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Biological motion on the nanoscale

Mitochondrial ATP synthase

Walker @ Cambridge

Computational Chemistry
Group, Amsterdam



Typical time scale [s]

101

10 -2

103

104

106

10 -8

10 -12 d

10 14 A

101t 1010 10-° 10 10% 10-° 10+ 102

Typical spatial scale [m] © Vaziri

Structure —— > Dynamics [ » Function

Huelga & Plenio, Review in preparation for Contemporary Physics 2012

Can guantum
coherence be
relevant for
biological
function?

Requires tools
for studying
biological
structure and
function at
unprecedented
spatial and
temporal
resolution



Biological motion on the nanoscale

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

?
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80

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

o Wide applications of ESR with spin labels:

e Protein orientation e Distance measurements

* Protein dynamics e Structural biology

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

* Inhomogeneous broadening
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Nano-diamonds as spin quantum sensors
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Single-center signature

Photon stream
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Single photon source:
Kurtsiefer, Weinfurter et al. PRL 85 (2000)
0.7 1
First commercial implementation
0.0 QCV, Melbourne, 2008

30 20 <10 0 10 20 30 o
Transform-limited single photons @4K
T, NS Batalov et al., PRL 2008



Deterministic creation of NV-center

Substrate

[11) AFM tip for alignment

II) Einzel-lens

1) lontrap —

Extraction electrode

/".

Laser cooled ion

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

Sympathetic Cooling of N* lons
H. C. Nagerl, Innsbruck, unpublished
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Nano-diamonds as spin quantum sensors

. . 0 Chemical and thermal stability
Diamond spin sensor

Dipolar interaction 0 OptiC&' readout

L. i S o Coherent control with microwave
o0 Long coherence time: spin bath

Single electron or nuclear spin

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

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

0 Detect minute changes in position

Hardware approach Software approach
Reduce noise and imperfections Use radiation to make system immune to noise

mmmmm)  Single molecule optically detected magnetic resonance spectroscopy



Protecting against noise
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Protecting against noise

. =1y E VY O
A < 2.87 GHz
7 e [0 A § Y 1141

l, ms=+lﬁ

m =-1

Magnetic field defines two-level system

Environmental fluctuations
possess finite memory time

> Employ dynamical decoupling
techniques
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Protecting against noise
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Protecting against noise
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Hahn echo —

Hahn, Phys. Rev. 1950



Protecting against noise
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Protecting against noise
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Protecting against noise
Slow change of frequency
Ef{fft dsd(s)— [ dsd(s)) ~ Ef{ff‘ ds(o(0)+s¢"(0))— [ ds(¢(0)+se'(0)))

_ il[ dssd’(0)— [ dssg’(0))
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Protecting against noise

Slow change of frequency

C?‘{fff dsé(s)— [y dsd(s)) ~v C?’{ff’ ds(6(0)+s¢"(0))— [ ds(6(0)+s¢'(0)))

_ Ez‘igr:fmj
I o B e
t=0 N time intervals t=T
of length T/N
L) : 1f—SJ
Total phase:  (¢/%)7¢©)" — & #0) ———s ]

Rapid sequence of w-pulses cancels dephasing noise



Protecting against noise

Environmental fluctuations

. em=pnE Y Q possess finite memory time
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m =-1

>

Pulsed decoupling — Induce short w-pulses to

Magnetic field defines two-level system average out interaction with the environment

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



Protecting against noise

Environmental fluctuations

3 == e Y Q possess finite memory time
\"“.‘-‘--Eicin Ay ¥ 1, :> Employ dynamical decoupling
§ techniques

i ms=+lﬁ o

m =-1

>

Pulsed decoupling — Induce short w-pulses to

Magnetic field defines two-level system average out interaction with the environment

Increase pulse rate to improve decoupling
Hahn, Phys. Rev. 1950 ; Carr, Purcell, Phys. Rev. 1954; Meiboom & Gill, Rev.Sci.Inst. 1958, .................



