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Plan of the talk

¢\\Vhat are chemical magnetometers and
what do birds have to do with it?

(=> radical pair mechanism (RPM) and avian magnetoreception)

e Magnetometry with unusual signatures
(entanglement lifetime)

e Controlling reaction kinematics with optical switches

(=> challenges in assessing dynamics of RPM & controlling radical pair systems)
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Beartn & 0.05mT but a spin-dependent kinetic effect.

well studied in spin chemistry,

taken from Timmel & Henbest,
see e.g. Steiner & Ulrich, Chem. Rev. 89, 51 (1989) Phil. Trans. R. Soc. Lond. A 2004 362
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Avian magneto-reception

* Birds use Earth's magnetic field for navigation (migration).
=> |nclination compass

Wiltschko & Wiltschko, Science 1972,
J. Exp. Biol. 1996,
Bioessays 2006

» Effect also established for many other species (e.g. insects)

Wiltschko & Wiltschko, Bioessays 2006
Gegear et al. Nature 2008 (=>Drosophila)
Burda et al. PNAS 2009

* Two main hypotheses for underlying mechanism

* Magnetite-based mechanism
* Radical pair chemical reaction
mechanism (RPM)

Schulten et al. Z. Phys. Chem. 1978
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Some experimental data for European Robins

Radio frequency experiments Experiments on light dependence
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[Ritz et al., Nature 429, 177, (2004)] Wiltschkos, BioEssays 2006] 5
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Avian magneto-reception via vision

Visual modulation patterns if the magnetic

For anisotropic magnetic field effects to
field sense piggy-bags the visual pathway.

appear, molecule geometry needs to be
fixed with respect to the magnetic field
direction, e.g. oriented in the retina.

[from Ritz et al., Biophys. J. 78, 707 (2000)]
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—xample of magnetic field effect in proteins

photolyase,

photo|yase and Cryptochrome . '\ ¥ g from S. Weber, Biochimica et

Biophysica Acta (BBA) -

(proteins with a flavin cofactor) LA Voo 10T 12009
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radical pair:
flavin (FAD/FADH)
tryptophan residue

Magentic field effects for photolyase and
cryptochrome (Fig.) observed in vitro:
Henbest et al. PNAS 105, 14395 (2008),

Maeda et al. PNAS 109, 4774 (2012). ) é 1|0 1|£5

Time / us
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The radical pair mechanism

Spin Hamiltonian:

S) * H = Z [_,Ye (gext + éc(t)) . §§m) + Z >\mn§m . rm,,
A _|_ D m=1,2 n
excited state electron

transfer
S [AQ— _I_ D.+] T [AO— _I_ D.+]
-

~ T.)
S) ?\: % %:g radical pair

\_

spin-selective
reaction

singlet triplet
product product

A i D e.g. recombined ground state, e.g. recombined
.! fluorescence triplet-excited state

.
molecular l\

ground state
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Nuclear spin bath

Spin Hamiltonian:
1= 3 [ (B Bu) S+ TS,

m=1,2

initial electron
transfer
N
T)

Py—h3g DMA-h}

) 1+ rof

. J

Decoherence due to local nuclear spin baths
breaks symmetry and enables the magnetometer.

system: electron spins ~ ©YStem dynamics

environment: nuclear spins . _
(mesoscopic) Peys(t) = Treny {€7"7 [05ys(0) © peny(0)] €™/}

psys(o) — ‘S><S‘ penv(o) o I

completely positive maps
PRy B D = pys(t) = MY @ MPS)(S]

(non-Markovian)

—

.
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s entanglement in the initial state relevant®

| o _ o [Cai et al. PRL 104, 220501 (2010)]
Optimum sensitivity for singlet initial states:
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» Entanglement really makes a difference: It is necessary for high B-field sensitivity!
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—ntanglement lifetime of

:)y_

DMA radical pairs

12F

separable

10}

increasing trend towards
binary mixtures .y

separation

first observed in
Cai et al. PRL 104, 220501 (2010)
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Entanglement lifetime

Te = max{t > 0| pe/(t) entangled}

shows discontinuities due to (partial) revivals.

=> use Te(B) for magnetic field measurements
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Challenge:

local observables of electron spins
practically not accessible
(high B-fields or spacial resolution required)

Quantum control pulses affect both electrons
In the same way

(U & U)peI(U & U)T

=> \Which observables are accessible through fluorescence?

