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ABSTRACT: Entangled photon pairs have been used for molecular
spectroscopy in the form of entangled two-photon absorption and in
quantum interferometry for precise measurements of light source properties
and time delays. We present an experiment that combines molecular
spectroscopy and quantum interferometry by utilizing the correlations of
entangled photons in a Hong—Ou—Mandel (HOM) interferometer to study
molecular properties. We find that the HOM signal is sensitive to the presence
of a resonant organic sample placed in one arm of the interferometer, and the
resulting signal contains information pertaining to the light—matter
interaction. We can extract the dephasing time of the coherent response
induced by the excitation on a femtosecond time scale. A dephasing time of
102 fs is obtained, which is relatively short compared to times found with similar methods and considering line width broadening
and the instrument entanglement time As the measurement is done with coincidence counts as opposed to simply intensity, it is
unaffected by even-order dispersion effects, and because interactions with the molecular state affect the photon correlation, the
observed measurement contains only these effects and no other classical losses. The experiments are accompanied by theory that
predicts the observed temporal shift and captures the entangled photon joint spectral amplitude and the molecule’s transmission in
the coincidence counting rate. Thus, we present a proof-of-concept experimental method based of entangled photon interferometry
that can be used to characterize optical properties in organic molecules and can in the future be expanded on for more complex
spectroscopic studies of nonlinear optical properties.
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I. INTRODUCTION

Our growing understanding of quantum light over the years
has led researchers to utilize its unique properties toward

Ou—Mandel (HOM) setup, which has not yet been used to
probe molecules experimentally in such a way.
Because of the unique quantum interference properties of

. . . ) 3 the HOM phenomenon, it presents itself as an interesting and
advancements in quantum information science, in the fields of

) . 4 robust outlet for investigating quantum light—matter inter-
computing, cryptography, imaging, and quantum sensing.

] i ) ) actions. We have designed and set up an experiment where as a
Of particular interest has been the subject of spectroscopy with result of the quantum interference of the indistinguishable
quantum light, as it offers avenues to overcome classical

photons we observe the effect the sample’s presence in the

Fourier limitations, the opportunity for enhanced light—matter
coupling due to its distinct photon statistics, and novel control
knobs defined by the quantum photon field wave function. So
far, quantum light spectroscopy has been approached
experimentally with entangled two-photon absorption stud-
ies”™'® via absorption, fluorescence, and microscopy. These
measurements have provided great progress with enhanced
resolution in two-photon cross-section measurements as well
as the ability to conduct spectroscopy at extremely low light
intensities, limiting the risk of damaging the studied sample.
We now wish to develop experimental quantum light
spectroscopy even further. In this work, by exploiting the
correlations of entangled photon pairs via two-photon
interferometry, we seek to illustrate a new method of
spectroscopy to study molecular properties using a Hong—
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interferometer path has on the light’s photon statistics as
opposed to simply the intensity, which provides information
about the light statistics as well as features of the light—matter
interactions. Being able to utilize interferometric schemes to
detect linear and nonlinear susceptibilities with quantum light
can improve the accuracy of our measurements of these
material susceptibilities due to the increased sensitivity of
quantum interferometers.'”'® Furthermore, the susceptibilities
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Figure 1. HOM pathways, SPDC generation, and HOM interferometer setup. (a) Schematic of possible Hong—Ou—Mandel (HOM)
interferometer pathways. Indistinguishable photons are incident on a 50:50 beam splitter from orthogonal directions, and each photon is either
reflected or transmitted. In the first two pathways, one photon is reflected and one transmitted, and coincidence counts are detected. In the last two
pathways, both photons are either transmitted or reflected, leading to destructive interference and null coincidence counts. (b) Femtosecond laser
and SPDC generation with type II SPDC BBO crystal. (c) Scheme of HOM interferometer. Entangled photon pair separated by a polarizing beam
splitter. A molecular sample is placed in one arm and a delay line in the other, before beams recombine at a beam splitter. (d) HOM dip measured
without sample. Coincidence counts are shown as a function of time delay.

