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Entangled two-photon absorption spectroscopy (TPA) has been widely recognized as a powerful
tool for revealing relevant information about the structure of complex molecular systems. However,
to date, the experimental implementation of this technique has remained elusive, mainly because
of two major difficulties. First, the need to perform multiple experiments with two-photon states
bearing different temporal correlations, which translates into the necessity to have at the experi-
menter’s disposal tens, if not hundreds, of sources of entangled photons. Second, the need to have
a priori knowledge of the absorbing medium’s lowest-lying intermediate energy level. In this work,
we put forward a simple experimental scheme that successfully overcomes these two limitations. By
making use of a temperature-controlled entangled-photon source, which allows the tuning of the
central frequencies of the absorbed photons, we show that the TPA signal, measured as a function
of the temperature of the nonlinear crystal that generates the paired photons, and a controllable
delay between them, carries all information about the electronic level structure of the absorbing

medium, which can be revealed by a simple Fourier transformation.

Nonlinear spectroscopy techniques have long been used
in analytical and physical chemistry for extracting in-
formation about the dynamics and structure of complex
systems, from small molecules to large light-harvesting
photosynthetic complexes [1-5]. Even though in the op-
tical regime these techniques are typically implemented
using laser light, recent investigations suggest that the
use of nonclassical states of light, such as entangled pho-
ton pairs, may open new and exciting avenues in experi-
mental spectroscopy [6-33]. Remarkably, quantum light
has enabled the observation of fascinating two-photon
absorption (TPA) phenomena, such as the linear depen-
dence of two-photon absorption rate on photon flux [6, 7],
as well as the prediction of intriguing effects, such as in-
ducing disallowed atomic transitions [8, 9], two-photon-
induced transparency [10, 11], manipulation of quantum
pathways of matter [12-17], and the control of entangle-
ment in molecular processes [18, 19].

Among  different  quantum-enabled  techniques,
entangled-photon virtual-state spectroscopy [20-33] is a
promising tool for extracting information about the in-
termediate, energy non-conserving electronic transitions
[34, 35], that contribute to the two-photon excitation
of a chemical or biological sample. In this technique,
virtual-state transitions, a signature of the absorbing
medium, are experimentally revealed by introducing a
time delay between frequency-correlated photons and
averaging over many experimental realizations with
differing two-photon state characteristics [20].

Regardless of some experimental concerns already
raised in the original virtual-state spectroscopy (VSS)

proposal, VSS has been widely considered as a new
promising route towards novel applications in ultra-
sensitive detection because of the viability of broadband
multi-photon processes at very low-intensity light lev-
els [24, 36], as well as the possibility of simultaneously
probing various electronic transitions using continuous-
wave single-frequency laser sources [20]. In this work, we
propose an experimental scheme that overcomes the two
major difficulties that one encounters when implement-
ing the VSS technique, namely the need for averaging
over experimental realizations differing in temporal cor-
relations between the photons that are absorbed—which
translates into the need for using hundreds of nonlinear
crystals with different lengths—and the requirement of a
priori knowledge of the absorbing medium’s lowest-lying
intermediate energy level.

Our scheme makes use of a temperature-controlled
entangled-photon source to show that the TPA signal,
to be recorded as a function of the temperature of the
nonlinear crystal that produces the pair of absorbed pho-
tons, and an external signal-idler delay, yields informa-
tion about the electronic level structure of the absorb-
ing medium, which can be revealed by a simple Fourier
transformation. Because of its simplicity, our proposed
technique could be realized using standard and widely
used temperature-controlled entangled-photon sources.
In this way, our work opens up a new avenue towards
the first experimental implementation of nonlinear quan-
tum spectroscopy.