Protecting against noise

Environmental fluctuations
possess finite memory time

L — 1)
3a < 2.87! Gle = Q lov d ical d li
e J v, > Emp oy dynamical decoupling
S techniques

l, m,=+1
ﬁ - 1 Challenges: T

» Pulse control
> RWA
» Off-resonant excitation

t— > >

m =-1

Pulsed decoupling — Induce short w-pulses to

Magnetic field defines two-level system average out interaction with the environment

Increase pulse rate to improve decoupling
Hahn, Phys. Rev. 1950 ; Carr, Purcell, Phys. Rev. 1954; Meiboom & Gill, Rev.Sci.Inst. 1958, .................



Protecting against noise

Environmental fluctuations

. om=pnE Vh O possess finite memory time
[ S v v, > Employ continuous dynamical
S decoupling techniques
l, m,=+1 ﬁ 1
m=-1

Magnetic field defines two-level system



Protecting against noise

Environmental fluctuations

. om=pnE Vh Q possess finite memory time
"'~~~¢,‘,_27|§>HZ A, W v, :> Employ_continuo_us dynamical
S decoupling techniques
\l' m=+1 ﬁ H,, =Qo,
‘+> = ‘O>+ ‘+1> Environment

m.=-1 spectral density

Continuous _1‘_

Dynamical Decoupling Q
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Magnetic field defines two-level system 0., < Oy

Interaction with environment
carries energy penalty



Protecting against noise

Environmental fluctuations

. om=pnE Vh O possess finite memory time
"'~~~¢,‘,_27|§>HZ A, W v, :> Employ_continuo_us dynamical
S decoupling techniques
m,=+1 ﬁ Hyw =Qo,
‘+> = ‘O>+ ‘+1> Environment

m.=-1 spectral density

Continuous _1‘_

Dynamical Decoupling Q

=)=10)=+1) :

Magnetic field defines two-level system 0., < Oy

Interaction with environment
carries energy penalty

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. Hanggi, Chem. Phys. 296, 307 (2004); Fortschr. Phys. 54, 804 (2006) , ...



Protecting against noise

3 .-,-:5?::"_.— |£1) E %L hrd (R
A o 287 GHz

e N H, =gS [3rxrzl N3+ (3r2.2 - 1) I ,f,]
l, m =+1 Hyw =Qo,
ﬁ ‘+> — ‘O) + ‘+1> H,=y,B-T, Environment

m =-1

Dynamical Decoupling Q

Continuous _T_
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Magnetic field defines two-level system 0., < Oy

Interaction with environment
Hartmann-Hahn condition (1962) carries energy penalty

spectral density

1t

J.-M. Cai et al, arXiv:1112.5502
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The sensor In action |

0 Measurement on NV spin
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The sensor In action |

0 Measurement on NV spin
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The sensor In action |

0 Measurement on NV spin

Pz
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The sensor In action |

0 Measurement on NV spin
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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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Nanodiamonds —

Smalles fluorescent nanodiamonds
currently: 5nm

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

Number of events

15000 (C)
10000
5000 ‘
7 _.II |l__________

5 10 15
Topography [nm]



Nanodiamonds —

Smalles fluorescent nanodiamonds
currently: 5nm

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

150001 (C) . .
Solutions: Clean and terminate the
10000 surface with atoms
H, OH, F, ...
000 ‘ { Problem: These are nuclear spins
7 and thus interact with
|I‘ |. ___________ _ . the NV center = noise
my[nm] s —> Requires quite strong
driving to decouple
—> Stability of the drive
can become a problem

Number of events




Concatenated noise protection
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EXperimental reSUItS _ 1P H ZH MW continuous driving for time t
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J.-M. Cai, et al arXiv:1111.0930



Minute magnetic fields are everywhere —

Complement
proteins

Membrane
pores:

1:10 pA

B field ~ 0.1nT

Diamond defect sensor
d=100nm: B field ~ 100nT

Catalytic centers  SSGab7 S
In enzymes: | '

B field ~ IuT@10nm Lloyd Hollenberg et al. PRL 2009



Comparing sensors

Attributes Atomic Optical single | Nuclear X Ray Force NV
Force molecule magnetic diffraction | detected diamond
Microscopy resonance NMR sensor

Temporal 10 ms 1 ms 1 ns - >1s l ms-1ns

resolution

Spatial 0.5 nm 10 nm 0.1 nm 0.1 nm 1 nm 0.1 nm

resolution

Element no 1no yes Nolyes yes

specific

Ambient yes ves yes crystals No

conditions

Non- No yes yes No No

invasive?