can be connected to other physical properties of the matter
such as coherence dephasing times, and in this article, we seek
to make this connection through theory and extract the
molecule’s dephasing time from experimental data. This
experimental scheme presents a novel and accessible way in
which we can measure molecular optical properties with
quantum light and serves as a model to be expanded on and
adapted for future more complex spectroscopic studies. While
the setup of an interferometer can be tedious, it is far less
daunting and less involved than large expensive femtosecond
laser systems usually used for time-resolved ultrafast or high-
resolution spectroscopy. Improvements have been made in the
field of quantum optics making the building of such HOM
interferometers accessible to many researchers.'”~>> Thus, this
straightforward interferometric setup can be used in place of
complex laser systems to interrogate the dynamics of and
interactions between molecular states with the advantages of
quantum light.”” As the interest in entangled light applications
grows and more studies consider the possibility of utilizing it
for spectroscopy,m_26 we present experimental confirmation of
a method that can be expanded into various fields that require
sensitive spectroscopy of molecules.

The phenomenon of quantum interference with entangled
light states is well understood and has been utilized in
quantum optics mainly for metrology and quantum light
characterization.”” The nonclassical properties of photon pairs
generated from spontaneous parametric downconversion
(SPDC) allow them to be used for a variety of interferometric
purposes such as the Hanbury Brown—Twiss”® (HBT) and
HOM interferometers. The HOM interferometer is a two-
photon interference effect that measures the indistinguish-
ability of photon pairs.”” This two-photon interference at a
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beam splitter was initially exhibited by Hong, Ou, and Mandel
in 1987°” and Shih and Alley’® and has been used in testing
nonlocality, Bell-state measurements, and quantum metrology
and in building quantum optical logical gates.”’ An HOM
interferometer measures the quantum interference resulting
from the interference of probability amplitudes of four different
two-photon Feynman paths, when indistinguishable photons
are incident on a 50/50 beam splitter (Figure la). When
indistinguishable photons arrive simultaneously in time, they
destructively interfere, leading to null coincidence counts at
two detectors connected in coincidence. The temporal width
of the resulting dip is the inverse of the bandwidth of the
SPDC spectrum and the coherence time of the entangled
photons.

While the presence of a simple refractive or birefringent
material in the interferometer pathway can lead to polarization
mode dispersion which degrades entanglement and causes
temporal delays,” it is theorized that the presence of an
absorbing material in an interferometer would result in a much
more complex modification to the coincidence signal.”** Such
experiments with entangled light interferometers have been
proposed.”**>*® One study was performed on inorganic
crystals where Kalashnikov et al.”” used a similar experimental
outlook to conduct time-resolved measurements focused on
coherent dynamics of inorganic nanostructures.”” The study’s
focus was on the ability to use entangled photons for
measurements of a medium’s dephasing time with the HOM
dip. However, their work considered solid crystals and
nanostructures which are much easier to probe. In our work,
we assess the sensitivity of the experimental setup and
possibility of expanding it into more fields by conducting
measurements on organic molecular chromophores. Changes
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caused by molecules that are at unsaturated concentrations and
do not have molecular aggregates will be more subtle;
therefore, the HOM signal must be shown to be perceptible
to these light—matter interactions. Furthermore, the inorganic
crystals used in ref 35 have narrow resonances whereas the
typical line widths of organic and biological systems are much
broader. For such crystals, homogeneous broadening domi-
nates inhomogeneous effects, and therefore it is easier to
account for any slight changes caused by inhomogeneous
broadening. By conducting the experiment with an organic
chromophore, we show that the dephasing time can still be
extracted despite the greater inhomogeneous broadening
effects in organic molecules. In the case of our experiment,
the SPDC spectrum is narrower than the molecule’s line width.
Thus, we show that subtle changes caused by organic
chromophores can be perceived by our experiment and that
information can be extracted even when the SPDC spectrum is
narrower than the molecule’s line width.

