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Abstract 

 Multiphoton absorption of entangled photons offers new ways for obtaining unique information 
about chemical and biological processes. Measurements with entangled photons may enable 
sensing biological signatures with high selectivity and at very low light levels to protect against 
photodamage. In this paper, we present a theoretical and experimental study of the excitation 
wavelength dependence of the entangled two-photon absorption (ETPA) process in a molecular 
system, which provides new insights into how entanglement affects molecular spectra. We 
demonstrate that the ETPA excitation spectrum can be different from that of classical TPA as well 
as that for one-photon resonant absorption (OPA) with photons of doubled frequency. These results 
are modeled by assuming the ETPA cross section is governed by a two-photon excited state 
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radiative linewidth rather than by electron-phonon interactions, and this leads to excitation spectra 
that match the observed results. Further we find that the two-photon allowed states with highest 
TPA and ETPA intensities have high electronic entanglements, with ETPA especially favoring 
states with the longest radiative lifetimes. These results provide new concepts for the development 
of quantum light-based spectroscopy and microscopy that will lead to much higher efficiency of 
ETPA sensors and novel low intensity detection schemes.  

Significance Statement 

New insights into the interaction of non-classical entangled light with organic molecules have been 
provided using a combined experimental/theoretical study of the spectrum for absorbing two 
entangled photons. This spectrum has been found to be different from that for classical light as well 
as that for one-photon resonant absorption with photons of doubled frequency. The results show 
that the most important excited states for both classical and quantum light excitation have high 
electronic entanglements, and that ETPA additionally favors states with long two photon lifetimes. 
This provides the opportunity to study states of molecules with non-classical light that have 
fundamentally different properties than are accessible with classical light. 

 
Main Text 
 
Introduction 
 
Over the past decades quantum entanglement has enabled new directions in developing quantum 
imaging (1), metrology (2), quantum cryptography (3), and information science (4). Emerging 
quantum spectroscopy has been demonstrated to be a powerful tool that can extract molecular 
information not accessible with classical light (5,6). Entangled states of photons provide new control 
knobs for selective molecular excitation, relaxation, and radiative processes (5-7). Related 
spectroscopy can be extended to the femtosecond time-resolved domain resulting in an ultrafast 
tool to probe the dynamics of optical excitations. Strong quantum correlations of entangled photons 
could circumvent certain Fourier uncertainties and enhance the capabilities of the time-resolved 
spectroscopy (5,7,8). A very important property of entangled photons as a spectroscopic tool is the 
linear scaling of nonlinear optical signals such as two photon absorption with the incident light 
intensity (5,9) as this could enable optical sensing and imaging at extremely low probing power (10-
12). Specifically, entangled two photon absorption (ETPA) spectroscopy is a technique that utilizes 
the quantum nature of light to create a powerful spectroscopic tool (8). In ETPA the molecule is 
promoted from the ground state to the excited state by simultaneously absorbing two entangled 
photons. This process drastically differs from classical two-photon absorption due to time and 
spatial correlation between the two photons, and at low photon flux, the ETPA signal scales linearly 
rather than quadratically with photon flux (9,13-15). Importantly, the increased bandwidth of the 
entangled photons does not suppress the two-photon absorption probability due to anticorrelated 
frequencies of two photons in the pair for the spectrally narrow pump of a spontaneous parametric 
downconversion (SPDC) source of entangled photons (8). ETPA has attracted considerable 
attention over the last decades (8,14-17). However, many details of the ETPA absorption 
mechanism remain unclear; there are still substantial gaps between experimental observations and 
theoretical modeling (13,14,17-21). Experimentally, it is challenging to clearly distinguish one–
photon processes (such as scattering, and hot band absorption) from the linear dependent and 
relatively weak true ETPA (17,20,22). Various approaches such as using different attenuation 
schemes affecting photon statistics (21,23), measuring ETPA-excited fluorescence (11,24,25), 
exploring the spectral width (26) and spatial ETPA dependence (27), as well as HOM-dip detection 
schemes (28) have been employed to discriminate true ETPA from other contributions. In spite of 
these efforts there are still substantial deviations in experimentally estimated ETPA cross sections 
for similar molecules (20,25,29-31) as well as differences between experimental results and 
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theoretical predictions (5,17-19). This makes it difficult to figure out the detailed mechanism of 
ETPA and its optimal application.  
 