In order to describe our proposed spectroscopy tech-
nique (shown in Figure 1), let us consider first the inter-
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FIG. 1. Temperature-controlled quantum nonlinear spectroscopy. (a) Experimental scheme of the proposed technique. (b)
Central wavelength of the down-converted photons as a function of the temperature of the PPKTP crystal, considering a
continuous wave pump at 400 nm. (c¢) Model of the absorbing medium’s electronic structure.

action of a two-photon optical field |¥) with a medium,
described by a simple energy-level configuration where
two-photon transitions occur from an initial state |g) to
a doubly-excited final state | f) via non-resonant interme-
diate states denoted by [j). For simplicity, in the follow-
ing, we will omit any other degree of freedom connected
to vibrational modes of the sample, and assume that the
lifetimes of intermediate states are much longer than the
light-matter interaction time. Indeed, in this situation—
which can be reached by selecting an appropriate corre-
lation time for the photon pairs [20, 23], the effects due
to dissipation in the single-excitation manifold (interme-
diate states) can be considered negligible.

The interaction of an electromagnetic field with a
sample, in the dipole approximation, can be expressed
through the Hamiltonian H (t) = d(t) ED) (¢) + H.c.,
where H.c. stands for the Hermitian conjugate, d (t) is
the dipole-moment operator, and E(+) (t) is the positive-
frequency part of the electric-field operator, E(H) (t) =

B (t) + B (t), with “s” and “” denoting the signal

and idler fields, which can be written as

A(H) (1) _ ) hwsi o
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where ¢ is the speed of light, g¢ is the vacuum permit-
tivity, A is the effective area of the field interacting with
the sample, and a (ws ;) is the annihilation operator of a
photonic mode characterized by a frequency w; ; bearing
a specific spatial shape and polarization which, for the
sake of simplicity, are not explicitly written.

By considering that the medium is initially in its
ground state |g) (with energy e,4), one can make use of
second-order time-dependent perturbation theory to find
that the probability that the medium is excited to the
final state |f) (with energy e), through a TPA process,

is given by [22, 23]
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where DU = (f|d|j) (j|d|g) are the transition matrix
elements of the dipole-moment operator. Note from Eq.
(3) that excitation of the medium proceeds through the
intermediate states |j), with energy eigenvalues ;. Also,
note that in Eq. (4), we have only written the terms in
which one photon from each field contributes to the TPA
process. In Eq. (4), |¥/) denotes the final state of the
optical field, which we take to be the vacuum state.

For the sake of simplicity and so as to show the techno-
logical readiness of our proposal, we consider a source of
entangled two-photon states commonly found in many
laboratories [see Figure 1(a)]. Collinear photon pairs
with orthogonal polarizations are generated via type-11
spontaneous parametric down-conversion (SPDC) in a
periodically poled KTiOPO, (PPKTP) crystal of length
L. We assume continuous wave pumping of the crystal
at 400 nm. This configuration results in frequency anti-
correlation of the down-converted photons and provides
the strongest TPA signal (see supplementary materials
and Refs. [23, 31, 32]). The wavelengths of the photons
can be tuned around the degenerate wavelength (800 nm)
by controlling the crystal temperature T [37]. The gen-



erated two-photon state can then be written as [38]
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where v = w; — ws, with w; (j = p, s,1) representing the
frequencies of the pump, signal, and idler fields, respec-
tively. The correlation (entanglement) time between the
down-converted photons is given by T, = (Ns — N;) L/4,
N,,; being the inverse group velocities of the signal and
idler photons, respectively. Experimentally, the entan-
glement time may be obtained by measuring the width
of the Hong-Ou-Mandel dip at the degenerate frequency
[38]. Note that, in writing Eq. (5), we have assumed that
an external delay 7 between the signal and idler photons
has been introduced. As illustrated in Fig. 1(a), this can
be experimentally implemented by introducing an opti-
cal delay line for one of the photons, once the pair has
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been split by means of a polarizing beam-splitter (PBS).
Note that the form of Eqs. (3)-(4) implies that the po-
larization of the fields is assumed to be equal-—and par-
allel to the orientation of the transition dipole moments
DU)—thus, a half-wave plate is included in the experi-
mental setup so as to guarantee that both photons share
the same polarization when impinging on the sample.
The non-degeneracy of the photon wavelengths is given
by the function x(T) = w (T) — w? (T), where wy, (T)
stands for the temperature-dependent central frequencies
of each of the photon wavepackets. Figure 1(b) shows the
dependence of the down-converted photon central wave-
lengths on the temperature of the PPKTP crystal.

