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Motivation

Key Questions:
Role of long lived excitonic coherences?
Influence of high energy vibrational modes?

vibrational coherences
- Richards et.al. PhysChemLett. 2012, Turner et.al. PCCP 2012

in models of olfaction
- Turin Chem Senses. 1996 , Brookes et.al. PRL 2007 , Franco et.al. PNAS 2011

in enzyme catayzed reactions
- Hay et.al. Nature Chemistry 2012

Outline

1 Theoretical approach
2 Result: Optimal transport corresponds to non-classical

behaviour of vibrational modes
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Theoretical Framework

System: Pigments/Electronic dof;

Hel =
∑
m

εmσ
+
mσ
−
m+

∑
m,n>m

Vmn(σ+
mσ
−
n +σ+

n σ
−
m) =

∑
M

EM |M〉 〈M |

Bath: Protein & solvent vibrational dof;

HB =
∑
k

ωkb
†
kbk

Interaction:

HSB =
∑
m,k

Vm ⊗Bk =
∑
m,k

gk,mσ
+
mσ
−
m ⊗ (b†k + bk)

Spectral density:

Jm(ω) =
∑
k

g2
k,mδ(ω − ωk), λm =

∫ ∞
0

Jm(ω)
ω

dω

Independent (uncorrelated) and identical baths at each site: Jm(ω) = J(ω)
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Spectral Density

Two components
Continuous distribution of modes with ωk ≤ kBT
High energy quantised vibrations ωk � kBT

Image: E.J.O (Recharge magazine Feb 2012)
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Spectral Density

Two components
Continuous distribution of modes with ωk ≤ kBT
High energy quantised vibrations ωk � kBT
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Quantum treatment of localised modes

System: Electronic dof and high energy resonant modes

HS = Hel +Hmodes +Hel−modes

Hmodes =
2∑

m=1

ωmodeB
†
mBm

Hel−modes =
2∑

m=1

gσ+
mσ
−
m ⊗ (B†m +Bm)

Bath: Continuous distribution of modes with cutoff frequency Ωc

ωmode � kBT,Ωc

perturbative theories not appropiate in general
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Hierarchical equations of motion (HEOM)
The exact expression of Feynman-Vernon influence functional
for Gaussian bath leads to a hierarchy of coupled equations of
motion for the reduced density matrix of the system ρS(t):

∂tρS(t) = −i/~[HS(t), ρS(t)]+
∫ ∫

DqDq′eiS[q]/~∂tF(q, q′)e−iS[q′]/~ .

∂tρn(t)=−i/~[HS ,ρn(t)]+···

−
PN
m

P
k nmkvmkρn+···

−i
PN
m

»
Vm,

P
k ρn+

mk

–
+···

−i
PN
m

P
k nmk

„
cmk Vmρn−

mk
−c∗mk ρn−

mk
Vm
«
.

J(ω)=2λΩc
~

ω
ω2+Ωc2

Cm(t) = 〈Bm(t)Bm(0)〉B

= P
k cmke

−νmkt

n = {{}, · · · , {nm1, · · · , nmk}, · · · }, Tier n =
∑

mk nmk
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Hierarchical equations of motion (HEOM)

Suitable for calculations at room temperature (T=300K)
Exact if highest tier included N � ωe

min(νmk)

Tanimura et.al. JPhysSocJapan 1989, Ishizaki et.al. JCP 2009

n = {{}, · · · , {nm1, · · · , nmk}, · · · }, Tier n =
∑

mk nmk
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Results

Key questions:

Long lived electronic coherences

Influence of high energy modes (ωmode � kBT )
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Result: Vibration-activated transport
Initial state:

ρS(0) = |X〉 〈X| ⊗ e−βHmodes

Tr{e−βHmodes}
(1)

Truncate modes to maximum Fock level M .

ΡYY

w.o. mode ΡYY

|ΡXY|
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Signatures of non-classicality

-Experiments: superpositions of vibrational states
-Quantify coherence in the Glauber sense
Mandel Q parameter:

Q =
〈n2〉 − 〈n〉2

〈n〉
− 1

Poissonian
Qcoherent = 0

Super-Poissonian

Qthermal = (eβωmode − 1)−1

Qdisplaced thermal > 0

Sub-Poissonian (Q > 0)
QFock = −1
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Signatures of non-classicality

System Dynamics Mandel Q
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Result: Optimal Transport

Averages

ρ̃Y Y =
1
τ

∫ τ

0
ρY Y (t)dt

ρ̃XY =
1
τ

∫ τ

0
|ρXY (t)|dt

Q̃ =
1
τ

∫ τ

0
−Q(t)Θ[−Q(t)]dt
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Conclusions

Noise: assists transport between energetically close states
Quasi-resonant quantised vibrations: activate transfer
between energetically distant states
Optimal transport occurs for optimal non-classicality of
mode (and non-zero electronic coherence)
The combination of electronic and vibrational coherent
contributions to dynamics can enhance performance
Experimental methods to probe coherent contributions to
dynamics
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