A key issue in providing convincing data that demonstrate ETPA is that the experiments are hard 
for parametric down-conversion sources, typically involving measurements at a single two-photon 
energy corresponding to a resonant transition.  As a result, variation of the ETPA cross section with 
excitation energy has not been reported. An action ETPA spectrum that is different from the 
classical TPA action spectrum would indicate a specific entanglement contribution to the absorption 
process, which has not been considered by most of the existing theories.  Having this information 
is also essential for separating out competing effects, as hot bands should have a distinct signature 
related to one-photon absorption (OPA) if these are important, while TPA and ETPA might be 
expected to have essentially the same action spectrum given that the cross section expressions 
are very closely related (14,32,33). 
 
From the perspective of theory, an important aspect for ETPA is determining what factors in the 
molecular electronic structure make the ETPA action spectrum different from that for TPA.  One 
issue in this respect is how the entanglement evolves when the two entangled photons are 
transformed into a molecular doubly excited state.  While there are well-defined selection rules for 
two-photon excitation that also apply to ETPA, the importance of electronic entanglement in ETPA 
or in TPA is unknown.  However, there are examples where strong entanglement fidelity during two 
photon excitation has been demonstrated, even in the highly dissipative environment associated 
with plasmon excitation (34,35). Earlier studies have considered other mechanisms (squeezing and 
pulse shaping) for controlling the selectivity of electronic excitation in comparison with classical 
TPA (36,37), but not entanglement. 
 
Another theory issue with ETPA is what is the relevant density of states that needs to be used in 
Fermi’s Golden Rule to determine the ETPA cross section. In the work of Kang et al (19), it was 
assumed that the density of states of the molecules in ETPA is determined by the radiative lifetime 
of the two-photon excited state.  This result is consistent with modeling that has previously been 
used in atomic physics (14), although the connection of radiative lifetime and electronic 
entanglement was not considered in this result.  However, the entangled plasmon results just 
mentioned suggest that the excited electronic states excited by entangled photons can be 
fundamentally different than in TPA, which is important to applications in spectroscopy and 
microscopy which utilize ETPA (5,8,11).  
 
 In this report, we present a study of the excitation wavelength dependence of the ETPA cross 
section for the molecule zinc tetraphenyl porphyrin (ZnTPP) which provides new insights into the 
ETPA mechanism. We find that the ETPA spectrum differs from that for classical two-photon 
absorption as well as from the linear absorption spectrum for photons of doubled energy (Figure 
1). The ETPA spectral results are theoretically interpreted in terms of specific quantum states that 
can be excited by entangled photons compared to un-entangled photon excitation, and we find that 
the difference between entangled and un-entangled excited state lifetimes plays the crucial role. 
We also provide experimental results with variations in signal and idler photon intensities and 
bandwidths that are designed to test whether the observed signal can be attributed to ETPA or 
some other process.   
 
 
Results 
 
In our experiments, the entangled photon pairs were produced by a spontaneous parametric 
downconversion (SPDC) nonlinear BBO crystal pumped by wavelength-tunable laser (see details 
in SI Appendix). To measure the absorption rate of entangled photon pairs we applied a relatively 
simple transmission change method for ETPA measurements (15, 39), which can be potentially 
prone to the one photon linear effects such as scattering or hot band absorption (20, 22). Our 
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previous experiments utilizing a similar SPDC and transmission method showed negligible 
absorption using a single output beam from SPDC (signal or idler) (39), specific spatial effects (27), 
and a non-trivial dependence of the measured entangled photon absorption as a function of the 
entanglement time (26). These findings clearly indicated that correlated photons are the origin of 
the observed absorption in our configuration. A relatively narrow ETPA spectrum is obtained in the 
current experiments as well as a drastic drop in ETPA response after spectral selection of a single 
photon in the pair (see below), which also supports correlated photons as the origin of the observed 
absorption rate. 
 