The proposed quantum spectroscopy protocol works as
follows. We consider the model system shown in Figure
1(c), in which the two-photon excitation energy of the
medium |g) — |f) corresponds to the pump wavelength
Ap = 400 nm. By substituting Eqgs. (3)-(5) into Eq. (2),
one finds that the TPA signal is expressed as

5(5)] wm
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where Ay = (w, — &) /2. For the sake of simplicity, we
have displaced our energy levels so that ¢, = 0. Further-
more, we have assumed the condition w? (T) + w? (T) =
er, which guarantees that the two-photon field is reso-
nant with the transition from the ground state |g) to the
final state |f).

In order to show the usefulness of the technique pro-
posed for revealing the electronic structure of a molecule,
Figures 2(a) and (b) show the TPA predicted spec-
troscopy obtained through our technique for an organic
porphyrin dendrimer: tetraphenylporphyrin (HoTPP).
This dendrimer has been predicted to exhibit an inter-
mediate state at 9.85 x 103 cm™!, corresponding to a
wavelength of ~ 1015 nm [7]. In order to further il-
lustrate our technique we include expected results for
two additional hypothetical molecular species. Figures
2(c) and (d) show the TPA spectroscopy for a system
with two intermediate-state levels whose energies (in
terms of wavelength) are arbitrarily chosen as follows:
)\;2) € {967,1063} nm. Figures 2(e) and (f) correspond
to another system with four intermediate-state levels ar-
bitrarily chosen as follows: A\") € {914,987,1032, 1122}
nm. Figures 2(a), (¢) and (e) show the normalized TPA
signals as a function of the crystal’s temperature and
the external delay 7. The non-monotonic behavior of
the TPA signal results from the interference between dif-
ferent pathways through which two-photon excitation of
the medium occurs [20, 22] and, more importantly, it
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shows that the absorption properties of the sample can
be tuned by appropriately controlling the time and fre-
quency properties of the entangled photon pairs [24].

Figures 2(b), (d) and (f) show the normalized Fourier
transform of the TPA signals with respect to the exter-
nal delay. Surprisingly, two characteristic patterns of X-
shaped and straight lines appear. The X-shaped lines
indicate the energy of intermediate states (g;), whereas
the straight lines appear at the combined frequencies
+[ej £ex]. The reason behind this contrasting behav-
ior lies in the fact that the TPA signal of the former
contain frequency components that are temperature de-
pendent, while the latter are constant with temperature
(see calculations in the supplementary materials for a de-
tailed analysis on the characteristics of the TPA signal’s
Fourier transform).

Besides the remarkable advantage of not requiring
many different sources of entangled photon pairs in the
implementation of two-photon absorption spectroscopy,
our scheme permits the direct and straightforward ex-
traction of the electronic structure of an arbitrary sam-
ple by simply identifying the X-shaped lines, without re-
sorting to many-sample averaging or sophisticated data
analysis. This is indeed a notable feature that previous
proposals have failed to provide. Finally, it is important
to remark that in order to efficiently identify electronic
levels of arbitrary samples, one needs to guarantee that
the spectrum of the single photons employed is broad



Temperature (

Temperature (°

Temperature (°C)

900 1000 1100 1200 1300 1400
Wavelength (nm)

Delay (ps)

