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topological band structures 

Phys. Rev. Lett. 110, 026602 (2013); J. Phys. Chem. C 117, 8959 (2013); J. Phys. Chem. C 116, 17300 (2013); Adv. Func. Mater. 
24, 1519-28 (2013) 

and the role of electronic and nuclear spins 
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Topological Insulators 
new state of matter with particular topology of the band structure: 

insulating in the bulk due to the existence of a bulk band gap 

intrinsic 2D surface state with linear E(k) dispersion at the surface 

TI materials are insulators inside and conductors outside, in analogy to quantum Hall 
state of 2D electron gas systems in magnetic fields. 

properties of topological surface 
gapless non-spin degenerate Dirac cone 
spin of electrons is locked with in-plane k// 
wave vector, 
spin-polarized current flow 
protected by time reversal symmetry against 
scattering and perturbations 
 
theoretical prediction 
Kane, Mele, Fu (PRL 2005, 2007), 
Bernevig et al. (Science 2006) 
 
experimental observation 
2D: HgCdTe QWs (König 2007), 3D: Bi1-xSbx 
(Hsieh 2008), Bi2Se3 (Xia 2009)  



properties of interest in applications 
 
bulk band structure (e.g. band gap), magnetism, defects 
(vacancies, antisite, dislocations etc.) 
surface massless, Dirac-cone-like surface states, surface 
magnetism, s-o interaction  spin locked to electron 
momentum k, TRS  no backscattering 
 
want insulating bulk, conductive surface (in fact, non-trivial), 
and high “contrast” in measurements up to RT. 
 
current techniques 
 
ARPES, STM, transport, optical, TEM, etc. work well but 
sometimes mix bulk & surface, and require LT. 
Capping layer, film thickness, reproducibility 

Also ternary alloys (Heuslers): X2YZ or XYZ   

Y Xia, arXiv 2008; Wray 
et al, Nat. Phys. 2010 



our project aims to probe both n- and p-
type materials, with defects, and up to rt 

selectivity to bulk vs surface 

non-ideal materials, defects 

NMR reports on carrier concentration density of states, 
magnetic order, effective mass, etc. 

nanoscale resolution 

heterostructures, interfaces 
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spin-hamiltonian 
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nuclear spin-hamiltonian 

Fermi-Dirac Maxwell-Boltzmann 



Dirac electrons: the case of graphene 



HFI (Graphene) 



Electric current operator in graphene 

If we replace j by its operator for a normal metal 

The orbital magnetization 

replaces the angular momentum operator 

We formally recover the Abragam expression for HFI 

(nucleus interacts with orbital motion of Dirac electron) 

vF~5x105 m/s or ~0.7 eV 
vs 10-6 eV for usual HFI 



HFI (TI surface state) 
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SSNMR 



Koumoulis D, et al., Phys. Rev. Lett. 110, 026602 (2013) 

JPCC  116, 17300 (2012) 



Koumoulis D, Phys. Rev. Lett. 110, 026602 (2013) 



Koumoulis D, Phys. Rev. Lett. 110, 026602 (2013) 
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Quadrupolar NMR 



121Sb vs T for Sb2Te3  

121Sb nuclei (I=5/2)  m=5/2 

m=3/2 

m=1/2 

m=-1/2 

m=-3/2 

m=-5/2 



123Sb nuclei (I=7/2)  

121Sb nuclei (I=5/2)  

electric relaxation mechanism  

magnetic relaxation mechanism  
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βNMR 



ion beam techniques @ TRIUMF 
M1351 – Study of Vacancy Detects in TIs 
M1352 – Studies of Interface Phenomena 
involving TIs 
M1399 – betaNMR studies of topological 
crystalline insulator states 
M1438 – βNMR investigations of the 
topological magneto-electric effect 

NMR vs Nuclear Detected Methods 



Polarizer 

Spectrometers 

Low Field  0-24mT 

High Field 9T 

Fast HV switch 

High Field Spectrometer: 
  H0 : 0.1 – 9 T 

E
Li
 : 0.1 – 30 keV  

T : 3 – 300 K 

Sample 

50 RF transmission line 

Non-resonant; no tuning! 



M1352: TI/OI thin-film heterostructure 

0.4 keV, 50% signal originates from TI surface, d=4 ± 3 nm 
1 keV , 80% originates from TI bulk 



Knight shift measures carrier concentration, 
s-o mixing, density of states @EF 



M1352: Knight Shift, hyperfine constant, 
local carrier concentration 

D. Koumoulis et al. (submitted) 



depth-resolved magnetic properties 

p effective number of Bohr magnetons 
C atomic fraction of paramagnetic atoms  
D temperature independent term  
g electron g-factor 
J effective s-d exchange integral  



negative Knight shift observed in BiSbTe3 
nanoparticles 



trivial insulators do not show depth or 
particle size dependence  
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topological crystalline insulator has 
even number of Dirac cones  

Crystalline symmetry replaces time-reversal symmetry 

Surface states protected by crystal mirror symmetry 

Only on crystal faces perpendicular to the mirror planes 

Fu, L. Phys. Rev. Lett. 106, 106802 (2011); Hsieh, T. H. et al. Nature Comm. 3, 982 (2012). 

Pb1-xSnxSe 



2 keV beam energy, Pb0.61Sn0.39Se (red), Pb0.75Sn0.25Se (blue), and PbSe (white) , Hₒ = 6.55 T  

β-NMR , ARPES and Transport 

Weak anti-localization 
surface states 

Band inversion 

0.25 

0.39 



topological surface states in TIs 

bulk properties, including defects 

topological crystalline insulators 

in summary, nuclear spin dipole and 
quadrupole moments provide signatures for 

new techniques could be useful for: 
use near room temperature, p-type materials,  
studies of materials with high defect content 
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