 We have measured the ETPA rate for the molecule zinc tetraphenyl porphyrin (ZnTPP) of at 
different wavelengths ranging from 740 nm to 900 nm.  The ETPA spectrum was then compared 
with the classical light TPA and linear absorption spectrum for light at a wavelength half of that 
used for the TPA experiments. The results are shown as a function of the photon pair energy in 
Figure 2. The classical TPA spectrum for free base tetraphenyl porphyrin was reproduced from the 
literature data (40-43). Available data for the classical TPA spectrum of ZnTPP demonstrated a 
similar wavelength dependence trend with the peak located at wavelength below 380nm (43). It is 
seen from the data shown in Figure 2 that the ETPA absorption spectrum substantially deviates 
from that of classical TPA.  This surprising result contradicts most of the theoretical descriptions 
that predict similar shapes for ETPA and classical TPA spectra (14,17,18,32,33). In contrast, the 
theoretical study of Kang et al (19) proposed that ETPA can be dominated by the final state with 
the longest radiative lifetime, suggesting a different absorption spectral shape for ETPA and 
classical TPA. This experimental ETPA action spectrum was not available for the comparison 
previously. The experimental spectral shift between ETPA and classical TPA obtained in 
experiment can be roughly estimated as 0.438 eV from the distance between peaks of Gaussian 
best fits of ETPA and classical TPA as shown in Figure 3. This number will be important in 
connecting with the theory results.  

In the current experiments, we have detected a narrow, resonance-like absorption of the entangled 
photon pairs at ~820nm with the absorption rate linearly dependent on the input flux.  This 
observation of a narrow absorption line is not consistent with broadband linear (one photon) 
scattering, indicating minor contribution of this mechanism to the observed absorption spectrum. 
Another linear effect, which can potentially contribute to the observed signal, is hot band absorption 
(HBA) (22).  HBA can affect the amplitude as well as the spectral shape of the detected absorption. 
Due to strong Boltzmann factor wavelength dependence, HBA can substantially increase the 
spectral components towards shorter wavelengths, effectively shifting the observed TPA spectrum 
to the blue with respect to the true TPA spectrum. In our experiments, we observed the opposite 
trend with the observed ETPA spectrum being shifted to the red from the classical TPA spectrum. 
Also, a quantitative analysis of the contribution of the HBA to the absorption rate provided in the SI 
Appendix shows that the contribution of HBA to the observed absorption is negligibly small under 
our conditions, being 6-7 orders of magnitude smaller than detected rate. To provide additional 
proof that the absorption signal is associated with ETPA and not to some other one-photon 
processes we have introduced an asymmetrical spectral selection of the SPDC output and 
measured the related ETPA response. For the pump wavelength 770 nm we have compared the 
ETPA rates recorded with our setup using different bandpass filters F2. The first filter was relatively 
broad allowing the full SPDC spectrum to reach the sample cell without substantial distortion 
(Figure 3, filter 1, Newport 10BPF70-750). In this case the measured ETPA rate   was ~ 3500 
photons/s (Figure 4). The second filter (filter 2, Newport HPM810-80) selects photons having 
wavelengths shorter than the doubled pump central wavelength (central wavelength of the SPDC 
spectrum). In this case we have selected only one photon from the pair (idler or signal) rejecting 
the second frequency-anticorrelated photon in the pair under degenerate phase matching 
conditions.  The ETPA signal dropped dramatically by a factor more than 10 to near the detection 
limit (300 ± 300 photons/s). The absorption rate as a function of the input flux for the two filtering 
conditions described above is shown in SI Appendix, Fig. S7. It clearly shows that the observed 
ETPA rate is associated with the presence of the second frequency anticorrelated photon. When 
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this photon is absent the ETPA rate drops to almost zero indicating that entangled photons are the 
origin of the observed two-photon absorption signal. 

