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Computational Chemistry  
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Biological motion on the nanoscale 

Walker @ Cambridge 
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o Wide applications of ESR with spin labels: 

o Determine intra and intermolecular distance via ESR: hard to go beyond 5 nm 

• Protein orientation 

• Protein dynamics 

• Distance measurements 

• Structural biology 

• Inhomogeneous broadening  

Biological motion on the nanoscale 

o  Measure distance between a pair of electron spins: organic spin labels 

G. E. Fanucci and D. S. Cafiso, Recent advances and applications of site-directed spin labeling (2006) 
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Single-center signature 

Photon stream 
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Single photon source: 
Kurtsiefer, Weinfurter et al. PRL 85 (2000) 
 
First commercial implementation 
QCV, Melbourne, 2008  

Transform-limited single photons @4K 
Batalov et al., PRL 2008 
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Sympathetic Cooling of N+ Ions 
H. C.  Nägerl, Innsbruck, unpublished 

J. Meijer et al., cond-mat/0508756 
Applied Physics A 83,   321  (2006)  

20 nm 

Diamond spins 

I) Iontrap 

  Laser cooled ion 

Extraction electrode 

II) Einzel-lens 

III) AFM tip for alignment 

Substrate 

Deterministic creation of NV-center 



J. R. Maze, et al, Nature 2008 
G. Balasubramanian, …, Jelezko, Wrachtrup, Nature 2008. 

o Chemical and thermal stability 

o Optical readout 

o Coherent control with microwave 

o Long coherence time: spin bath 

Hardware approach 
Reduce noise and imperfections 

Challenge: How to detect a single nucleus in real environments?  

o Small magnetic moment: Long measurement time 

o Single out the target nucleus from environment noise 

o Detect minute changes in position 

Nano-diamonds as spin quantum sensors 

Single molecule optically detected magnetic resonance spectroscopy 

Software approach 
Use radiation to make system immune to noise 



B+0ω

Protecting against noise 

Magnetic field defines two-level system 



B+0ω

Protecting against noise 

Magnetic field defines two-level system 

Environmental fluctuations  
possess finite memory time 

Employ dynamical decoupling 
techniques  



Protecting against noise 



Protecting against noise 



Protecting against noise 



Hahn echo – 

Hahn, Phys. Rev. 1950 
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Slow change of frequency 



Protecting against noise 

Slow change of frequency 

t = 0 t = T N time intervals 
of length T/N 

Total phase: 1 

Rapid sequence of π-pulses cancels dephasing noise 
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Pulsed decoupling – Induce short π-pulses to  
average out interaction with the environment 

Environmental fluctuations  
possess finite memory time 

Employ dynamical decoupling 
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Hahn, Phys. Rev. 1950 ; Carr, Purcell, Phys. Rev.  1954; Meiboom & Gill, Rev.Sci.Inst. 1958, ................. 
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Protecting against noise 

Magnetic field defines two-level system 
Pulsed decoupling – Induce short π-pulses to  
average out interaction with the environment 
 
Increase pulse rate to improve decoupling 

Environmental fluctuations  
possess finite memory time 

Employ dynamical decoupling 
techniques  

Challenges:  
 

 Pulse control 
 RWA 
 Off-resonant excitation 
 ... 

Hahn, Phys. Rev. 1950 ; Carr, Purcell, Phys. Rev.  1954; Meiboom & Gill, Rev.Sci.Inst. 1958, ................. 
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Protecting against noise 

Magnetic field defines two-level system 

Environment  
spectral density 

Dynamical Decoupling 

Continuous 

Interaction with environment  
carries energy penalty 

Environmental fluctuations  
possess finite memory time 

Employ continuous dynamical  
decoupling techniques  

Discovered many times: 
F. Bloch 1950‘s , P. Facchi, D. A. Lidar, and S. Pascazio, Phys. Rev. A 69, 032314 (2004), K.M. Fonesca-Romero, S. 
Kohler & P. Hänggi, Chem. Phys. 296, 307 (2004); Fortschr. Phys. 54, 804 (2006) , ... 
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spectral density 

