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Designing spin and orbital sources of Berry 
curvature at oxide interfaces

Edouard Lesne    1,6  , Yildiz G. Saǧlam1, Raffaele Battilomo2, 
Maria Teresa Mercaldo    3, Thierry C. van Thiel1, Ulderico Filippozzi    1, 
Canio Noce    3, Mario Cuoco    4, Gary A. Steele    1, Carmine Ortix    2,3   & 
Andrea D. Caviglia    5 

Quantum materials can display physical phenomena rooted in the geometry 
of electronic wavefunctions. The corresponding geometric tensor is 
characterized by an emergent field known as the Berry curvature (BC). 
Large BCs typically arise when electronic states with different spin, orbital 
or sublattice quantum numbers hybridize at finite crystal momentum. In 
all the materials known to date, the BC is triggered by the hybridization 
of a single type of quantum number. Here we report the discovery of the 
first material system having both spin- and orbital-sourced BC: LaAlO3/
SrTiO3 interfaces grown along the [111] direction. We independently 
detect these two sources and probe the BC associated to the spin quantum 
number through the measurements of an anomalous planar Hall effect. The 
observation of a nonlinear Hall effect with time-reversal symmetry signals 
large orbital-mediated BC dipoles. The coexistence of different forms of BC 
enables the combination of spintronic and optoelectronic functionalities in 
a single material.

When moving along closed paths, electrons can accumulate a geometric 
Berry phase related to the flux of a field, called the Berry curvature (BC), 
encoding the geometric properties of the electronic wavefunctions. 
In magnetic materials, the adiabatic motion of electrons around the 
Fermi surface provides such a Berry phase. It is directly observable 
since it governs the intrinsic part of the anomalous Hall conductivity1,2. 
Anomalous Hall effect measurements, therefore, represent a charge 
transport footprint of the intrinsic geometric structure of electronic 
wavefunctions. In non-magnetic materials, the BC field is forced to 
vanish by symmetry when summed over the occupied electronic 
states. However, local concentrations of positive and negative BC in 
momentum space are allowed by acentric crystalline arrangements3. 
This segregation of BC in different regions of momentum space appears 
whenever electronic states with different internal quantum numbers 
are coupled to each other by terms that linearly depend on crystalline 
momentum k. In these regions, the electronic bands typically resemble 

the dispersion relations of relativistic Dirac or Weyl fermions. The spin–
orbit linear-in-k coupling between different spin states shapes the Dirac 
cones at the surfaces of three-dimensional topological insulators4,5 as 
well as the Weyl cones of topological semimetals6. Couplings between 
different atomic orbital and sublattice states, instead, give rise to the 
(gapped) Dirac cones of transitional metal dichalcogenides and gra-
phene. Conceptually speaking, the appearance of BC beyond this Dirac/
Weyl paradigm is entirely allowed. The fundamental conditions for the 
occurrence of BC only involve the crystalline geometry of a material, 
with no restrictions on the specific properties of its low-energy elec-
tronic excitations. Achieving this challenge is of great interest. First, it 
could, in principle, result in the coexistence of different mechanisms of 
BC generation. This could be used, in turn, to endow a single-material 
system with different BC-mediated effects, for instance, spin and 
orbital Hall effects. Second, searching for BCs without Dirac or Weyl 
cones might allow the design of materials with interplay of correlated 
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Extended Data Fig. 7 | Growth, structural characterization and device 
fabrication of (111)-oriented LaAlO3/SrTiO3 2DES. a, In situ real-time RHEED 
monitoring of the layer-by-layer PLD growth of a 9 u.c. LaAlO3 film on a 
(111)-oriented SrTiO3 substrate. Insets: RHEED patterns acquired before (left) 
and after the film growth (right), highlighting the high crystalline quality of the 
epitaxial LaAlO3 film. The vertical arrow marks the end of the growth (at 245 s).  
b, Atomic force microscopy image of a 9 u.c. thick LaAlO3 film on SrTiO3(111).  
The film’s topography reproduces the characteristic atomically sharp steps- 

and-terraces structure of the substrate’s vicinal surface. Horizontal scale bar: 
1 μm. c, Optical micrograph of a patterned PPMA resist hard mask on a 9 u.c. 
blanket film of LaAlO3/SrTiO3 (before the Ar ion milling step) which ultimately 
defines the Hall bar device area where the 2DES subsists. Pre-patterned gold 
markers are used to signify the position of the Hall bars’ contact pads, as the 
optical contrast between the etched area (bare substrate) and the crystalline 
LaAlO3/SrTiO3 devices is extremely low. Scale bar: 200 μm.
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