In our experiment, a resonant absorbing medium is placed in
the signal arm of the interferometer. The signal beam transmits
through the samFle and subsequently becomes modified by its
susceptibility ('), acquiring a phase shift for the different
frequency components which introduces a delay in the signal
mode. The idler beam undergoes a frequency-independent
phase shift, compensating for the shift caused by the molecular
interaction which introduces a time shift to the observed HOM
dip upon recombination and interference of the signal and
idler beams at the beam splitter. As there is quantum
interference between the signal beam and the molecular states,
the idler is not able to fully compensate for the acquired
modification, and hence, there is a change in the shape of the
HOM dip, ie., loss of its symmetry. The molecule-induced
modifications to the signal mode are frequency-dependent as
encoded in (y'")); thus, the interaction with the sample breaks
the exchange symmetry. Upon coherent excitation of the
sample, the phase acquired by the propagating photons and
corresponding group delay contribution leads to an asymmetry
of the HOM dip that lasts for the duration related to T, for
single resonance in absorption. Therefore, measuring the
asymmetry caused by the group velocity may provide a
measurement of the dephasing time. A longer asymmetric tail
for the HOM picture will correspond to a longer T), for a single
resonance.

The indistinguishable biphoton pair has a commutation
relation that should equal zero at full indistinguishability.”® As
well described by Szoke et al,”® spectroscopy using HOM
interference should measure how entangled light—matter
interactions from a sample in the interferometer path will
modify the commutation relation.”® In that regard, the
correlations between the photon pair are affected; the time
at which the photons of the entangled pair overlap is shifted,
and our measurements taken as a function of time allow us to
obtain time-resolved data pertaining to the sample. Moreover,
measurements of coincidence counts take into account changes
of one photon with respect to its conjugate photon. Therefore,
we measure alterations caused by the material as the
interaction affects the statistics and indistinguishability of the
photon pair. Because we measure the photon correlations, we
are ensured that any observations are a result of the light—
matter interaction only. Similar to advantages offered by
entangled photons in other interferometric setups like
quantum polarized light microscopy and quantum optical
coherence tomography,’® the two-photon NOON state is more
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phase sensitive'® than classical counterparts; thus, our
experimental HOM interference method should offer a
quantum advantage with fewer sources of systematic errors
with fewer photons.'® In addition to the benefits of low
intensity and lower noise that can be achieved by using
entangled photons, this quantum interferometry setup has the
advantage of being able to probe optically thick samples and
samples with intrinsically high optical densities for which
conventional classical transmission spectroscopy techniques
may show limitations. The role of even-order dispersion
compensation is specific to HOM interferometers. Classical
spectroscopy does not benefit from such compensation.
Therefore, HOM interferometers offer more accurate time
resolution without having to account for some dispersion
factors.

It is important to have the appropriate theoretical formalism
to analyze the observed results from an HOM interaction, and
we believe the lack of understanding on how to interpret this
light—matter interference signal has set back the implementa-
tion of this spectroscopic method. As the light—matter
interactions are encoded in the field correlations, the entangled
biphoton state and sample transmission are used to obtain
electric field operators of the photon mode through the
sample, and this along with the beam splitter transformation is
used to determine the coincidence counting rate. The counting
rate depends on the joint spectral amplitude (JSA) which
relates to the pump pulse and phase-matching function of the
SPDC photons. This JSA, flww;), determined by the
bandwidth and frequency of the pump and the properties of
the nonlinear crystal, encodes the correlation between the
frequencies of the SPDC photon modes (w, and ®;).