Sensitivity | molecular molecular 10” molecules | Bulk molecular, Single

(crystals) atomic (low T) | atom




Quantum simulators
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Fluorographene
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Surface quantum simulators
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Surface quantum simulators

532 nm| | 637 nm

-

0)



Initializing the simulator

0660000000000

Decouple nuclear spins from
each other by radiofrequency
driving.

} m5:+lﬁ
+)=10)+|+1) Hs=7,B-1\

m=-1 7B _
—3— ——

@, +B Dynamical Decoupling Q

m,=0

Magnetic field defines two-level system O, <> Oy

Interaction with environment
Hartmann-Hahn condition (1962) carries energy penalty



Initializing the simulator

T T pawae!
0 9 P L .
p []_Bé 5 =
0.7t
0.6f
° : 10 15
t/N (ms)
‘ll m-r ﬁ H =Qo,
+)=|0)+|+1) Hy=7,B-T,

m=-1

@, +B Dynamical Decoupling Q

Continuous _1‘_

m,=0

Magnetic field defines two-level system O, <> Oy

Interaction with environment
Hartmann-Hahn condition (1962) carries energy penalty



Surface quantum simulators
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The Physics of lon Traps —

i Electrnmagnetism forbids the creation of a glnhal minimum for the electrostatic field.

DC
—_—

electrodes

V-E=0 (Gauss law)

— Electric field lines entering a closed region must also exit

/"

conﬁning\\ / anti- conﬁning

“® If one alternates the signs of the DC potentials periodically (radio-frequency), the charged

particle sees an average confining force corresponding to a harmonic oscillator

353

Thanks to Alejandro Bermudez for providing slides



The Physics of lon Traps —

& The racl.ic:—frequenc;.-' traps are capable of conﬁning an enfire gas of c'}large.cl particles

~100pm

e

Laser

Cooling

Crystalline structure
Experimental Coulomb Crystals (T. Schaetz)



The Physics of lon Traps —

& The small vibrations of these charged parﬁcles lead to collective modes

‘ H, = Z wnaLan

(e.g. two modes in a linear chain)

collective vibrational excitations = phonons

s COM mode A
._-_ ..-. ..-_ ..-. ..._ ..a_ W g&PPEd modes (transverse)
T

-0-0-0-0-0-0 |- '_\—
o-0-0-0-0-0 |°

b Zigzag mode
._.,._ _... ._.,._ __._. ._,__ ___. almust-gappleaa mudf:a

-9 -0 & -0 0| _
t — —>

o--0 o- -0 -9 n




The Physics of lon Traps —

& The charged parﬁc'les of interest will be single—iﬂnizecl alkaline-earth atoms.
1 BeT jl25 Mg+,4ﬂ Ca™t

the;t,r have an atomic level structure

fine hyperﬁne Zeeman
structure structure splitl:ing
Papr .
JE" Excited states for cﬂuling, ﬂpﬁﬂal
p—> pumping, and state—dependent
P12
‘.,_-;:_':" fluorescence=readout
- 2 1 0 ,
51,-"2 ) F=2 .- "—__2_. we can drive a Partlﬂular
M KEI *  transition by MICTOWAVES Or
e P o3 . =3 E—Phutc-n processes with
— "'*»__—T 0 1 optical radiation

25 ]
Mg—'_ > M effective spin-1/2 (qubit)



The Physics of lon Traps —

& Therefore, the ion cr}fsta] can be described as a ensemble of harmonic oscillators and a

lattice of spins

R
X

ooy ey-e)-ie)

collective vibrational excitations = phonons

wy, ~ 1MHz

_ 1 . .
| H 8 — Ewﬂ a. atomic states = spins
|

wo ~ GHz



The Physics of lon Traps —

& The lattice spins are so far uncoupled. To implement Quantum Information Processing or
Quantum Simulations, we need to develop some scheme to couple them.

