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Biosensor technology & 
Molecular Spin sensors 

Quantum devices and 
photonics 

Scanning probe 
magnetometer 

G. Balasubramanian, et al. Nature 455, 648 (2008) 
J.Maze, et al, Nature 455, 644 (2008) R. Kolesov et al. Nat. Phys. 5, 470 

(2009)  

Quantum computing/Simulations 

P. Neumann et al., Science 329, 542 (2010) 

NV in diamond 

Nanodiamonds for cellular imaging 

L. C. L. Hollenberg, et al, Nature Nanotec 6, 358 
(2011). 
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Diamond 

5m 

 

 

 

 

 

CVD reactor: University Paris XIII 

(Villtaneuse) J. Achard 

Concentration of impurities: 
 below 1012 cm-3 (optical resolution) 

D. Twitchen, Element 6  Ltd 

Isotope: 99.998% 12C 

The Color is given by the 
color centers 



Virginia Physics Colloquium I  12.09.2014 I Folie: 4 

Color Centers 

Early work: Manson, Glasbeek, Hemmer (ensembles) 

Single center detection Gruber A et al., Science 276 2012 (1997) 

mS = 0 

mS = ±1 
ground 

state 
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} e-spin 
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Optical excitation: read out and 

  initialization: 96% 

Nitrogen-Vacancy color center 
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Single spin deteciton 
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Ambient condition =  
Room temperature! 

No vacuum! 
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Jelezko et al., PRL 2004, Epstein Nat. Phys 
(2005), Childress Science (2006) … 
up to GHz control, Fuchs et al., Science 326, 1520 
(2009) 
figure of merit: 
• Phase memory time T2*=110µs, T2=2.6 ms (e6) 
ultrapure CVD diamonds (no electron spins) 

• 106 Rabi oscillations within T2 

Coherent control 
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Data: DARK06071201_C

Model: rabidec 

Equation: y = y0+A*cos((x-x0)/period*2*PI)*exp(-x/decay) 

Weighting:

y No weighting

  

Chi^2/DoF = 0.00009

R^2 =  0.98903

  

y0 0.97051 ±0.00149

A 0.1285 ±0.00438

x0 -0.00204 ±0.00028

period 0.05536 ±0.00027

decay 3.9136 ±9.6014
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Single shot readout single nuclear spin 

Repetitive QND measurements reveal quantum jumps of a 
single nuclear spin (in diamond at room temperature) 

Neumann et al., Science 2010 
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Ramsey magnetometer 

Zeeman Shift 

   

¯
   



  

¯ + eiwt 

Total time Coherence time 
Measurement 

error 



Virginia Physics Colloquium I  12.09.2014 I Folie: 9 

NV center in diamond as a nano-scale quantum sensor 

o Chemical and thermal stability 

o Optical readout of spin state 

o Coherent control with microwave 

o Non-toxic: biological/medical application 

o Long coherence time: spin bath 

J. R. Maze, et al, Nature 455, 644 (2008). 

 
G. Balasubramanian, et al, Nature 455, 648 (2008). 

How to detect a single nucleus?  

o Long measurement time: small magnetic moment 

o Single out the target nucleus from environment noise 

Single molecule magnetic resonance spectroscopy 

Our proposal: Continuously driven diamond spin sensor 
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paramagnetic spin-1/2 nitrogen donors 

13C isotopic impurity spin-1/2 nuclear spins 

Decoherence of NV centers in diamond 

NV Center 



NV in diamond 

SIGNAL 
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Measure position of a single nucleus: Idea 
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Experimental setup and procedure 

• Magnetic Field of 0.54T. Nuclear 13C 
energy scale (Larmor frequency) at 
this field is ~6MHz. 

 

• We apply the spin-locking sequence. 

