongly supporting our prior proposal for the charge transfer induced modulation doping 
as demonstrated in Fig.4. 
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Paramete

r
d-LAO/

LSMO/STO
MnO Description

 
0.80 0.80 

Fractional scaling of Slater intra-atomic 
Coulomb and exchange integrals from Hartree-
Fock values 

 /  
6.846 / 0.040 6.846 / 0.040 

Spin-orbit coupling of the indicated shell 

 
0.25 0.67 Ionic crystal field splitting 

 
1.50 1.92 

Hopping integral for eg symmetry 

 
0.75 1.15 

Hopping integral for t2g symmetry 

 
6.0 8.0 O 2p to Mn 3d charge transfer energy 

6.0 5.5 Monopole part of on-site Mn 3d Coulomb 
repulsion 

8.0 7.2 Monopole part of Mn 2p core hole potential 

 
Supplementary Table S1: Parameters for cluster model calculation of Mn L2,3 spectrum.  Typical 
values for MnO are shown for comparison. All parameters have units of eV, except for κ, which are 
fractional values.  Note that L2,3 XAS and RXR are not strongly sensitive to the bottom three 
parameters [Ref.S5]. 
 
Identification of the Mn valence (Mn2+) from the RXR measurements was carried out through 
comparison to the reference XAS spectra. Note that though RXR and XAS are formally different 
probes, they are closely related such that gross features can be compared directly. Since the fine 
features of the spectrum differed appreciably from that of the Mn2+ reference (MnO), cluster model 
calculations were carried out to analyze the differences. In accordance with standard cluster model 
approaches for XAS analysis [Refs. S5 and S6], we used a model Hamiltonian which includes full 
intra-atomic multiplet and spin-orbit interactions for the Mn 2p and 3d shells, ionic crystal field 
splitting, and symmetry-dependent hybridization with nearest neighbor ligands (here, oxygen atoms). 
The difference in fine features of the experimental spectrum from MnO are explained by significantly 
reduced crystal field and hybridization energies compared to those known for MnO. From our data we 
cannot definitively distinguish the sign of the crystal field splitting—meaning the coordination could 
feasibly be octahedral, tetrahedral, or cubic—but the relatively small magnitude of the splitting is clear, 
as is the 2+ oxidation state. We describe the model parameters in table S1, and compare the values with 
those known for MnO [Ref.S5]. 
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