Physical interactions usually involve 2 particles linearly coupled to a carrier

e.g. Coulomb interaction= 2 charged particles interchanging a scalar photon

H; = deT‘JPA” ~ fdgkﬂrﬂ(k)p*(k) + H.c. [ YAVaVaVAVAY/
1 ) {Ja
After the adiabatic elimination of the photc-ns, we get 1 q1q2
the 2—]:)0{13; Coulomb interaction H, eff —

Ameg |r1 — T2

In magnetism, the magnetic dipc-les interact via analcgnua linear excl'mnge processes

giving rise to diverse types of synunetryrbreaking order

Pt P b
H = z J(“P — ‘I'"rDSr : Sr" Ba( T T AIJfIrniniinet
"\ .z M tf'rTTT'r AU

Eq. Heizsenberg model



The Physics of lon Traps —

We can get effective magnetism using the phonons as interaction carriers

L4

The first ingrcc]if:nt we require 1s a EGIJP]jJIE between the spins and the Phﬂnnns

| H. sp = E F jnT ? t‘lﬂEIWLt + H.c laser-induced spin-phonon couplings

in

......... On et
Fin / \ Fin Y

R i Y S

FinFr
I-}:’jnl ~ lﬂkHZ Wy, ~ 100kH= J:?H ~ .?6 kn

JE & 1kHz



ﬁIt 1s difficult to understand how the interpla.}r of quanfum ﬂucfuatimm and
frudtra!iﬂﬂ can stabilise new Phasea of matter {c.g. quantum spi.n ]iqu_icls) .

L. Balents, Nature 464, 199 (2010).

Hc]a.ss — Z I |U
AFJIN\ AF (4,7)

E}{ponenﬁal degeneraﬂ}r of the grﬂundatate manifold

AF

magnetic qua;nt — Z |J13|J Z hcr

genmei:riu frustration 13)

How 1s this degener&c}r lifted ]::u;n,r quantum Auctuations?

Does a new P]:lase emerge out c-l? this degener&te l:na:ni{"nlc].?

(remi.nisuen'l: of the FQHE)



@It is difficult to find materials that realise low-dimendional quantum lsing models

“... a real-life constraint is that most spins are vectors

and not scalar Ising spins as frequently used in models...”
A. P. Ramirez, Annu. Rev. Mat. Sci. 24, 453 (1994).

and even more difficult that those materials c]isplay a
variable range of frustration

Jl/JE € (_D‘D: "|‘D'D) “... most real compounds differ significantly from
idealized models. One example of departure... the

inability to precisely control the interaction strength,
range, and anisotropy...”

A. P. Ramirez, Annu. Rev. Mat. Sci. 24, 453 (1994).

# Isat Pcasible to design the range n{: Isi_ng frustratiun n
dif[:erent lattices and control the quantum ﬂuﬂtuaticns?



ﬂ It s very difficult to understand cc}mpletel}r the P]‘l}TEiﬂE of dpfﬂ~pﬁ0ﬂﬂﬂ L‘aup.fﬂa

quautum magrwtd

H=7) wnalan+ ) |yl |1+ ) &ulal +an) | 0f0f =) of
(3,3) n :

N AN AN

m The condensation of a particular phonon mode (i.e.
structural P]‘mse tranaiﬁun) may lead to an order-

o~ o, —

~~— N g disorder magneﬁﬂ P]‘lase transition (ﬂ.ﬂd vieeveraa)

spin-vﬂrsicn nf Peielrs instal:rilit‘y 1D metals
R. E. Peierls, Quantum Thmry of Schids {1955),

What happena with non-adiabatic effects (nu
aeparation of scales for spin and P]lununa)?

mn.g;neﬁc structural Ph&ae transition



It 1s very c].iﬂ;leult to ﬁnd materials that realize apin—Phunun ﬂﬂ'llPlEd quantum
Isi.ng models.

Heisenberg ( TTF-CuS;C4(CF3)s  J.W.Bray et al., Phys. Rev. Lett. 35, 744 (1975).