Hartmann-Hahn condition (1962) 
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Magnetic field defines two-level system 

Continuous 

Interaction with environment  
carries energy penalty 

Dynamical Decoupling 

Environment  
spectral density 

Hartmann-Hahn condition (1962) 

J.-M. Cai et al, arXiv:1112.5502 
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o Measurement on NV spin  

MW continuous driving for time t  P R 

Phosphoric acid 

The sensor in action I 

First experimental steps:  T.H. Taminiau et al, arXiv:1205.4128  ,  N. Zhao et al, arXiv:1204.6513  ,  S. Kolkowitz et al, arXiv:1204.5483    
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Problem:   These are nuclear spins 
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Smalles fluorescent nanodiamonds  
currently: 5nm 

Nanodiamonds – 

Challenge: Surface is a noisy place 
                   and rather close to NV 
                   center 

Solutions: Clean and terminate the 
                  surface with atoms 
                  H, OH, F, ... 
Problem:   These are nuclear spins 
                  and thus interact with 
                  the NV center  noise 
                   Requires quite strong 
                       driving to decouple 
                   Stability of the drive 
                       can become a problem 
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Experimental results MW continuous driving for time t  
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T2= 2.5 us 

Experimental results 

2        1 (Ω  / Ω ) 2 

MW continuous driving for time t  
 

P R 
0 0& 

J.-M. Cai, et al arXiv:1111.0930  



Membrane 
pores: 
I:10 pA 
B field ∼ 0.1nT 

Diamond defect sensor d 

d=100nm; B field ∼ 100nT Catalytic centers  
in enzymes: 
 
B field ∼ 1µT@10nm 
 

Lloyd Hollenberg et al. PRL 2009 

Minute magnetic fields are everywhere – 



Comparing sensors 

NV 
diamond 

sensor 



Quantum simulators 

Innsbruck 

Florence 

ETH Zürich 

Bristol 



Surface quantum simulators 

Fluorographene 

Diamond 111-surface 

Diamond 100-surface 



Surface quantum simulators 



B+0ω

Initializing the simulator 

Magnetic field defines two-level system 

Continuous 

Interaction with environment  
carries energy penalty 

Dynamical Decoupling 

Hartmann-Hahn condition (1962) 

Decouple nuclear spins from  
each other by radiofrequency  
driving. 
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Initializing the simulator 

Magnetic field defines two-level system 

Continuous 

Interaction with environment  
carries energy penalty 

Dynamical Decoupling 

Hartmann-Hahn condition (1962) 



Surface quantum simulators 
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The Physics of Ion Traps – 

Thanks to Alejandro Bermudez for providing slides 
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Bermudez & Plenio, PRL 2012 
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 In dynamical processes 

 Coherence length and time scales 
  

 Role of coherence & environmental noise  
 

 Design principles  
 

 Experimental verification 

Convergence of optics and biophysics  
techniques have led to the ability to  

explore these questions experimentally. 

What are we looking for ? 





Quantum technologies 
 

Isolate system to observe & 
exploit quantum behaviour 

Biology 
 

Systems in strong contact  
with surrounding world 

Coherence & Environments 



Magnetic Sensing 

Olfaction 

Photosynthesis 

Coherence and environments 



Excitation energy transport 



Probing the System 
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Loss of excitation 

Transfer to reaction centre  

Exchange of excitation 

Transport dynamics 
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Dephasing 

Plenio & Huelga, New J. Phys. 2008 
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Plenio & Huelga, New J. Phys. 2008 
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Plenio & Huelga, New J. Phys. 2008 



Transport dynamics with noise 

Loss of excitation 

Transfer to reaction centre  

Exchange of excitation 

Dephasing 

& 

J J 

Reaction 
center 

- = 0 

Reduction of  
destructive  
interference 

Inhibition  
  of coupling 
     through 
      dephasing 

Optimal operating regime is on boundary between 
coherent and incoherent system 
Caruso, Chin, Datta, Huelga, Plenio, J Chem Phys 2009 

Require new methods for the accurate description of dynamics in intermediate regime 
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Environment spectral density 
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Environment spectral density 

Coherently shifted energy 
levels act as antennae to 
harvest environment fluctuations 

? 

