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• Motivation: Quantum Heat Engines, 
quantum coherence and its detection

• Coherence enhanced laser, solar cell and 
photosynthetic QHE

• Efficiency at maximum power and 
quantum coherence



What is quantum about QHE?

• Quantum thermal bath (molecular dynamics)

• Quantum effects in system-bath interactions (e.g. quantum 
coherence and interference)

• Quantum work (quantum radiation, backreaction)

• Quantum measurement (e.g. interaction free 
measurement)

• Working fluid is quantum gas

What else can be quantum?



Quantum coherence in physical and chemical systems

• Atomic systems – EIT, LWI, CPT, etc.
• Heterostructures - QCL
• Photosynthetic systems 
• Chemical reactions (isomerization, e.g. rhodopsin)
• DNA repair
• Superexchange in electron transfer

In most of the above systems coherence is caused by
the coupling between atomic (molecular)
counterparts of the systems facilitating multiple
interfering pathways for energy, electron and photon
propagation. Coherence is relational (between
system and environment)



Quantum interference in quantum wells
Nature 390, 589 (1997) Applied Physics Letters 70, 3456 (1997)



Noise induded coherence and long-range charge 
separation

F. Provencher et al., Nat. Commun. 5, 4288 (2014).

The dispersive lineshapes at short time 
are signatures of vibronic coherence 
present in the system, 



Quantifying Coherence via Lineshape analysis 
in Raman spectroscopy

Femtosecond Stimulated Raman Signals calculated using Stochastic Liouville Equation,
a is the state after excitation 

X

In the static limit (neglecting dynamics during dephasing)

Absorptive (symmetric) lineshapes – long time dynamics

General case (coherence is prominent) – Fano
(dispersive) lineshapes – short time dynamics

H.Ando, B.P. Fingerhut, K.E. Dorfman, J.D. Biggs, S. Mukamel, JACS 136, 14801 (2014);
B. Agarwalla, H. Ando, K.E. Dorfman and S. Mukamel, JCP 142, 024115 (2015);

One can relate the degree of asymmetry to the microscopic 
molecular coherence



Laser Quantum Heat Engine (QHE)

Boltzmann distribution

At threshold (nb=na) efficiency of maser QHE
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9 MOS, Chapin, Dorfman, Kim, and Svidzinsky, PNAS (2011).



Lasing without inversion

(a) Use of quantum coherence in ground state b,c to cancel absorption

(b)  the use quantum coherence in the excited state a,b to cancel emission

O. Kocharovskaya, Phys. Rep. 219, 175 (1992); 
S. Harris, Phys. Today 50, 36 (1997); 
M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge University Press, Cambridge, UK, 1997).



‘‘Continuous wave (cw) 

amplification and laser oscillation 

without population inversion have 

been observed…’’

11



Solar spectrum with the
bandgaps of semiconductors

Gregory F. Brown, and Junqiao Wu, Laser 
& Photon Review 3, No. 4, 394, (2009)

P-n junction solar cells



Detailed balance Limit of Solar Cell Efficiency

Shockley and Quiesser 1961









Photocell QHE
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ሶ𝜌𝑏𝑏 = 𝛾𝑣 1 + ത𝑛𝑣 𝜌𝛽𝛽 − ത𝑛𝑣𝜌𝑏𝑏
+𝛾ℎ 1 + ത𝑛ℎ 𝜌𝑎𝑎 − ത𝑛𝑐𝜌𝑏𝑏

ሶ𝜌𝛽𝛽 = −𝛾𝑣 1 + ത𝑛𝑣 𝜌𝛽𝛽 − ത𝑛𝑣𝜌𝑏𝑏 +
𝑗

𝑒

ሶ𝜌𝛼𝛼 = −𝛾𝑐 1 + ത𝑛𝑐 𝜌𝑎𝑎 − ത𝑛𝑐𝜌𝛼𝛼 −
𝑗

𝑒

𝜌𝑎𝑎 + 𝜌𝑏𝑏 + 𝜌𝛼𝛼 + 𝜌𝛽𝛽 = 1
17



Quantum dot photo/solar cell

Dividing photon flux onto 

monochromatic components

Quantum efficiencySolar cell with array 

of  quantum dots

M. O. Scully, Phys. Rev. Lett. 104, 207701 (2010).

Electron-hole separation

2-level QD

3-level QD with coherence

Do we violate second law?

No, coherence is costly!



Noise induced coherence. LWI



Noise induced coherence. LWI

So we can have coherence for free!



Noise induced coherence

Steady state coherence

Steady state coherence



QHE models with noise induced coherence

M.O. Scully, K.R. Chapin, K.E. Dorfman, M.B. Kim and A.A. Svidzinsky, PNAS 108, 15097 (2011)



Current-voltage characteristics

Robust against decoherence!