 

• The sequence is repeated ~105 times 
to average photons statistics. 

light 

Microwave 

Initialize NV 
center’s spin 

Let the spins 
interact 

Readout NV 
center’s spin 
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Experiment 
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Experiment 

Precision of 0.5 Angstrom 



18 

Detecting and polarizing nuclear spins 

Experiment 
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Experimental results 

Outside the double resonance, the 
NV center’s spin is locked and 
decoupled from the environment 

 

At resonance, we witness 
oscillations of population 
between the spins. 
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Polarizing Nuclei using Hartmann-Hahn sequence 

Polarization –Direct measurements 

We can actually play with polarization 
by controlling the rates of the two 
sequences 

Alternating 

Or 

Polarize 

[s] /2 /2 



Detecting and polarizing nuclear spins 
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Analong Quantum simulator 

Proposed by Feynman 
in 1982 

Much easier than a 
quantum computer 

since does not require 
the usual error 
correction but a 

simplified version of 
it? 
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Digital Quantum Simulator 

Seth Lloyd 
1996 

The idea behind this is the 
trotter decomposition and BCH  

  

eieH1e-ieH2 ¹ e
ie H1 -H2( )For two noncommuting 

operators 

However in the limit: 

  

eeH1 +eH2 = eeH1eeH2e
-

e 2

2
H1 ,H2[ ]

ee 3 ()...Coherent control: 



Quantum Simulator: spin arrays 
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Single spin readout 

Coherent  interaction 

 



Magnetic dipole coupled spin arrays 
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Challenge: creation and addressing single qubits 
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Bulck Diamond 
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Precision is 
limited by 
1μm with 
regular 

implantation  

However, for dipole dipole interaction a distance of 10 
nm is necessary  



Diamond-based quantum simulator: architecture 

Fluorine nuclear spins (directly linked to 

diamond or  linked to a graphene sheet) 

Electron and nuclear spin arrays in 

diamond (P donor, 13C) 

NV center in nuclear spin free 12C diamond 

J.-M. Cai, AR , Fedor Jelezko, Martin B. Plenio, Nature Physics 9, 168 (2013) 
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Wolfgang Pauli: “God made the bulk;  
the surface was invented by the devil” 



ga=6.8kHz 

J.-M. Cai, , Fedor Jelezko, Martin B. Plenio, Nature Physics 9, 168 (2013) 

(b) (100) surface 

(a) (111) surface 

Diamond-based quantum simulator: architecture 
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Nuclear spin quantum simulator on diamond surface 
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Rothemund’s idea: DNA origami 
Nature, 440, (2006) 
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DNA origami and gold 2 

two‐  or  even  three‐dimensional  shape.  The  resulting 
objects are fully addressable by their DNA sequence, and 
this property can be utilized  to decorate origami objects 
with  nanocomponents  in  a  unique,  sequence‐specific 
manner.  

To  highlight  the  full  power  of  this  approach,  we 
aimed  for  the  creation  of  plasmonic  structures  with  an 
optical response that (i) originates from collective effects 
emerging  from  the  precise  spatial  arrangement  of 
proximal  nanoparticles,  and  that  (ii)  requires  genuinely 
three‐dimensional  structures.  Helical  arrangements  of 
metallic  nanoparticles  comply  with  these  criteria.  The 
response of helical structures to an electromagnetic  field 
is  associated  with  the  effect  of  circular  dichroism  (CD), 
which denotes the differential absorption of left and right 
circularly polarized  light. This effect  is well known  from 
“optically active” chiral molecules, and  in particular from 
biomolecules such as DNA and proteins, which exhibit CD 
in  the  ultraviolet  and  IR  range  owing  to  electronic  and 
vibronic excitations of their chiral secondary structure19.  

It has been proposed  theoretically  that CD  can be 
also  achieved  in  the  visible  through  collective  plasmon 
excitations  in  chiral  assemblies  of  metal  nanoparticles20 
and it has been shown in several experiments that the CD 
effect  can  be  transferred  into  the  visible  region  by 
combining  the  chiral  morphology  of  organic  molecules 
with the plasmonic nature of metal particles21. There also 
have been reports on DNA‐directed preparation of chiral 
metal  NP  assemblies  before22‐24,  however,  the  designs 
used  in  these  studies  were  not  suited  to  produce 
controlled and appreciable optical responses.  

