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CONSPECTUS: The application of quantum states of light such as
entangled photons, for example, created by parametric down
conversion, has experienced tremendous progress in the almost 40
years since their first experimental realization. Initially, they were
employed in the investigation of the foundations of quantum physics,
such as the violation of Bell’s inequalities and studies of quantum
entanglement. They later emerged as basic platforms for quantum
communication protocols and, in the recent experiments on single-
photon interactions, in photonic quantum computation. These
applications aim at the controlled manipulation of the photonic
degrees of freedom, and therefore rely on simple models of matter,
where the analysis is simpler. Furthermore, quantum imaging with
entangled light can achieve enhanced resolution, and quantum
metrology can overcome the shot noise limit for classical light.
This Account focuses on an entirely different emerging class of applications using quantum light as a powerful spectroscopic
tool to reveal novel information about complex molecules. These applications utilize two appealing properties of quantum light:
its distinct intensity fluctuations and its nonclassical bandwidth properties. These give rise to new and surprising behavior of
nonlinear optical signals. Nonclassical intensity fluctuations can enhance nonlinear optical signals relative to linear absorption.
For instance, the two-photon absorption of entangled photon pairs scales linearly (rather than quadratically) in the photon flux,
just like a single photon absorption. This enables nonlinear quantum spectroscopy of photosensitive, for example, biological,
samples at low light intensities. We will discuss how the two-photon absorption cross section becomes a function of the
photonic quantum state, which can be manipulated by properties of the entangled photon pairs. In addition, the quantum
correlations in entangled photon states further influence the nonlinear signals in a variety of ways. Apart from affecting the
signal’s scaling with intensity, they also constitute an entirely new approach to shaping and controlling excitation pathways in
molecular aggregates in a way that cannot be achieved with shaped classical pulses. This is because between the two absorption
events in entangled two-photon absorption, the light and material system are entangled. Classical constraints for the
simultaneous time and frequency resolution can thus be circumvented, since the two are not Fourier conjugates.
Here we review the simplest manifestation of quantum light spectroscopy, two-photon absorption spectroscopy with entangled
photons. This will allow us to discuss exemplarily the impact of quantum properties of light on a nonlinear optical signal and
explore the opportunities for future applications.

1. INTRODUCTION

Quantum entanglement refers to a curious property of the
Hilbert space geometry of many-body systems: It is associated
with many-body quantum states, which cannot be written as
the products of the constituents’ wave functions, and
consequently the particles are strongly correlated in a distinct
quantum-mechanical way as we describe below. The concept
of entanglement and the nonlocal correlations associated with
it was first pointed out in the famous paper by Einstein,
Podolsky, and Rosen,1 who used it to question the foundations
of quantum mechanics. Its implications for our understanding
of the nonlocality of quantum mechanics are hard to
underestimate. But besides, as later formalized by Bell,2 its
main corollary for possible applications consists in the insight
that there are quantum states featuring strong correlations in

any measurement basis, as opposed to classical correlations,
which are basis-dependent. For instance, a two-spin Bell state
such as |Φ+⟩ = (|↑1↑2⟩ + |↓1↓2⟩)/√2 shows perfect correlations
between the two spins, regardless of whether one measures
correlations in the up/down basis, |↑1⟩, |↓1⟩, or in the plus/
minus basis |±1⟩ = (|↑1⟩ ± |↓1⟩)/√2 of spin no. 1. In the latter
basis, the Bell state retains its structure, |Φ+⟩ = (|+1+2⟩ +
|−1−2⟩/√2. Therefore, the measurement of spin 1 determines
the state of spin 2. If the result is |↑1⟩, we know that spin 2 is in
the state |↑2⟩ (likewise for |↓1⟩). Also, if the result is |+1⟩, we
know that spin 2 is in the state |+2⟩ (and likewise for |−1⟩, of
course). In contrast, classically correlated states [e.g., ρ =
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(|↑1↑2⟩⟨↑1↑2| + |↓1↓2⟩⟨↓1↓2|)/2, which is obtained from
|Φ+⟩⟨Φ+| by removing its off-diagonal matrix elements in the
up/down basis] can only show perfect correlations in a specific
basis. Measuring ρ in the up/down basis of spin no. 1, we
obtain the reduced density matrix ρred = ⟨↑1|ρ|↑1⟩ = |↑2⟩⟨↑2|, so
this measurement determines the state of the second spin as
shown above. Yet measuring ρ in the plus/minus basis, we
obtain ρred = (|+2⟩⟨+2| + |−2⟩⟨−2|)/2, which leaves spin no. 2
undetermined. This feature will be important in spectroscopy,
where entangled photon states can simultaneously feature
strong correlations in time and anticorrelations in frequency
domain, while classical correlations only show up in one
domain.
Photons can be entangled in different degrees of freedom:

their wavevectors, frequency, time, or polarizations. It was with
polarization-entangled photons that the violation of Bell’s
inequalities was first demonstrated conclusively.3−5 These
experiments paved the way for the currently most intensive
field of research in the application of entangled photons,
quantum cryptography.6 Further proposals aim at employing
entangled photons in imaging,7 lithography,8 or phase
estimation,9 where frequency correlations increase the spatial
resolution. These proposals can, however, often be realized
with classical correlations as well since they only require
correlations in a single variable.10−12

The interest in employing entangled photons as spectro-
scopic tools was first raised in refs 13−15 where the authors
theoretically predicted a linear rather than quadratic scaling of
the two-photon absorption (TPA) rate with the pump photon
intensity. The experimental verification of this effect in
atomic16−18 and molecular samples19−22 established entangled
photons as peculiar light sources for nonlinear spectroscopy
with low photon fluxes. Subsequent theoretical proposals for
entangled virtual state spectroscopy23 or entanglement-
induced two-photon transparency24 pointed out the highly
unusual bandwidth properties of entangled photons, which will
be discussed below. They also form the basis for pump−probe
spectroscopy schemes25,26 or two-dimensional spectrosco-
py27,28 involving entangled photons.
Here we focus on experimentally relevant aspects of

entangled photon absorption, while keeping the theoretical
background to a necessary minimum. More comprehensive
reviews can be found in refs 29 and 30. We will discuss the
interrelation between the photon flux produced by an
entangled photon source, the inherent quantum correlations,
and the induced TPA signal in atomic and molecular samples.
This is followed by a discussion of TPA in molecular
aggregates, where many excitation pathways interfere, and
nonradiative relaxation processes reshuffle populations.

2. MULTIMODE QUANTUM LIGHT: GENERATION
AND DETECTION

Before discussing the spectroscopic signatures of quantum
properties of light, we first briefly survey the quantum theory of
the detection and characterization of light and the creation of
entangled photon pairs.

2.1. Parametric Down Conversion

Parametric down conversion (Figure 1a) is a nonlinear optical
process induced by the interaction of a pump laser with a
nonlinear medium. A high-frequency pump photon is split into
a pair of entangled photons, historically denoted as signal and
idler, respectively. Generally, one distinguishes collinear down

conversion, where the entangled photons are created with the
same propagation direction as the pump beam, and noncol-
linear down conversion (as sketched in Figure 1a), where they
are generated in cones around the pump beam. Even though
entangled photons have been so far created in a broad variety
of systems, the creation of time-frequency entanglement always
relies on the interplay between the conservation of energy and
momentum. Denoting the frequency of the pump photon ωp
and those of signal and idler photons ω1 and ω2, respectively,
the process must conserve energy,

p 1 2ω ω ω= + (1)

and momentum

k k k( ) ( ) ( )p p 1 1 2 2ω ω ω= + (2)

The down conversion event can happen at any point in space
along the propagation of the pump pulse through the nonlinear
crystal, and the created two-photon state |Ψ⟩ is, in general, a
superposition of all photon states |ω1,k1;ω2,k2⟩, for which eqs 1
and 2 are both satisfied. The entangled two-photon state then
reads

k k k k k kd d ( , ) , ; ,1 2 1 2 1 1 2 2∫ ∫ ω ω|Ψ⟩ = Ψ | ⟩
(3)