FIG. 2. Entangled-photon absorption spectroscopy for
three different cases. An organic porphyrin dendrimer:
tetraphenylporphyrin (HoTPP) [(a) and (b)], and two arbi-
trary systems with two-photon transitions taking place via
two [(¢) and (d)] and four intermediate states [(e) and (f)].
(a), (c) and (e): Normalized TPA signal as a function of the
crystal temperature T and the external delay 7. (b), (d) and
(f): Normalized Fourier transform of the TPA signal with
respect to the delay. We assume a source of entangled pho-
ton pairs with an entanglement time of 7. ~ 0.9 ps. For
the absorbing medium, the energies of the levels (or wave-
lengths) are arbitrarily chosen to be )\;-2) € {967,1063} nm,
and )\;-4) € {914, 987,1032, 1122} nm, respectively. Finally, in
order to obtain the precise location of the intermediate states,
the frequency axis is displaced by the degenerate frequency
wo = 2mc¢/(800nm) [see supplementary materials for further
details].

enough so that it overlaps with the electronic levels to be
resolved. In cases where the overlap is small, one might
need to consider alternative approaches, such as the use
of intense entangled beam sources [31, 32].

In conclusion, we have proposed an experimentally-
feasible, novel scheme for absorption spectroscopy based
on non-classical light. Previous proposals required the
use of multiple nonlinear optics sources, which made
its experimental implementation an unrealistic endeavor.
Moreover, the acquisition of useful information from the
measured data was not straightforward, calling for so-
phisticated data analysis in order to isolate information
about the sought-after energy level structure of the sam-

ple under investigation. All of this has prevented the
use and further development of entangled-photon virtual-
state spectroscopy.

Contrary to all previous schemes, our proposal makes
use of a single temperature-controlled nonlinear crystal,
a state-of-the-art technology widely used nowadays. Fur-
thermore, the information about the energy level struc-
ture can be obtained directly from the experimental data.
This indeed constitutes a major simplification of the tech-
nique and establishes a new route towards its first exper-
imental demonstration, a milestone in the development
of a unique tool capable of providing new and detailed
information about the dynamics and chemical structure
of complex molecular systems.

ACKNOWLEDGMENTS

We acknowledge Jan Pefina Jr. for helpful discussions.
We thank Javier A. Lépez Alfaro for his help during the
initial stage of the project, and Mario A. Quiroz-Judrez
for his help in designing the schematic representation
of the proposed technique. This work was supported
by DGAPA-UNAM under the project UNAM-PAPIIT
TA100718, and by CONACYT under the project CB-
2016-01/284372. JS thanks the project No. 17-23005Y
of Czech Science Foundation. JPT acknowledges finan-
cial support from Fundacio Cellex, from the Govern-
ment of Spain through the Severo Ochoa Programme for
Centres of Excellence in R&D (SEV-2015-0522), from
Generalitat de Catalunya under the programs ICREA
Academia and CERCA, and from the project 17FUNO1
BeCOMe within the Programme EMPIR, and initiative
co-founded by the European Union and the EMPIR Par-
ticipating Countries. AU acknowledges support from PA-
PIIT (UNAM) grant IN104418, CONACYT Fronteras de
la Ciencia grant 1667, and AFOSR, grant FA9550-16-1-
1458.

* roberto.leon@nucleares.unam.mx

[1] R.R. Ernst, G. Bodenhausen, and A. Wokaun, Principles
of nuclear magnetic resonance in one and two dimensions
(Clarendon Press, Oxford, 1987).

[2] S. Mukamel, Principles of Nonlinear Optical Spectroscopy
(Oxford University Press, New York, 1995).

[3] P. Hamm and M. Zanni, Concepts and methods of 2D
infrared spectroscopy (Cambridge University Press, New
York, 2011).

[4] M. Cho, Two-dimensional optical spectroscopy (CRC
Press, Boca Raton, 2009).

[5] J. Yuen-Zhou, J. J. Krich, I. Kassal, A. S. Johnson,
and A. Aspuru-Guzik, Ultrafast Spectroscopy: Quantum
Information and Wavepackets (IOP Publishing, Bristol,
2014).


mailto:roberto.leon@nucleares.unam.mx

[6] J. Javanainen and P. L. Gould, Phys. Rev. A 41, 5088
(1990).

[7] D.-I. Lee and T. Goodson III, J. Phys. Chem. B 110,
25582 (2006).