Peierls 4 TTF-AuS4C4(CF3)s LS. Jacobs et al., Phys. Rev. B. 14, 3036 (1976).

CuGeOs3 M. Haze, et al., Phys. Rev. Lett. 70, 3651 (1993).
samples \ TiOCl A. Seidel et al., Phys. Rev. B. 67, 020405 (2003).

| J . | / (L E [U D‘D) and even more difficult that those materials display a
1] n ?

variable range of adiabaticity
P PN
"'i ﬂ. ﬁ. # Is 1t Pnaaible to deaign
Oy H N . tlhe I'l:ul.ge of Phcnnm‘"
spin aﬂmbahmty?

EELEtEI' P]:mncn excitations {-'agter sPin excitations



Coulomb Ct‘}rﬂtals are 3&].F~a33&m]::led structures ﬂ[’l tr&PPEd 1ons

1
H= Z Z (—Pja-l- 2mw2 2) Z |I‘3—I'k|

j=1 a=zy,z

.ﬁH"

equi.librium Pcsitions

L. Hornekaer, et al. PRL 86, 1994 (2001).

100 pm
N. Kjaergaard et al., PRL 91, 095002 (2003). A. Mortensen, et al., PRL. 96, 103001 (2006).



B_}r euntrolli_ng the tI‘&PPiﬂg frequenﬂies in a Paul trap, we can create

lﬂddﬂrﬂ {}Ebﬂnd'-ﬂ]lﬂﬁﬂg t['iﬂ.llglﬂﬂ W'!-lt]'_'l -El.l'l}i" d.EE'iI"El]. Il'l]Illb'E:I' ﬂf ]_IEE'E-

a q
u
n]- _— 1 :F’.'E e RO R

dimensional crossover



Harmonic apprnxi.tnation._ The small vibrations around the eq1ﬁ.librium
Pnsiﬁnns are euupled b}r the Coulomb interaction = Collective PllDIlIDII modes

Wyl . Wy |—\_

_ T
chain Hy, = § :Qﬂl“m“’ﬂl ladder

| i W
wz — wz ----- -

Two-level appruﬁmatiun.-— The atomic energy structure Preaents several

lEVElE,. two {'}F Wl'llﬂ]'l can ]L'lE ad{]reaaecl b:}?' ].&SEI'E #’ PB'E.‘IJ.d\DFEPiIlB 5= 11'2

— B\t .

Pg;g I

----- . = SWo0; — h E o;
F=0 =01, i i

"y
Ty,




We obtain a qua.nhlm simulator for frustrated quantu_ln Iﬂ'ing Ladders ﬂ

Hig =3 > T ;0050 =k D ot ()
Y s

Y daja
rung — Z Z j;'f 13 ’T)H E(;u‘)
VYFH isFTs

ﬂ It 1s even more c]iEEcult to ﬁnd materials with a variable range nf Iai_ng frusﬁ‘ation



We obtain a qua:nhlm simulator for frustrated l:_luﬂntu_ln Iﬂ'ing Ladders ﬂ
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I.n]lumﬂgeneous (i)i.l-nludel.u Close to the Erat structural Phasa transition

KRe,2’

there 1s a soft P]lunun mode (zigzag disturtion) that condenses

Giz = (—1)'0q" (3gf*) # 0

Bermudez & Plenio, PRL 2012
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Typical time scale [s]

10 1 Can guantum
coherence be

10 relevant for
biological

10° function?

107 Requires tools
for studying

10* biological

o structure and
function at

) unprecedented

] spatial and
temporal

S resolution

101t 1010 10-° 10 10% 10-° 10+ 102

Typical spatial scale [m] © Vaziri

Huelga & Plenio, Review in preparation for Contemporary Physics 2012



Typical time scale [s]

10 1 Can guantum
coherence be

10 relevant for
biological

10 function?