The theory study involves new developments starting from the earlier work of Kang et al (19), where 
extensions to electronic structure theory were implemented to calculate the TPA and ETPA cross 
sections for two thiophene dendrimers.  In that work, a key difference between these processes 
arises in the distribution of two-photon excited states that is used in the Fermi Golden Rule 
expression for the cross section.   The density of states determines the lineshape function for 
absorption, and when evaluated on-resonance for excitation, this function is assumed to be 
proportional to the lifetime of the excited state that is produced by absorption. For TPA it is found 
that the effective lifetime associated with this state density is on the order of 10 fs, corresponding 
to the time scale of electron-phonon dephasing interactions in the doubly excited state, as has been 
previously established (44). For ETPA, it was argued that the appropriate lifetime is determined by 
the radiative lifetime of the two-photon state, i.e., electron-phonon interactions do not contribute to 
the entangled state density, and the resulting lifetimes are in the μs to ms range, as calculated 
using frequencies and transition moments from electronic structure theory.   

The ZnTPP molecule used in the current investigation is assumed to be in its ground electronic 
state |𝑔⟩ (with energy 𝜀௚) before interacting with light. Two-photon absorption (TPA) results in 
electronic transitions to an excited state |𝑓⟩  (with energy 𝜀௙)  through the intermediate states |𝑚⟩ 
(with energy 𝜀௠). The TPA cross-section is obtained from the rotationally averaged TPA amplitude 
〈𝑇௙௚

ଶ 〉 (46) 

𝛿௥(𝜔) =
8𝜋ଷ𝜔ଶ

(ℏ𝑐)ଶ
〈𝑇௙௚

ଶ 〉𝑔்௉஺(𝜔, 𝜀௙ , Γ), 
(1) 

where 𝜔 is the photon frequency, 𝑐 is the speed of light, and 𝑔்௉஺ is the lineshape function that 
describes spectral broadening of the excitation as introduced phenomenologically. The derivation 
of Eq. (1) is sketched in the SI Appendix, Eqs. S1-S7. We consider degenerate photons for both 
classical and entangled light i.e., 𝜔ଵ = 𝜔ଶ = 𝜔. Rotational averaging is performed in the molecular 
coordinate frame to account for ensemble averaging in bulk samples. The rotationally averaged 
transition amplitude is calculated from the transition moments 𝑇௙௚

௔௕ (46) 

〈𝑇௙௚
ଶ 〉 =

ଵ

ଷ଴
∑ (𝐹𝑇௙௚

௔௔𝑇ത௙௚
௕௕ + 𝐺𝑇௙௚

௔௕𝑇ത௙௚
௔௕ + 𝐻𝑇௙௚

௔௕𝑇ത௙௚
௕௔)௔,௕ , (2) 

where 𝑎 and 𝑏 represent cartesian coordinates. 𝐹, 𝐺, and 𝐻 are polarization-dependent 
parameters, 𝐹=𝐺=𝐻=2 for parallel polarization and 𝐹=𝐺=-1, 𝐻=4 for perpendicular polarization. For 
classical light, we use parallel polarization and for entangled light, we consider photons of 
perpendicular polarization generated through the type-II spontaneous parametric down-conversion 
(SPDC) process.  𝑇ത stands for the complex conjugate of 𝑇. For a CW laser under the dipole 
approximation, the transition moments are given by  

𝑇௙௚
௔௕ = ∑ ቂ𝐷௠

௔௕ ଵ

୼೘ି୧఑೘/ଶ
+ 𝐷௠

௕௔ ଵ

୼೘ି୧఑೘/ଶ
ቃ௠ . (3) 

