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Scanning tunneling spectroscopy 
 
 

Spectroscopy 
Topography 
(const. current) 

• Experimentally, STM + 
STS allows to study 
these issues: 2D surface 

= bulk 

• Talk today will be on 
theoretical modeling of 

such experiments. 

• Const. current mode 
reveals atomic structure 

• In vicinity of 

defect/potential perturb., 
derivative reveals the 
signature in the LDOS 

• Ripples/oscillations which 

originate from 
interference between 
scattered QP wfs. 

• QPI 

• QPI phenomenon which 
can be probed with STS 

• Surf of 2D = bulk 

• STS probes the LDOS (~ 
atomic structure in 
pristine materials) 

• In vicinity of defect/ 
potentials, LDOS shows 
ripples/oscillations which 
originate from 

interference between 
scattered QP wfs. 

• QPI 

• Useful for studying the 
scattering properties of 
defects 

Quasiparticle 
interference 
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Defect, impurity, 

Moiré lattice, … 



Fourier transform STS (FT-STS) 
 
 

Scattering processes 
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Constant energy 
contour 

• Scattering (elastic) on constant 
energy contours in k-space. 

• Nesting vectors (backscattering) 

dominate → Friedel osc.  

• Replicas outside 1’st BZ (Bragg). 

• JDOS: 

|q|=2k 

Bragg (G≠0) 

q-space 

• Beautiful picture  

• FT-STS: defect-induced 
scattering in k-space 

(intra + intervalley) 

• Elastic scattering –Z 
constant energy surfaces 

• All scattering processes 
equal weight -> filled 
shapes in FT-STS  

• Nesting vector: parallel 

segments of the CECs, 
large phase-space for 
scattering. 

• Bragg: scattering 
between different BZ. 

• Simple analysis in terms 
of CECs = JDOS. 

• Caution 



     LDOS: 

 
FT of LDOS: 
 

 
 

 
 

A “unified” FT-STS theory 
 
 

; 

Scattering processes Interference in q space 

(pristine) (defect/impurity) 

• General starting point -> 
real-space rep. of GF 
(resolvent). 

• Practical point of view -> 
momentum space easier 

• GF given by T-matrix: 

pristine + impurity. 

• Born (my simple analysis 
on prev slide). 

• Simple exercise to 

express the FT-LDOS: 
band + momentum 

• In addition to the GF 

(contains V_kk), a new 
quantity has emerged.  

• While V describes 
physical scattering 

processes, interference 
between orb. Dofs in q 

• Clearly demonstrates 

that there is more to the 
story than just scattering 

• Both need to be nonzero! 

Kaasbjerg et al., PRB 96, 241411(R) (2017) 

• Supercell 
• LCAO basis 
• Spin-orbit 
• T-matrix 
• NxN BZ sampling 

DFT based 
method: 



 
 
 
Impurity model: 

Graphene tight-binding 
 
 

A 
B 

a1 

a2 

Breaks A,B sublattice symmetry 
→ q=2k backscattering allowed 

k' 

εk=ε 
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k,k' independent → intra + 

intervalley scattering 
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Weak impurity 
 
 

Friedel oscillations 

~1/r 

FT-STS 

 

• FT-STS: filled circle 
indicates absence of 

Friedel, but Bragg the 
opposite. 

• Clear Friedel oscillations 

but with opposite phase 
on A,B lattice. 

 

• Filled disc instead of q=2k backscatter ring + strongly  

anisotropic intervalley features (                           ). 

• Backscatter ring at Bragg points (weak intensity). 



Role of (intrinsic) chirality 
 
 

Phase-factor element: 

s=+1 

s=-1 

; 

Intravalley (q~0) 
Intervalley (q=K,K’)  

and Bragg (G≠0) 

• Low-energy Dirac model, 
wfs (s band index) 
product of plane-wave + 

A,B spinor 

• Pristine graphene: 
confined to equator and 

and the chirality 
manifests itself in 

direction parallel/anti to 
k. 

• Pseudospin suppresses 
backscattering for smoth 
perturbations. 

• Previous slides, this 
cannot the origin here 
(Friedel oscillations). 

• Xxx 

• Both matrix elements 
have to be nonzero for 
FT-STS to give signal 



Role of (intrinsic) chirality 
 
 

Intravalley (q~0) 
Intervalley (q=K,K’)  

and Bragg (G≠0) 

 

• In agreement with 
experiment 

• But what about ring at 
high enrgies 

 

• Address potential origin 
 strong scatterer 

 

 

• Bragg important to 
probe full scattering  
properties 

 



QPI/FT-STS in graphene 
 
 

 

• Two general features 
observed consistently in 

experiments. 

• 1) absence of a 
backscatter ring. 

• 2) anisotropic intervalley  

• Recent observation of 
ring not understood. 

Moiré minibands 



Impurity T-matrix: 
 
 
 

 
 
 
Strong impurity: 

Resonant impurity 
 
 

 

• Induce Resonance states 
near dirac point 

• Nitrogen vacancy 

 



FT-STS for resonant scattering 
 
 



FT-STS for resonant scattering 
 
 



FT-STS for resonant scattering 
 
 



FT-STS for resonant scattering 
 
 

• Reappearance of broad backscatter ring at resonance 

  → standard “scattering picture” breaks down. 

Kaasbjerg et al., in preparation (2018) 

 

 

• Ring appears 

• Higher-order 

 

• Relevant for moire lattice 
-> diraac mini-cones 
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Summary 
 
 1. QPI/FT-STS unique method for probing QP states and the 

scattering properties of defects → direct fingerprint. 

2. Unified theoretical framework for calculating FT-STS/QPI spectra 
in two-dimensional materials:  

• Impurity matrix element (scattering processes). 

• Phase-factor matrix element (interference). 

3. The latter can mask scattering processes in FT-STS: 

• intravalley backscattering in graphene (spinor overlap). 

4. Uncovered a hitherto unexplored variant of the backscatter ring 
for resonant scattering in graphene. 

5. Relevant for QPI in Moiré lattices, other 2D materials (e.g., 
silicene), as well as surfaces of TIs and Weyl semimetals.  

Vkk' 
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