10 Requires tools

for studying

0° biological
o structure and
function at
; unprecedented
. spatial and
temporal
10 resolution

101t 1010 10-° 10 10% 10-° 10+ 102

Typical spatial scale [m] © Vaziri

Structure > > Function

Huelga & Plenio, Review in preparation for Contemporary Physics 2012



Biological motion on the nanoscale

Mitochondrial ATP synthase

Walker @ Cambridge

Computational Chemistry
Group, Amsterdam



Typical time scale [s]

101

10 -2

103

104

106

10 -8

10 -12 d

10 14 A

101t 1010 10-° 10 10% 10-° 10+ 102

Typical spatial scale [m] © Vaziri

Structure —— > Dynamics [ » Function

Huelga & Plenio, Review in preparation for Contemporary Physics 2012

Can guantum
coherence be
relevant for
biological
function?

Requires tools
for studying
biological
structure and
function at
unprecedented
spatial and
temporal
resolution



What are we looking for ?

» 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.

Pulse 1 Pulse 2




Quanten-Biologie

Der rasche Fortgang der wissenschaftlichen Forschungs-
arbeit liBt immer neue Spezialgebiete enistehen., und ver-
schiirft durch die unausweichlichen Notwendigkeiten der
Arbeitsteilung die — so oft beklagte — hochgradige Speziali-
sicrung des Wissenschaftlers. Aber gleichzeitig ergibt sich
aus den Ergebnissen einer immer eindringlicheren Forschung
ganz von selbst auch eine gegenliufige Tendenz: eine Ten-
denz zur Vereinheitlichung von Gebieten, die vorher

gotrennt und beziehungslos dazustehen schienen. So haben
die g]__l).h_ Talailan daim smadasman Dharails anf dem (Rahiste

1der alichkeiten erschipfend zu untersuchen strebt. Dabei aber
etzte)

oo erhebt sich eine F'rage: Sind die Gesetze der Atom-
Hmdphysik und Quantenphysik fiir die Lebens-

in de

h“vorgidngevon wesentlicherBedeutung? Machen
Arbei wir uns, um die Tragweite dieser Frage zu erse:hen, bewuﬂt

auch 1INTE UM DEY UE IS JGILGH. 101 1 LLySIne, s ey
allgemeinen Erkenntnisse seiner Wissenschaft fiir konkrete
Finzelfragen fruchtbar machen will, ist oft gendtigt, sich
iiber spezielle chemische Gebiete zu unterrichten, die ihm
frither ein unbekanntes Land gewesen sind; und mancher
Chemiker andererseits stohnt insgeheim iiber die Zumutung,
daBl er nun auch noch die ,,Wellenmechanik™ und dhnliche
gewissenmalflen zum unzugénglichsten Gletschergebiet der
theoretischen Physik gehorige Dinge lernen soll. Aber solche
Schwierigkeiten des Weges der heutigen Forschung konnen
doch nicht die stolze Gewiltheit verdunkeln, dalf wir die
inneren Zusammenhiinge der Naturerscheinungen in einer
Tiefe und mit einer Eindringlichkeit erfaltt haben, die es uns
erlaubt, fast uniibersehbar grofle Gebiete mannigfaltigster

68



Coherence & Environments

Biology

Systems in strong contact
with surrounding world

Quantum technologies

Isolate system to observe &
exploit quantum behaviour




Coherence and environments

Magnetic Sensing

Morthermn autumn
September, October,
MNovember

Photosynhes -

. bR ol >
43 b ’ Fed
- ._- ——
| olfactory sensory neuron He: Magnetic
s i efjuator o
- )
OB Gt "y
extracellular Wortheim Southern
hemisphere henusphense

-

cilia G-protein

o
& ©)

Olfaction

olfactory receptor intracellular



Excitation energy transport

’Anten na

Photon

Pigment-Protein
complex

L]
*

Reaction centre



Pulse 1 Pulse 2
‘ - !