𝐷௠
௕௔ is the two-photon dipole matrix element obtained from the molecular dipole components, 𝐷௠

௕௔ =
⟨𝑓|𝜇̂௕|𝑚⟩⟨𝑚|𝜇̂௔|𝑔⟩. Detunings are denoted as Δ௠ = ((𝜀௠ − 𝜀௚)/ℏ − 𝜔) with the intermediate state 
energy 𝜀௠ and ground state energy 𝜀௚. For TPA, we use a Lorentzian lineshape function (44) 

𝑔்௉஺(𝜔, 𝜀௙ , Γ) =
ଵ

గ

୻

(ଶఠି(ఌ೑ିఌ೒)/ℏ)మା୻మ, (4) 
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with the excited state damping factor Γ.  𝑔்௉஺ peaks around the two-photon resonance frequency 
with the height 1/ 𝜋Γ. We select ℏΓ = 0.1 eV which corresponds to approximately a 13 fs dephasing 
time of the excited states.  

The entangled two-photon absorption (ETPA) cross-section is expressed as (47) 

𝜎௘(𝜔) =
ଶగ

(ఢబℏ௖)మ஺೐ ೐்
𝜔ଶ〈𝑇෨௙௚

ଶ 〉𝑔ா்௉஺(𝜔, 𝜀௙ , 𝜏௙ , Γ),                                                                                 (5a)  

with 𝐴௘ being the entanglement area (which we take to be 10ି଺ cm2 as in earlier studies (14, 19), 
𝜖଴ the vacuum permittivity, and 𝑇௘ the entanglement time (taken to be 63 fs). The lineshape function 
𝑔ா்௉஺ is given by: 

𝑔ா்௉஺(𝜔, 𝜀௙ , 𝜏௙ , Γ) =
ଵ

గ
 

த౜ ୻మ

൫ଶఠି(ఌ೑ିఌ೒)/ℏ൯
మ

ା୻మ
,          (5b) 

𝜏௙ = ∑ ቈ
ସ

ଷℏ
൬

หఌ೑ିఌ೘ห

ℏ௖
൰

ଷ

|⟨𝑓|𝜇̂|𝑚⟩|ଶ቉

ିଵ

௠ழ௙ , 
(5c) 

where 𝜏௙ is the ETPA radiative lifetime of the two-photon electronic excited state |𝑓⟩, which we 
calculate based on energies and transition moments that are in (5c). The term 𝑇෨௙௚ in Eq. (5a) is 
given by: 

𝑇෨௙௚
௔௕ = ∑ ቂ𝐷௠

௔௕ ଵିୣ୶୮[ି୧ ೐்୼೘ି ೐்఑೘/ଶ]

୼೘ି୧఑೘/ଶ
+ 𝐷௠

௕௔ ଵିୣ୶୮[ି୧ ೐்୼೘ି ೐்఑೘/ଶ]

୼೘ି୧఑೘/ଶ
ቃ௠ , (6) 

where the D’s refer to products of transition moments for the two excitations, Δ௠ refers to frequency 
differences, and the 𝜅௠ are damping parameters (19). Note that 𝑇௘ introduces additional phase 
factors in the ETPA transition amplitude, which is purely a quantum effect and has no classical 
analog.  

The lineshape expression in Eq. (5b) is based on the work of Kang et al. (19), however with further 
development that is given in the SI Appendix. This shows how the very narrow ETPA lineshape 
function considered by Kang et al evolves to a broad lineshape 𝑔ா்௉஺ in (5b) after factoring in the 
contribution from the broad intermediate state |𝑚⟩ in the entangled two photon absorption process, 
and with an overall amplitude that comes from the narrow lineshape, leading to the lifetime 
parameter 𝜏௙ in (5b). 