In Py-DMA only 3 parameters necessary for
full tomography!

Entanglement quantified by concurrence:

C(per) = 2maxq0, |c| — a}

—ntanglement measurement for radical pairs”

B=3.8mT

singlet fraction

entanglement, &g

optimal entanglement |
~—_witness

e
t [ns]

assumptions:
e |ocally maximally mixed
e isotropic HF-interaction

® NO coherences between subspaces of
different St = s 4 5(2)

(aOOO\

O b ¢ O
c* b O
0

0
\0 0 0 af
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—ntanglement witness for DMA radical pairs

B=3.8mT, €=0.03

Optimal entanglement witness
We = 2|¢pXe| — 1

with

|¢> X H’T> T eld) ’Ti’> confidence region for ]
Cb — arg < \Lﬂ Oe ( t) |T\L> [ numerically generated noisy states]

Radical pair spins entangled for

Tr[Wd)pe/(t)] > 0

TE =+ ATE [ns]

Challenges:
e How to measure this withess?
e Radical pair lifetime ~2ns
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Radical palr re-encounter dynamics

re-encounter
photo-
excitation Case 2:
Spin evolution no recombination

no spin evolution due to exchange interaction

A

radical separation
1

spin evolLtion molecule diffusion
@ imposes classical
Case 1: :

L stochastic process of
recombination
=> fluorescence x (S|pei(t)|S) re-encounter events

pe/(t)

I
|
t

t Ly '
total singlet Ps(t) = / dT ke (5|pa(T)|S) sensitivity
product yield 0 Bbs(t — o)
6B

phenomenological AN(B) =
reencounter
probability

14

Markus Tiersch, Optical control and enhancing sensitivity of chemical magnetometers, KITP, Feb. 5, 2013




Controlling re-encounter with photo-switches

Mount radicals on photo-switchable bridge

N
f /1V’, k;;T

Control scheme: azobenzene photo-switches
phofo- change isomerization with a

excitation - opening closing frequency dependence in absorption
laser pulse laser pulse laser pulse

; Control re-encounter

probability distribution:

< |
7\-l‘ﬂuorescence s(1) :/0 dT<S|pe|(T)|S>

including multiple re-encounters...

radical separation

>
time arXiv: 1206.1280
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Application to chemical magnetometry

Magnetic sensitivity  As(B) = a¢§é5) = / h dT pre(T)9s(B, t)
0

O(S|pe(B, t)|S
instantaneous sensitivity 9s(B.t) = ol '6(5 I

Model system of 2 electrons
and 1 spin-1 nucleus
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Temvel = WQTB - radical 1 radical 2

\
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H = —YeBext - (S1+ S2) + alvelSa - I

2

t (ln ﬂs) Parameters:

o=1.0mT Initialize radical pairs and
B=0.05mT

For single nuclei molecules, see also: open phOJ[O-SWiJ[Ch and...
T. Ritz et al., Biophys. J. 96 (2009)

J.-M. Cai, F. Caruso, and M. B. Plenio, PRA 85 (2012)
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—ngineering a re-encounter probability distribution

Re-encounter probability:
i * \& &5)95)&5)

exponential
model

train of equally long
closing laser pulses
(conservative timescale)
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FIinding the
and the resu

ting sensitivity

Sensitivity for different
laser-timings
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Scanning over different laser-timings
reveals resonances of increased sensitivity.

ght laser-timing

Sensitivity for optimal timing

exponential |
models

0.040

0.06

0.050
B (in mT)

0.045 0.055

Suitably controlled re-encounter probability
enhances sensitivity for external
(Earth-strength) magnetic field.

18

Markus Tiersch, Optical control and enhancing sensitivity of chemical magnetometers, KITP, Feb. 5, 2013




Summary >,

G. G. Guerreschi  U. E. Steiner H. J. Briegel

e Radical pair mechanism is suitable for chemical magnetometry
and is a logical candidate for animal magnetoreception.

e Entanglement lifetime of free radicals
(and perhaps other quantities showing revivals)

could be used for magnetometry.
(=> Which observables can be measured in principal using control techniques?)

e Control of radical pair re-encounters offers a new handle
to investigate reaction kinematics in more detall

and offers new strategy for more sensitive chemical magnetometry.
(7 Guerreschi et al. arXiv:1206.1280)
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