Pulse 3

R ]
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Transport dynamics

N
Laiss(p) = ZFJ‘[—{U;J;,;O} +2UJ'_'OJ;
j=1

Loss of excitation

§§ Exchange of excitation
7 . M/H = i hwjof o] + Z hvj (o7 of + 0} o;)
P 1 d\f. N - j=1 j#l
- - — H Q % N
TR i s D\

\: P
\

®
% ransfer to reaction centre

Lsink(p) = Tn41[208 4105 pof on 41 = {0) 0N 108110 5 )]



Transport dynamics

ing

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



Transport dynamics with noise

—=0

opt

_._._vzgjg%m //

Transfer efficiency

— — —y=0.0064y, -

06k A s

Plenio & Huelga, New J. Phys. 2008
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Transport dynamics with noise
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Transport dynamics Optimal operating regime is on boundary between

coherent and incoherent system
Caruso, Chin, Datta, Huelga, Plenio, J Chem Phys 2009
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Require new methods for the accurate description of dynamics in intermediate regime
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Energy
difference

Environment spectral density




% Environment spectral density
NG e

Energy
difference

———————————————————————————————————— -

Coherently shifted energy
levels act as antennae to
harvest environment fluctuations

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



Long-lived coherences

Need to explain:

(1)
Ground-excited state
coherence Is short lived

compared to
exciton-exciton coherences
(1)
and for the same model

yielding correct energy
transfer rates, spectra etc

[b]

‘ 6-3]) -Q_  Relaxation A

Pure dephasing *—i— ‘ ej >
|
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Vibration induced electronic coherence




Vibration induced electronic coherence




Vibration induced electronic coherence

[]




Vibration induced electronic coherence




Vibration induced electronic coherence




Vibration induced electronic coherence

J( w) [fs]

|
FLN intensity [a.u.]

Taken from Wendling et al, J Phys Chem B 2000

7 P
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Vibration induced electronic coherence

t=0 t=— t= ——
b /N Ten /0Ny
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

J( w) [fs]
FLN intensity fa.

[

Taken from Wendling et al, J Phys Chem B 2000



Magnetic sense of birds: Coherence and noise

Horizontal component
i

s/ |8
& 8
T 5
Py -
sy %
Inclination | >
angle ¥
A : 00
Surface of the earth
MNorthern autamn Southern aunumnn
Birds and other animals sense o LR PR AL Moy
the magnetic field. &
H:
How do they do this ?
- Magnetic particles Y ’
- Chemical compass Magnetic

) -~ eruator
9
+ ¥
» : A
Naortherm Southern
hemisphere henusphens

Wiltschko & Wiltschko since the 1960°s




Magnetic sense of birds: Coherence and noise

Ly

% light Photon absorption creates

D+ A radical pair in singlet state

electron
transfer

Dt+ Al
Singlet

‘.

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



Magnetic sense of birds: Coherence and noise

Ly

%, light Photon absorption creates
D+ A radical pair in singlet state
electron
j transfer
pt+Al o . DI+Al Interaction with nuclear spin
Singlet . Triplet environment lead to singlet-

magnetic nuclei triplet interconversion
/ \ + external field / \

I . Conversion rates depend on

external magnetic field
Singlet Triplet

products products

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



Olfaction

OB[

olfactory sensory neuron

olfactory receptor intracellular

Standard theory:
Different receptors are sensitive to different scents

Origin is shape sensitivity, lock and key principle




Olfaction

" olfactory sensory neuron

odorant

extracellular

olfactory receptor intracellular

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 and phonon assisted electron tunneling

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

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

Mucus Iayer

mﬂﬁ
Lipid bilayer t\% Lipid bilayer
Quantum theoretical treatment of phonon-assisted M /

electron tunneling for reasonable parameters confirms g :}
that the idea is at least theoretically plausible. (i ~
Brookes, Hartoutsiou, Horsfield and Stoneham, Phys. Rev. Lett. 2007 “‘T -



Olfaction and phonon assisted electron tunneling

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

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

Mucus layer

Lipid bilayer Lipid bilayer

Quantum theoretical treatment of phonon-assisted W /
electron tunneling for reasonable parameters confirms y @
that the idea is at least theoretically plausible. —=

.

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




7 light

Djrl+ A

electron
transfer

Dt+ Al
Singlet

Singlet
products

SECRET
oF

SCENT

LUCA TURIN

D+ At
Triplet

magnetic nuclei
/ \ + external field / \

Triplet
products

e § X
s 1972
4 B2 8 1w, B TEA juner [R0ERE G it

Wavelength (nm)

650 700 750

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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