[8] A. Muthukrishnan, G. S. Agarwal, and M. O. Scully,
Phys. Rev. Lett. 93, 093002 (2004).

[9] M. Scully, International Conference on Quantum Infor-
mation, OSA Technical Digest (CD) (Optical Society of
America, 2011), paper QMAL.

[10] H.-B. Fei et al., Phys. Rev. Lett. 78, 1679 (1997).

[11] A. R. Guzmén et al., J. Am. Chem. Soc. 132, 7840
(2010).

[12] O. Roslyak and S. Mukamel, Phys. Rev. A 79, 063409
(2009).

[13] O. Roslyak, C. A. Marx, and Shaul Mukamel, Phys. Rev.
A 79, 033832 (2009).

[14] M. G. Raymer, A. H. Marcus, J. R. Widom, and D. L.
P. Vitullo, J. Phys. Chem. B 117, 15559 (2013).

[15] F. Schlawin, K. E. Dorfman, B. P. Fingerhut, and S.
Mukamel, Nat. Commun. 4, 1782 (2013).

[16] F. Schlawin, K. E. Dorfman, and S. Mukamel, Phys. Rev.
A 93, 023807 (2016).

[17] F. Schlawin and A. Buchleitner, New J. Phys. 19, 013009
(2017).

[18] M. Shapiro and P. Brumer, Phys. Rev. Lett. 106, 150501
(2011).

[19] M. Shapiro and P. Brumer, Quantum control of molecular
processes (Wiley-VCH, Weinheim, 2012).

[20] B. E. A. Saleh, B. M. Jost, H.-B. Fei, and M. C. Teich,
Phys. Rev. Lett. 80, 3483 (1998).

[21] J. Kojima and Q.-V. Nguyen, Chem. Phys. Lett. 396,
323 (2004).

[22] J. Perina, B. E. A. Saleh, and M. C. Teich, Phys. Rev. A
57, 3972 (1998).

[23] R. de J. Le6n-Montiel, J. Svozilik, L. J. Salazar-Serrano,
and J. P. Torres, New J. Phys. 15, 053023 (2013).

[24] K. E. Dorfman, F. Schlawin, and S. Mukamel, Rev. Mod.
Phys. 88, 045008 (2016).

[25] F. Schlawin, J. Phys. B 50, 203001 (2017).

[26] H. Oka, Phys. Rev. A 81, 063819 (2010).

[27] J. P. Villabona-Monsalve, O. Calderén-Losada, M. Nufiez
Portela, and A. Valencia, J. Phys. Chem. A 121, 7869
(2017).

[28] O. Varnavski, B. Pinsky, and T. Goodson III, J. Phys.
Chem. Lett. 8, 388 (2017).

[20] H. Oka, Phys. Rev. A 97, 063859 (2018).

[30] H. Oka, Phys. Rev. A 97, 033814 (2018).

[31] J. Svozilik, J. Perina Jr., and R. de J. Leén-Montiel, J.
Opt. Soc. Am. B 35, 460 (2018).

[32] J. Svorzilik, J. Perina Jr., and R. de J. Leén-Montiel,
Chemical Physics 510, 54 (2018).

[33] R. K. Burdick, O. Varnavski, A. Molina, L. Upton, P.
Zimmerman, and T. Goodson III, J. Phys. Chem. A 122,
8198 (2018).

[34] B. W. Shore, Am. J. Phys. 47, 262 (1979).

[35] J. J. Sakurai, Modern Quantum Mechanics (Addison-
Wesley, New York, 1994)

[36] F. Schlawin, K. E. Dorfman, and S. Mukamel, Acc.
Chem. Res. 51, 2207 (2018).

[37] A. Fedrizzi, T. Herbst, A. Poppe, T. Jennewein, and A.
Zeilinger, Opt. Express 15, 15377 (2007).

[38] A. Fedrizzi, T. Herbst, M. Aspelmeyer, M. Barbieri, T.
Jennewein, and A. Zeilinger, New J. Phys. 11, 103052
(2000).