In the following, we neglect the spatial variation of the two-
photon wave function (for details, see ref 31) and assume that
the spatial propagation direction is selected, for example, by
small slits24 or by collinear down conversion.
A typical representation of the resulting wave function in

frequency domain Ψ(ω1,ω2) is sketched in the left panel of
Figure 1b, which shows the absolute value of the amplitude vs
the photon frequencies ω1 and ω2. The width along the

Figure 1. (a) In parametric down conversion, a photon from a strong
pump beam with frequency ωp (black) splits into an entangled pair of
photons with frequencies ω1 and ω2. Although here we depict
noncollinear down conversion, in this Account, we only focus on the
bandwidth properties of entangled photons and do not discuss their
spatial properties. (b) (left) Schematic sketch of the absolute value of
a typical two-photon wave function in frequency domain, Ψ(ω1, ω2).
(right) The absolute value of the corresponding wave function in time
domain, Ψ̃(t1, t2).
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diagonal, Δω+, is determined by the pump bandwidth, due to
energy conservation in eq 1. The antidiagonal width Δω− is
determined by the momentum phase matching, eq 2, and can
be much broader than Δω+.
The corresponding time domain wave function, Ψ̃(t1, t2)

obtained by a double Fourier transform is shown in the right
panel of Figure 1b. The small uncertainty Δω+ translates into a
large uncertainty Δt+. Hence, the photon pair arrival time is
limited by the pump duration. Yet the large uncertainty Δω−
implies a strong correlation of the photon arrival times Δt−.
Once the first photon is absorbed, for example, in a detector,
its twin must arrive within a very narrow time window, known
as the entanglement time, T. When Δω+ = 0, this time window
is solely determined by the group velocity mismatch within the
crystal and can be controlled by the crystal length,32 as we shall
examine below.
Taking only the two emerging propagation directions into

account, a typical form for such an entangled state is given by
the twin photon state24

i
k
jjj

y
{
zzzk k k

1
d d exp( ( ) / )

sinc
2

( ( ) ( ) ( )) ,

twin 1 2 1 2 p
2 2

1 1 2 2 p 1 2 1 2

∫ ∫ω ω ω ω ω ω

π
ω ω ω ω ω ω

|Ψ ⟩ = − + − Δ

+ − + | ⟩

+

(4)

where is the crystal length and the normalization constant
T/(2 )3/2ω π= Δ + . The first exponential stems from the

pump pulse bandwidth, and the sinc function33 arises from the
phase matching inside the crystal which gives rise to the
entanglement time T.32

Strong correlations in the time and frequency anticorrela-
tions are a hallmark of entanglement in the pure quantum state
|Ψ⟩. If we were to replace the superposition state by a
classically correlated mixture of states, where the density matrix
looks like ϱ ≈ ∑ω1,ω2

pω1,ω2
|ω1,ω2⟩⟨ω1,ω2|, we would only

reproduce the frequency but not the time correlations (e.g., see
ref 34).
2.2. Photon Counting

We now consider a setup, where the entangled photons can be
detected individually. According to the standard theory of
photodetection, the average number of photons in beam i is
given by28

n a a t Ad ( ) ( )i
t

t

i i
/2

/2

w d
w

w∫η τ τ τ η= ⟨Ψ| |Ψ⟩ ≡ Φ
−

†

(5)

where tw denotes the detection window, η the detector
efficiency, Ad the detector area, and ai(τ) the photon
annihilation operator at time τ, with the commutation relation
[ai(t),ai