Chin, Huelga, Plenio, Phil. Trans. Act. Roy. Soc. A 2012 



Long-lived coherences 

(i) 
Ground-excited state  
coherence is short lived 
 

    compared to 
 

exciton-exciton coherences 

Need to explain: 

(ii) 
and for the same model 
yielding correct energy  
transfer rates, spectra etc 
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Vibration induced electronic coherence 



Taken from Wendling et al, J Phys Chem B 2000 

Vibration induced electronic coherence 

Two ways forward  
(both taken and compared) 

 

• Semi-classical approximation of environment modes 
    In preparation  J. Prior, A.W. Chin, R. Rosenbach, S.F. Huelga and M.B. Plenio 
 

• Non-perturbative modeling of the system environment dynamics 
     Prior, Chin, Huelga, Plenio, PRL 2010 



Birds and other animals sense  
the magnetic field.  
 
How do they do this ?  
 
- Magnetic particles  
- Chemical compass 

Wiltschko & Wiltschko since the 1960‘s 

Magnetic sense of birds: Coherence and noise 



Photon absorption creates 
radical pair in singlet state 

Magnetic sense of birds: Coherence and noise 

Ritz, Adem, and Schulten., Biophys. J. (2000) 



Ritz, Adem, and Schulten., Biophys. J. (2000) 

Interaction with nuclear spin 
environment lead to singlet- 
triplet interconversion 

Magnetic sense of birds: Coherence and noise 

Photon absorption creates 
radical pair in singlet state 

Conversion rates depend on 
external magnetic field 



Olfaction 

Standard theory:  
Different receptors are sensitive to different scents 
 

Origin is shape sensitivity, lock and key principle 



Olfaction 

Standard theory:  
Different receptors are sensitive to different scents 
 

Origin is shape sensitivity, lock and key principle 

Weakness: Odorants are small molecules, and very 
                   similar shaped molecules may smell  
    rather differently. 
                   
   Replace hydrogen by deuterium, Drosphila flies can smell the difference 

Franco, Turin, Mershin, Skoulakis, PNAS 9 3797 (2011) 



Olfaction 
Dyson (1938) / Wright(1977):    What we smell are molecular vibrations 

Olfaction and phonon assisted electron tunneling 

Turin (1996):    Sense molecular vibrations through phonon assisted tunneling 
Turin, Chem. Senses 21, 773 (1996) 

Quantum theoretical treatment of phonon-assisted  
electron tunneling for reasonable parameters confirms  
that the idea is at least theoretically plausible.  

Brookes, Hartoutsiou, Horsfield and Stoneham, Phys. Rev. Lett.  2007 
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Dyson (1938) / Wright(1977):    What we smell are molecular vibrations 

Olfaction and phonon assisted electron tunneling 

Turin (1996):    Sense molecular vibrations through phonon assisted tunneling 
Turin, Chem. Senses 21, 773 (1996) 

Quantum theoretical treatment of phonon-assisted  
electron tunneling for reasonable parameters confirms  
that the idea is at least theoretically plausible.  

Brookes, Hartoutsiou, Horsfield and Stoneham, Phys. Rev. Lett.  2007 



Interaction between coherent dynamics and  
noise, between electrons &vibrations are key  
to understand fundamental biological effects 
at the quantum – classical boundary. 
 

Quantum technology can provide novel sensors 
to study these phenomena 
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