 
 
Discussion  
 
We have performed all electronic structure calculations with TURBOMOLE for the ZnTPP molecule. 
The molecular geometry is optimized using the B3LYP hybrid functional and def2-TZVP basis 
function. The same level of theory is utilized with time-dependent density functional theory (TDDFT) 
to compute the first 29 excited states required to calculate the two-photon absorption cross-
sections. The excited states are indexed from  |1⟩ to  |29⟩ covering the energy range [2.27, 4.21] 
eV. Calculated energy levels and transition dipole matrix elements for the first 18 excited states are 
shown in Figure 5. We calculate the radiative lifetime of all excited states through Eq.5c which are 
provided in SI Appendix, Table S1 along with their corresponding energies. Figures (5a) and (5b) 
illustrate the partial contributions to the cross-sections from the various two-photon excited states 
for TPA and ETPA, respectively. There are multiple excited states in the ZnTPP molecule that are 
two-photon allowed. Among those, we find that state |16⟩ makes the dominant contribution to TPA 
while the state |8⟩ dominates in ETPA.  Higher energy states (|22⟩, |26⟩, and |28⟩) also contribute 
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significantly to TPA, leading to an overall peak intensity at 4.16 eV. By contrast, the ETPA intensity 
peaks at energy of 3.67 eV due to the combined effect of  states |8⟩ and |11⟩. As a result, the ETPA 
spectrum is red-shifted compared to the TPA spectrum by 0.41 eV (when the subpeaks in TPA are 
averaged), which is in very good agreement with the experimental shift, 0.44 eV. On the other hand, 
when compared to the one-photon absorption (OPA) spectrum, the red line in Fig.(5c), both ETPA 
and TPA spectra are blue-shifted.  This qualitatively matches the experimental results in Figure 2, 
however we note that the calculated energies are all shifted to the blue compared to the measured 
results by a few tenths of an eV. This is a typical error arising from the use of TDDFT(19) in 
determining excited state energies and transition moments. Also,the calculations are for gas-phase 
ZnTPP, so there should be a small solvent red shift that we do not include in the calculations.  

 
Also of significance is that the spectral amplitude (the size of the cross sections) matches well with 
experiment for both TPA and ETPA. The calculated and measured values of TPA cross-sections 
are 27 GM and 30 GM, respectively, while the calculated value for ETPA is smaller than experiment 
by a factor of 10, which is within the precision of the comparison given the uncertainties in excited 
state energies, transition moments and the entanglement area (19).  
 
Now we discuss Figure 4 in more detail. The transition dipole matrix in Fig. (4b) shows that the 
ground state |0⟩ is coupled effectively with two nearly degenerate excited states |3⟩ and |4⟩. 
Therefore, the main OPA peak involves |0⟩ → |3⟩ and |0⟩ → |4⟩ transitions and for the two-photon 
transitions, these states (|3⟩ and |4⟩) serve as the important intermediate states. We further note 
that other high energy excited states (like |9⟩ and |10⟩) participate into the two-photon process as 
intermediate states but with relatively smaller contributions. TPA populates the state |16⟩ with the 
maximum intensity due to the large transition moment to this state from the intermediate states and 
small detuning factors Δ௠ associated with this state. There are also large TPA transition amplitudes 
to higher energy states between [4.1- 4.2] eV (|22⟩, |26⟩, and |28⟩). For ETPA, the same transition 
moments and detuning factors Δ௠ are involved, but the relevance of the different final states varies 
because of how the cross-section depends on the excited state lifetime 𝜏௙.  In this example for the 
ZnTPP molecule the lifetime is longest for state |8⟩ followed by |11⟩ among the two-photon allowed 
states (those with non-zero transition moments 𝐷௠); see SI Appendix, Table S1. As a result, the 
ETPA spectrum shows the highest peak near these states following the transition paths |0⟩ → 
|3⟩/|4⟩ → |8⟩  and |0⟩ → |3⟩/|4⟩ → |11⟩ in addition to the paths |0⟩ → |3⟩/|4⟩ → |16⟩ and other 
transitions that are also accessible by classical light, but are comparatively weak due to the small 
lifetimes.   
 