The design of our structures is presented in Figure 
1. They are based on DNA origami 24‐helix bundles  that 
offer nine helically arranged attachment sites  for ssDNA‐
covered plasmonic particles, here gold nanoparticles with 
a diameter of 10 nm. The quality  of  the  assemblies was 
assessed by transmission electron microscopy (TEM) (Fig 
1b).  Since  the  strength  of  the  optical  activity  critically 
depends on the quality of the assembled structures25, we 
improved our experimental protocol until we achieved a 
NP  attachment  yield  of  95%  and  97%  per  site  and  an 
overall yield of 70% and 80% of perfect assemblies of left‐ 
and  right‐handed  helices  with  nine  NPs,  respectively 
(inset  of  Fig  1b).  Most  of  the  imperfect  structures  only 
exhibited a single defect within an otherwise well formed 
helix.  

In simple  terms,  the chiral response of our helical 
structures  to  optical  stimulation  can  be  understood  as 
follows:  due  to  the  helical  geometry  of  the  gold 
nanoparticles, coupled plasmon waves propagate along a 
helical  path  which  leads  to  an  increased  absorption  of 
those components of the  incident  light that are  in accord 
with  the handedness of  the helices  (Fig. 1c). Proving  the 
success of our approach, CD spectra measured on samples 
with  gold  NP  assemblies  of  both  helicities  exhibit  the 
typical  signatures  expected  for  a  chiral  optical  response 
(Figure 2a). What is more, we find excellent agreement of 
our  experimental  results  with  theoretical  calculations 
based  on  classical  electrodynamics.  The  strongest 
absorption of circularly polarized light is predicted in the 
vicinity  of  the  surface  plasmon  frequency  of  the  metal 
nanoparticles (Fig. 2b), which  is perfectly reproduced by 

Figure 1. Assembly of DNA origami gold particle helices and principle of CD measurements. a, In our design, each DNA‐
NP assembly is composed of nine 10 nm gold particles attached in a helical arrangement to the surface of a DNA origami 24‐
helix bundle. Each NP attachment site consists of three 15 nt long single‐stranded extensions of staple oligonucleotides. The 
gold nanoparticles carrying multiple  thiol‐modified DNA strands, which are complementary  to  the staple extensions, were 
mixed with the assembled 24‐helix bundles and gel‐purified. b, Transmission electron microscopy (TEM) image of assembled 
left‐handed  gold nanohelices  (Scale bar: 100 nm). 97% of  the NPs  are  assembled  correctly.  c, For CD measurements,  the 
difference in absorbance (∆A) between left‐handed circularly polarized light (LCP) and right‐handed circularly polarized light 
(RCP) of varying wavelengths through a cuvette containing a solution of gold nanohelices of a given handedness (here: left‐
handed) is recorded. ∆A is represented as CD signal in dependence of the wavelength (cf. Fig. 2). 
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SP1 and gold 

Oded Shoseyov  and Danny Porath 
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SP1 and NV 

Andreas Albrecht, AR, Guy Koplovitz, Fedor Jelezko, Shira Yochelis, 
Danny Porath, Yuval Nevo, Oded Shoseyov, Yossi Paltiel, and Martin 
B Plenio arxiv:1301.1871 
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The Spin lattice 

noise decoupling Dipolar coupling 

Rabi frequency of 
driving/ decoupling  

Coherence 
time 

In principle very versatile as a large set of Hamiltonians could be created digitally 



Summary 

 ☞ Probe many-body physics: towards a large-scale quantum simulator   

 🔱  Selective coupling 

 🔱  A new platform based on NVs for quantum simulations 

 🔱  Complementary advantages to the other physical systems  

 ☞ Readout a single nuclear (electron) spin state: quantum information processing 

 🔱  Sensitivity limit : approaching to T1 

🍁  NV probe for measuring nuclear spin states – Quantum microscope 
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Thank you! 