†(t′)] = δ(t − t′). The expectation value is taken with
respect to the photon field, which in our case is the entangled
two-photon state |Ψ⟩, eq 4. In the equality, we have defined the
photon flux density Φ, the number of detector clicks per unit
time and area. The prefactor ηAd can be interpreted as the
detector’s single photon absorption cross section associated
with |Ψ⟩. In the case of the twin state (eq 4), if the time
window tw is much longer than the temporal length of the
photon wavepacket but small enough such that only a single
photon pair is measured, we obtain ni ≃ ηAd/Aq, where Aq is
the quantization area (the beam area perpendicular to its
propagation direction35), and hence Φ ≃ 1/(twAq).
The detection probability of two photons from the two

beams, where the second photon is detected with a time delay
t, is given by

G t d a a t a t a

f t t A A

( ) ( ) ( ) ( ) ( )

( ) ...

t

t
(2) 2

/2

/2

1 2 2 1

2
w d1 d2

w

w∫η τ τ τ τ τ

η

= ⟨Ψ| + + |Ψ⟩

≡ Φ +

−

† †

(6)

This coincidence signal peaks at t = 0, with a temporal width
determined by Δt− (see Figure 1b). Since the expectation
value is taken with respect to the same two-photon state |Ψ⟩ as
in eq 5, it also depends linearly on the photon flux density Φ to
leading order. This is indicated in the product of the delay
dependent factor f(t), the detector efficiency η2, the detection
window tw, and the two detector areas Ad1 and Ad2. Hence, at
zero delay t = 0, η2Ad1Ad2 can be seen as the detector’s
entangled two-photon absorption cross section. When the
photon flux is high, different photon pairs can overlap
temporally, creating an incoherent background of uncorrelated
coincidence events, which scales quadratically with Φ and only
depends on the temporal width Δt+ in Figure 1b.

3. ENTANGLED TWO-PHOTON ABSORPTION

Two-photon absorption (TPA) experiments with entangled
photons were first carried out in atomic16−18 and, more
recently, in molecular systems.19−22,38,39 These simplest
nonlinear optical experiments detect the probability of
excitation of the final state f, where ω1 + ω2 = ωfg (see the
level scheme in Figure 2a). This probability can be detected,
for instance, by characteristic fluorescence. Formally, a TPA
experiment is similar to a photon coincidence measurement,

Figure 2. (a) The level scheme and the Feynman diagram for the leading contribution to the population of the final state f, eq 9. For an
introduction to the diagrammatic technique, see refs 36 and 37. Linear scaling of the TPA rate (b) in an atomic sample16 and (c) in a molecular
sample.19 Panel b reproduced with permission from ref 16. Copyright 1995 American Physical Society. Panel c reproduced with permission from ref
19. Copyright 2006 American Chemical Society.
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when the two detectors are replaced by the material system.
Hence, much of what was discussed in the previous section
applies to TPA as well. The TPA signal, RTPA (s−1), contains
two contributions

RTPA e r
2σ δ= Φ + Φ (7)

where the prefactors are the correlated absorption cross
section, σe, and the classical absorption cross section, δr. The
first term stems from the absorption of an entangled pair and is
hence linear in the photon flux, and the second quadratic
contribution originates from the absorption of two uncorre-
lated photons from different photon pairs, so that the effect of
entanglement is eliminated, and the standard classical
quadratic scaling is recovered. A TPA measurement with
classical laser light would also measure δr. This scaling was
detected in both atomic and molecular samples, as shown in
Figure 2b,c, respectively. In both cases, the signal can only be
fitted accurately by including a linear and a quadratic
contribution. The crossover between the linear and the
quadratic regimes depends on the properties of the entangled
states. As pointed out in ref 18, the maximal photon flux at
which the light can be considered as composed of individual
photon pairs is given by the photon pair bandwidth. If this flux
is exceeded, different pairs start to overlap. Hence, the larger
the photon bandwidth, the better the linear regime can be
observed. In broadband down conversion of a narrowband
pump pulse, where the two-photon wave function is sketched
in Figure 1b, this means that a short entanglement time T
(strong entanglement) is beneficial.
The entangled two-photon absorption cross section can be

calculated as24,36,40

A

A
t

t
p td

d
d

( )e
q

2

e
f∫σ =

−∞

∞

(8)