M.O. Scully, K.R. Chapin, K.E. Dorfman, M.B. Kim and A.A. Svidzinsky, PNAS 108, 15097 (2011)

Current and power are enhanced due to coherence

P=jV

current voltage power



Artificial vs Natural Light Harvesting

At Earth surface Photosynthetic
organism

Silicon



Engel GS, et al. (2007) Nature 446:782–786. FMO (bacteria)
Lee H, Cheng YC, Fleming GR (2007) Science 316:1462–1465. Bacteria reaction center
Calhoun TR, et al. (2009) J Phys Chem B 113:16291–16295. LHII (plants)
Collini E, et al. (2010) Nature 463:644–647. Algae

Manifestation of coherence in various light harvesting complexes

Primary process of photosynthesis

What is the effect of coherence on charge separation?



Photosynthetic Quantum Heat Engine

Antennas	

V 

D1	

D2	 A	

Special	pair	

K.E. Dorfman, D.V. Voronine, S. Mukamel and M.O. Scully PNAS  110, 2746 (2013)

Reaction center
(primary charge separation)

This model looks like a model of coherence enhanced solar cell



Parameter regimes

K.E. Dorfman, D.V. Voronine, S. Mukamel and M.O. Scully PNAS  110, 2746 (2013)

Noise induced coherence is responsible for: oscillatory population dynamics and 
enhancement of the charge separation efficiency



The power enhancement demonstrated for a given 
model of QHE corresponds to very low efficiency 

regime.

Is there any effect of the coherence on the efficiency 
at maximum power?



Heat and Work 

Average energy Heat Work

Spohn entropy (nonnegative for e.g. Lindbladt dissipator) Steady state

P=dW/dt

Energy flux

If

Heat flux

Two contributions

Markovian master equation Dissipator



Efficiency at maximum power
Chambadal-Novikov-Curzon-Ahlborn limit

Optimization of the power

Curzon-Ahlborn efficiency

R. Kosloff, A. Levy, Annu. Rev. Phys. Chem. 65, 365 (2014); I. Novikov, (1957), P. Chambadal (1957), Curzon, Ahlborn (1975).

Power of a 3-level QHE at high T limit

Efficiency of a 3-level QHE



Efficiency at maximum power of low-dissipation 
Carnot engines

Finite time cycles

Curzon-Ahlborn efficiency Carnot efficiency

Optimizing the power

Ultimate boundary for the efficiency

M. Esposito, R. Kawai, K. Lindenberg, C. Van den Broeck, Phys. Rev. Lett. 105, 150603 (2010)



Efficiency at maximum power for Scovil Schulz-Dubois (SSD) model

Laser-matter interaction

Hot bath Liouvillian

Heat flux

Efficiency

E. Boukobza, D.J. Tannor, PRA 74, 063822 (2006); PRL 98, 240601 (2007)

Power

Equivalent to quantum calculation for the photon number
Strong coupling to the laser field



Efficiency at maximum power
Fixing ωh while varying ωc

Fixing ωc while varying ωh

Limiting cases



Coherence effects
Laser radiation is coupled to both upper levels

Efficiency is dependent upon density matrix (symmetry breaking)

Similarly the heat bath is governed by generalized Lindblad (interference terms) 

p=1 constructive interference, p=-1 destructive interference, p=0 no interference

If                    does it mean we can get more than CA efficiency?
If Δ=0 does it mean we get the same answer as in SSD?                



Efficiency with coherence (degenerate levels)

Fixing ωh while varying ωc

Fixing ωc while varying ωh

Coherence effect

Nondegenerate case does not improve the efficiency. Symmetry is not broken (result 
does not depend on the sign of Γh1-Γh2



Low temperature operation

Plog is a product log function which is a principal solution for w in z=wew
, Nc=ωc/Tc>>1, 

Nh=ωh/Th>>1. No dependence upon coherence!

Fixing ωh while varying ωc

Fixing ωc while varying ωh

Degenerate case does not depend on the rate of spontaneous emission – reversible limit (see e.g. S.E. Harris, PRA  94, 053859 (2016))



Summary
• Efficiency at maximum power for Scovil Schulz-DuBois maser 

lies within the same boundary as for more general finite time 
Carnot engines without additional assumptions on the 
relation between dissipation and relaxation times.

• Bath (noise) induced coherence may enhance power output 
of the photosynthetic, photovoltaic and laser QHE.

• Present results demonstrate the effects of quantum 
interference on efficiency at maximum power (practical limit 
for efficiency)

• Weak coupling to the bath yields few percent effect on the 
coherence enhanced efficiency at maximum power (weak 
coupling – weak effect)

• For degenerate coupled states at low temperature coherence 
does not play role. 
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