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• LaAlO3/SrTiO3



HAXPES of oxide heterostructures
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LaAlO3:
band insulator
∆=5.6eV

SrTiO3:
band insulator
∆=3.2eV

LAO/STO heterostructures in a nutshell

Nakagawa et al., Nat. Mater. 5, 204 (2006)

high-mobility
2DEG



Critical LAO thickness: 4uc

LaAlO3:
Band insulator
∆=5.6eV

SrTiO3:
Band insulator
∆=3.2eV

LAO/STO heterostructures in a nutshell

Field effect

Thiel et al., Science 313, 1942 (2006)

• epitaxial growth by pulsed laser 
deposition

• TiO2-terminated substrate  n-doping

• ≥ 4uc LAO: formation of 2D electron 
gas (2DEG) at the interface

• tunable by field effect



Origin of the 2DEG ?

Electronic reconstruction

0.5e- per 2D uc  n2D  3.4·1014 cm-2

polar
catastrophe

Band bending

Yoshimatsu et al., PRL 101, 026802 (2008)



Origin of the 2DEG ?

Oxygen vacancies at interface

Brinkman et al., Nat. Mater. 6, 493 (2007)



Many-body groundstate of the 2DEG ?

Reyren et al., Science 317, 1196 (2007)

2D superconducting vs. (ferro)magnetic

Brinkman et al., Nat. Mater. 6, 493 (2007)



HAXPES of LAO/STO heterostructures 

undoped SrTiO3: Ti 3d0  Ti4+

LAO/STO interface: Ti 3d1  Ti3+
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PRL 102, 176805 (2009)

Ti 2p spectrum

Ti4+

Ti3+



Dependence on LAO overlayer thickness 

• interface charge density increases with LAO overlayer thickness
• non-zero Ti d1 signal already for 2uc sample (?)

PRL 102, 176805 (2009)



Depth profiling by angle-resolved HAXPES 
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PRL 102, 176805 (2009)



Quantitative analysis of AR-HAXPES data 

Angle dependence

Intensity ratio:

2DEG:

Accessible parameters:

d  - 2DEG thickness
p - fraction of Ti3+ species in interface

PRL 102, 176805 (2009)



Quantitative analysis

PRL 102, 176805 (2009)



Quantitative analysis: Results

 2DEG thickness:  ~ few unit cells (lattice constant 3.8 Å)

 Ti 3d electron charge density: (4…11) x 1013 cm-2

compare to 
- electronic reconstruction: 3.4 x 1014 cm-2

- Hall constant: 2.0 x 1013 cm-2 (≥ 4 uc LAO)
 additional localized charge carriers?

 finite interface charge already for  2 uc 
 photo-generated carriers ?

(lifetime ~ several hours !!)
PRL 102, 176805 (2009)



Ground state and origin of 2DEG – the HAXPES view

vs.

(ferro)magnetic

Electronic reconstruction

vs.

Band bending

2D superconducting

HAXPES → direct spectroscopic evidence of 2DEG
→ n2D, d

supported by HAXPES
results



HAXPES on oxide heterostructures: Outlook

- Fe3O4/ZnO - magnetic half-metal on oxide semiconductor

- LaVO3/SrTiO3 - Mott insulator/band insulator

- LaMnO3/SrMnO3 - spin-polarized 2DEG ? Nanda & Satpathy, PRL 101, 127201 (2008)

- LaAlO3/LaNiO3/LaAlO3 - cuprate-like Ni-system ? Hansmann et al., arXiv:0807.0407

- …

Many interesting oxide hetero- and hybride structures

- in situ field effect – do transport and spectroscopy simultaneously

- magnetic circular dichroism - diamond phase shifter

- spin-resolved HAXPES - efficient (parallel) spin detection ?

HAXPES developments

 (magnetic) HAXPES @ PETRA 3, beamline P09