where Ae is the entanglement area (the area perpendicular to
the propagation direction in which the entangled pair was
created), and pf(t) denotes the population of the final state at
time t. Typically, it is equivalent to calculating pf(t), and then
taking the limit t → ∞. In the limit Δω+ = 0 (i.e., cw pump),
one simply calculates the steady-state population pf.
The corresponding Feynman diagram for the population in f,

shown in Figure 2a, translates into the following expression
obtained in the rotating wave approximation

i
k
jjj

y
{
zzzp t

i

V V V V E E E E

( ) d d d d

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

t

t

t t

t

tf

4

2 1 2 1

1 2 2 1 1 2 2 1

0 0

2

0 0

2∫ ∫ ∫ ∫τ τ τ τ

τ τ τ τ τ τ τ τ

= −
ℏ

′ ′

⟨ ′ ′ ⟩⟨Ψ| ′ ′ |Ψ⟩

τ τ′

† † † †

(9)

where V and V† denote the positive and negative frequency
component of the dipole operator, respectively. V destroys an
excitation, whereas V† creates one. The expectation value ⟨...⟩
is taken with respect to the initial density matrix of the sample.
Likewise, E and E† denote the positive and negative frequency
components of the electric field operator. Equation 9 can be
interpreted as follows: the spectroscopic information is
contained in ⟨VVV†V†⟩, and the field correlation ⟨E†E†EE⟩
serves as an observation window.
Equation 9 is a time-ordered convolution of the matter and

the field correlation functions, and disentangling the impact of
quantum correlations and fluctuations and of quantum
dynamics within the material is not an easy task. It implies

that the entangled two-photon absorption cross sections
defined in eqs 7 and 8 depend on the incident photonic state,

( )e eσ σ= Ψ (10)

and quantum correlations influence the absorption cross
section. In contrast, the semiclassical limit of eq 9 is obtained
by replacing the field correlation function in the second line by
a product of classical field amplitudes. It is then possible to
define the classical cross section δr without reference to the
classical field amplitude and by only evaluating the material
correlation function ⟨VVV†V†⟩.
A clear picture for the impact of quantum correlations

emerges for a monochromatic pump driving the down
conversion process (Δω+ = 0), where the steady state pf is
given by the modulus square of a transition amplitude.24,26,40,41

Using eq 4 in this limit, we obtain pf = |Tfg|
2 with the transition

amplitude

i
k
jjjjj

y
{
zzzzzT

T
1 e 1 e 1

e

e e
i T

e

i T

e
fg

g f

pf 1 2

e e1 2

∑
μ μ

ξ ξ ξ
∝ − + −ξ ξ

(11)

Here, the summation runs over all intermediate states e, μge
and μef denote the dipole moments of the g → e and e → f
transitions, respectively. ξie = ωi

(0) − ωeg + iγe is a complex
phase, which is composed of the detuning between the central
frequency of the ith photon’s wavepacket ωi

(0) from the
intermediate state’s frequency ωeg, and the excited state
lifetime γe. Similarly, ξpf = ωp − ωfg + iγf is composed of the
detuning between the pump frequency and the final state
energy, and lifetime γf. The first factor in eq 11 is simply the
normal Lorentzian resonance of the two-photon transition,
∼1/ξpf. The second term combines the entanglement time T
with the single-photon resonances ξie: The second photon
must arrive within the entanglement time T, thus broadening
the resonance of the g → e transition according to a sinc
function. When T−1 ≫ |ωi

(0) − ωeg| and T−1 ≫ γe, we can
expand the exponential to obtain Tfg ∝ √T (hence σe ∝ T),
and the two-photon transition no longer depends on the
detuning ωi