Another result from an analysis of the excited states is that the most important ETPA excited states,  
|8⟩ and |11⟩, are highly entangled, with wavefunctions that are composed of a sum of two 
configurations with nearly equal weights (see SI Appendix, Table S2). The other two-photon excited 
states, such as those that are dominant in TPA, also involve superpositions of multiple 
configurations and have Schmidt numbers that are similar to those that dominate in ETPA, as 
presented in SI Appendix, Table S3.  Here Schmidt number (a measure of the degree of 
entanglement that is also known as the collectivity number) has been defined based on natural 
transition orbital eigenvalues as obtained from TDDFT (48).  The dominance of highly entangled 
two photon excited states in both ETPA and TPA is understandable, as such states involve a 
coherent sum of single electron-hole excitations such that the transition moment when the second 
photon is absorbed can be significantly large. For state |8⟩, ETPA is also favored due to the long 
lifetime associated with this state. This results because the large transition moment associated with 
two-photon state |8⟩ is for intermediate states |9⟩ and |10⟩, but these are states that are higher in 
energy than state |8⟩ and thus do not contribute to the lifetime, The other important two-photon 
states (|11⟩ and |16⟩) have comparatively smaller lifetimes as they are coupled to many lower 
energy excited states including |9⟩ and |10⟩. Due to large transition moments and small detuning 
factors Δ௠, state |16⟩ is preferentially excited in TPA, but for  ETPA, state |8⟩ dominates because 
of its significantly longer radiative lifetime. 
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The theory analysis thus reveals the importance of radiative lifetime in ETPA, which is a property 
that is favored when there are small energy spacings and transition moments for transitions down 
from the two photon excited state.  Also note that the blue shift of ETPA compared to OPA provides 
strong evidence that the ETPA signal is different from OPA, otherwise one would see the ETPA 
peak (assuming the signal and idler photons are both absorbed in one photon transitions) at the 
same energy as the OPA peak.   

We have experimentally shown that the ETPA spectrum can be different from the two-photon 
absorption spectrum for classical light. In addition, there is a good comparison of these results with 
calculations where it is assumed that there is an important difference between the densities of 
states accessible in the two photon excited states in ETPA and TPA as manifested by the excited 
state lifetimes. Entanglement fidelity can play a role, but the present results show that unentangled 
photons, i.e., classical light, can efficiently access states with high electronic entanglements via 
TPA. However it is clear that ETPA provides an opportunity to access excite states of molecules 
that have fundamentally different properties than with classical light, providing important directions 
for further quantum light studies.  

 

 
Materials and Method 
 
In our experiments, the entangled photons were produced by a spontaneous parametric 
downconversion (SPDC) nonlinear BBO crystal. A wavelength tunable femtosecond laser system 
SpiritOne -8 (Spectra Physics) was used as the SPDC pump source. The laser system was able to 
generate the femtosecond pulses (~350 fs duration) with a repetition rate 200 kHz in a broad 
spectral range covering the visible and NIR.  In the current experiments, we tuned the laser 
wavelength in the range 370 nm – 450 nm to pump SPDC which was based on 1mm thick β-barium 
borate (BBO) Type II nonlinear crystal (see more details in Materials and Methods of SI Appendix).  
We were able to tune the SPDC output wavelength in the range of 740 nm – 900 nm by using BBO 
crystals cut for collinear Type II SPDC for 355 nm and 405 nm pump. By adjusting the BBO angle 
and choosing the output spectral band pass filter (BF2, Figure 6) degenerate photon pairs were 
produced for each particular pump wavelength. The spectral width of the SPDC output was ~15 
nm corresponding to an entanglement time ~63 fs that was measured in previous experiments 
(16,24,30,49). The pump laser spectral width was in the range 1.7 nm to 2.2 nm (FWHM) depending 
on the wavelength (SI Appendix, Fig. S1). 