(0) − ωe between the photon and intermediate state
frequencies, since the photon bandwidth is much larger. In the
opposite limit, when T−1 ≪ γe, the exponential vanishes due to
the finite γe, and the remaining expression becomes a normal
single-photon resonance. We thus recover the classical two-
photon absorption resonance, and Tfg ∝ 1/√T.
As discussed in the previous section, in the high photon-flux

regime, when different photon pairs overlap temporally,
incoherent contributions have to be added,42,43 giving rise to
the second term δrΦ2 in eq 7, recovering an essentially classical
regime in which quantum correlations do not affect the signal.
One intriguing question originally raised in ref 44 concerns

the possibility of a collective response of many sample
molecules: Can entanglement be employed to induce collective
resonances in the optical response, where the signal would be
created by two or more molecules? It turns out, however, that
two-photon excitation of a collection of noninteracting two-
level atoms does not result in collective resonances due to
destructive interference of excitation pathways. Nevertheless,
they may be observed in photon statistics (Hanbury−Brown−
Twiss) measurements through the attenuation of two-time
intensity correlations.45
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4. POPULATION DYNAMICS

In the case of a multilevel system such as a molecular
aggregate, the time−energy entanglement can control the
excited state distributions and suppress energy relaxation41,46

or control vibronic states in a molecule.47,48 As a minimal
example to illustrate this, we depict simulations of a five-level
toy model from ref 29 in the left panel of Figure 3a, where the
intermediate states |e1⟩ and |e2⟩ undergo rapid incoherent
relaxation |e2⟩ → |e1⟩. The goal is to suppress relaxation, which
always drives the population toward the same low-energy state.
This is possible with short pulses in classical spectroscopy. At
the same time, we want to keep the spectral resolution, which
would require narrow bandwidth pulses. Both goals can be
achieved with entangled photons. In Figure 3a, the relative
population of |f1⟩ and |f 2⟩ (the ratio of population deposited in
either state) after excitation by entangled photons is contrasted
with the excitation by classical laser pulses (shown as a
function of twice their center frequency, ω0). The classical
pulses have bandwidths Δω+ or Δω−, respectively, such that
they reproduce either the diagonal or the antidiagonal
bandwidth of the entangled photon two-photon wave function

in Figure 1. This means that these pulses reproduce either the
frequency resolution or the time resolution in the arrival time
of the entangled photon pairs. While entangled photons can be
designed to transfer almost the entire population into one of
the two states, this is not possible with laser pulses. Either the
broad bandwidth of temporally short pulses inhibits a targeted
excitation, or when using narrow bandwidth light, the
intermediate relaxation drives the e-population toward a
thermal state, thus creating the similar f-state distributions
regardless of their central laser frequency. The reason for this
advantage of entangled photons can be traced back to the
classical Fourier uncertainty, which has to be satisfied for every
single absorption event. Consequently, for a two-photon
transition, it restricts the simultaneous time and frequency
resolution,28,46

t 1cl clωΔ Δ ≥ (12)

where Δωcl denotes the uncertainty in the frequency resolution
and Δtcl the uncertainty in the time delay between the two
absorption events. Thus, the larger the pulse bandwidth
corresponding to minimum Δtcl, the larger is Δωcl, and thus,

Figure 3. (a) Five-level model system and the f-state population excited by entangled photons (solid lines) and by classical pulses matching either
the bandwidth Δω+ (dashed line) or Δω− (dot-dashed line) in Figure 1. Each line indicates the ratio of population in f1 at a given pump frequency.
For example, at ωp = 21800 cm−1, entangled photons can excite ca. 95% of f1 and 5% of f 2, while ultrafast classical pulses (dot-dashed) can excite ca.
70% of f1 and 30% of f 2. (b) The fluorescence signal collected from the populations in panel a. (top) Entangled photons. (bottom) Classical pulses
with bandwidth Δω+. The dashed and dot-dashed lines indicate the signal created by emission from the f1 or f 2, respectively. (c) Relative
contributions of the coherent and the incoherent absorption of photons in a three-level system, where the intermediate state is either resonant
(solid blue line) or off-resonant (dashed red line), are plotted vs the mean photon number of the incoming light field. The insets show
extrapolations of the signal with off-resonant intermediate state to larger photon numbers. Reproduced with permission from ref 29. Copyright
2016 American Physical Society.
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the frequency resolution is lost. In two-photon absorption of
entangled photons, the photonic and the material systems are
entangled between absorption events. The uncertainties are
determined by spectral bandwidth Δω+ and the time delay Δt−
in Figure 1b. These are not Fourier conjugates and can thus
violate the inequality (eq 12).
The TPA signal based on the distributions in Figure 3a is

shown in Figure 3b. The entangled photon signal has two
resonances of equal magnitude; each can be attributed to the
signal from one of the f-states, respectively (as indicated by the
dashed lines below). The signal created by classical laser pulses
only features one strong resonance, with the other one merely
visible as a weak shoulder. It is thus impossible to efficiently
excite |f 2⟩, and hence it can be difficult to detect this state. So,
in additional to the lack of control over the excited f-state
distribution, the overall excitation efficiency is also dramatically
reduced. Entangled photons, on the other hand, offer a distinct
advantage in such a situation stemming from the simultaneous
time and frequency correlations of the entangled quantum
state of light. It cannot be reproduced by classical correlations.
Note that this advantage of entangled photons can persist

even for high photon numbers. In Figure 3c, we show the
relative contribution of the coherent excitation [the linear term
in eq 7] and the incoherent excitation (the quadratic term) as a
function of the mean photon number n in the initial photonic
state in a three-level system. If the intermediate state is off-
resonant, the quantum correlations are essential for the
efficient excitation, and hence the coherent contribution can
dominate the signal up to very large photon numbers. For the
resonant excitation, quantum correlations are not as important,
and the coherent signal is more easily degraded.
The unique properties of entangled photons outlined above

also persist in realistic molecular complexes. In Figure 4, we
present simulations of entangled two-photon absorption in a
photosynthetic bacterial reaction center with six chlorophyll

molecules, described by a tight-binding model with 12 single-
exciton, and 41 two-exciton states. As in Figure 3a, the left
panel in the top row shows the relative excitation of the
individual f-states created by strongly entangled photon pairs
with entanglement time T = 10 fs, and the right panel shows
the two-photon induced fluorescence signal (which contains
the same information as the TPA signal) created by these f-
state distributions. The TPIF signal peaks whenever the pump
frequency is resonant with the energy of a two-exciton state.
The bottom row depicts the same simulation with entangled
pairs with T = 100 fs. The intermediate energy relaxation has
greatly reshuffled the population distributions, and the
emerging TPIF signal has changed almost completely. Thus,
it is possible to detect an ultrafast relaxation processes using
entangled photons without the need for phase-stabilized
detection or ultrafast laser pulses.

5. CONCLUSIONS AND OUTLOOK
We have reviewed how the two-photon absorption signal can
be manipulated by entangled photon pairs. The entangled
absorption cross section depends on the initial photonic
quantum state, and may not be defined without reference to
this state. Instead, the signal depends on a multidimensional
convolution of the sample and field correlation functions. This
property was not covered in this Account, yet it opens the
possibility of shaping two-photon states in order to maximize
the cross section.50−53

If the sample consists of a multilevel system with complex
internal dynamics, the convolution of field and matter response
strongly affects the excitation pathways, as well as the time and
frequency resolution of the information that can be extracted
from the sample. It may be used to suppress population
transport or to control excited state distributions and thereby
to enhance otherwise very weak signals or examine ultrafast
relaxation dynamics.

Figure 4. (a) Relative two-exciton f-state population distribution in a model of the bacterial reaction center of B. viridis excited by entangled
photons with entanglement time T = 10 fs. The interpretation of the figure is identical to Figure 3a. (b) The two-photon induced fluorescence
(TPIF) signal of the distribution in panel a. (c) Same as panel a with entanglement time T = 100 fs. (d) TPIF signal of the distribution in panel c.
Adapted from ref 49. Copyright 2016 Springer Publishing.
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The physics reviewed in this paper could be combined with
the established methods to extract phase-dependent multi-
dimensional signals, as proposed in ref 28. These developments
promise to establish entangled photon spectroscopy as a new,
highly versatile tool for nonlinear spectroscopy, in the near
future.
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