A dichroic mirror (DM) and a set of band pass filters were used to filter the down converted photons 
from the pump beam.  The entangled photons were focused into a cuvette containing the sample 
or solvent, and the photon count rate of the transmitted beam was measured using a silicon 
avalanche photodiode (Perkin Elmer SPCM-AQR-13).  A series of variable apertures were used to 
select the central overlap portion of the SPDC output light cones in a collinear phase-matching 
arrangement (27) (Fig. S4). The count rate of sample input photon pairs was calibrated vs SPDC 
pump power.  A set of fixed neutral density filters (NF1, Figure 6) and a variable density filter was 
used to adjust the sample input photon rate. The photon rate transmitted through the sample was 
measured at each pump power.  The difference between the transmitted photon rate for the solvent 
and for the molecular solution was used to determine the ETPA rate of the sample.  The slope of 
the absorption rate of the sample as a function of input photon rate, along with the sample 
concentration, cuvette path length (1 cm), and appropriate conversion factors was used to estimate 
ETPA cross sections for the molecule (Fig. S6).  In our experiments, we used solutions of zinc 
tetraphenyl porphyrin (Millipore Sigma) in toluene of different concentrations 25 M, 50 M, 81 M, 
and 124 M (see more details  in SI Appendix).The ETPA rate was found to be proportional to the 
concentration.    
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Figure Captions 

 
 
Figure 1. Schematic representation of the entangled two-photon absorption (ETPA) peak with 
respect to the absorption peak position for classical two-photon absorption (TPA) and for one-
photon resonant absorption (OPA).  
 
Figure 2. Entangled two photon absorption spectrum of ZnTPP (filled blue hexagons), classical 
light two-photon absorption spectrum of TPP (open red circles) (41-44). Blue solid line is the best 
fit of the ETPA spectrum using two Gaussians, Solid red line is the best fit for classical TPA data 
using Gaussian. The top of the Gaussian best fit for classical TPA is shown in the energy area 
3.37-3.6 eV (re-scaled by factor 0.62). Solid green  line is the linear absorption spectrum of ZnTPP.  
 
Figure 3. Transmission of the band pass filters used in the experiments with spectral selection of 
the SPDC output. Spectrum of frequency entangled photons generated by SPDC is also shown. 
 
Figure 4. (a) Excited state energies (from black to yellow energy increases) and (b) transition dipole 
matrix for the first 18 excited states. Important states for TPA and ETPA are labeled in (a).  States  
|3⟩ and |4⟩ serve as important intermediate states as there are large transition moments to these 
states from the ground state |0⟩. Transitions to these intermediate states are shown by green 
arrows in (a). States |13⟩ and |16⟩ are important for TPA with significant transition moments from 
these intermediate states. However, state |8⟩ and |11⟩ become crucial in ETPA due to their long 

radiative lifetimes f. 
 
Figure 5.TPA and ETPA cross-sections as a function of photon frequency. Partial (a) TPA and (b) 
ETPA cross-sections for the first 29 excited states. The state energy increases from black to yellow 
lines (see legend). (c) TPA (red) and ETPA (blue) cross-sections. The peak position of the OPA 
spectrum (green) is compared with TPA and ETPA spectra. Here the damping parameter in Eqs. 
1 and 6 is assumed to be ℏ𝜅௠=0.1 eV for all intermediate states. 
 
Figure 6.  Setup optical diagram. Interference filters (BF1) separate the pump light from a weak 
residual light with wavelengths other than the main pump produced in a complex optical parametric 
amplifier system.   A dichroic beam splitter DM that is not transparent for the pump directs pump 
light to the power reference photodetector (PD). A set of neutral filters (NF1) accompanied by the 
linear variable filter are used to precisely adjust the SPDC pump power.  A band pass filter (BF2) 
is used to filter out the residual pump light.  
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