As depicted in Figure 1b, a femtosecond laser is used as the
pump in SPDC generation with a type II SPDC BBO crystal.
The entangled photon pair (signal and idler beams) are
separated by a polarizing beam splitter. A molecular sample is
placed in the signal photon beam and a delay line in the idler
photon beam, before the two beams recombine at a beam
splitter and coincidence is measured. A theoretical framework
for linear spectroscopic signals with an HOM setup is
presented and specialized to this setup; the coincidence
counting rate (R(7)) as a function of the optical delay 7
between the two photon beams is given by

R(r) = A f_iz de(d () (t + 7)c(t + 7)d(1))

= A(% - % /]dw do'f* (@, " )f (o', w)T*(a)’)T(w)e"(‘”f‘”’)f]
(1)

where f(w’,@) is an amplitude of the two-photon wave
function (see eq 4) and T(w) is a matter transition amplitude,
which contains susceptibility (see eq S). T, is the detection
window, and the constant A depends on the incoming photon
flux, the efficiency of the photon detectors, and propagation
losses. ¢(w), d(w) (c'(w), d'(w)) are the boson annihilation
(creation) operators corresponding to the photon modes
detected by the two-photon detectors of the coincidence
signal. The transmission function T(®w) &1 + iwLi(w)/c for
the signal photon arm encoding the matter influence on the
transmitted field, with 7(w) the complex refractive index of
matter, L the sample thickness, and ¢ the speed of light.
Integrating over frequencies in eq 1 corresponds to “blind”
detectors, which detect photons of all frequencies. Equation 1
reveals how the matter modulates the coincidence count rate;

https://doi.org/10.1021/jacs.1c02514
J. Am. Chem. Soc. 2021, 143, 9070—9081


pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c02514?rel=cite-as&ref=PDF&jav=VoR

Journal of the American Chemical Society

pubs.acs.org/JACS

an intuitive way to understand this is that the effective JSA
after interacting with matter is f(w,®;)T(®,). In addition to
the JSA which relates to the light field, the coincidence rate
depends on the sample’s susceptibility. Therefore, the
coincidence rate contains matter information. From  this
connection between the matter properties and the HOM
coincidence rate, it is possible to use the obtained HOM signal
to determine optical properties of the molecule. As the signal
contains the full linear susceptibility of the molecule, we utilize
this to directly extract the molecule’s dephasing time upon
coherence excitation.

Il. EXPERIMENTAL SECTION

Our experimental setup (Figure 1b) consists of entangled photons
generated by using a mode-locked 800 nm Ti:sapphire laser (Spectra-
Physics MaiTai) with 100 fs pulses at a repetition rate of 80 MHz. A
400 nm beam is produced via second harmonic generation (SHG)
with a 1 mm thick S-barium borate (BBO) crystal. The power after
SHG is set by using a neutral density filter on a translation stage. This
400 nm beam is subsequently used to pump a 1 mm BBO crystal cut
for type II SPDC. The generated photon pairs have orthogonal
polarizations and are frequency degenerate (w, = w;) with a half-
opening angle of 5°. The SPDC crystal is placed in a rotating holder,
such that the angle of the crystal with respect to the beam can be
tuned to alter the phase-matching direction. The angle is then
positioned to set the phase-matching orientation to collinear, such
that the SPDC rings are “touching”. A pinhole aperture is used to
select the central overlap portion of the SPDC rings in the collinear
phase-matching arrangement. A spatial arrangement of SPDC is
confirmed by imaging with a CCD camera (Diffraction Limited STF-
402M). After SPDC generation, any spurious 400 nm light is filtered
out with a dichroic mirror and an interference filter (12 nm
transmission centered at 800 nm). The 12 nm filter was used for
initial scans to obtain the dip, since a narrower filter leads to better
depth.*

At the input of the HOM interferometer system (Figure 1c), the
entangled photons interact with a polarizing beam splitter creating
two pathways: one for the signal photons and one for the idler. After
the beams are separated, a time delay is created in one arm of the
interferometer by using parallel quartz wedges placed on a motorized
translation stage (Thorlabs MTS2S), with resolution <0.5 fs (0.1 ym).
This delay is adjusted by increasing the thickness of the quartz wedge
through which the beam passes. A quartz plate is placed in the second
arm of the interferometer to compensate for any disparity in the
lengths of the two paths. A sample (or solvent) in a 2 mm path length
quartz cuvette is placed in this second arm (which does not have the
delay line). The mirror in arm 2 after the sample is mounted on a
stepper motor controller translation stage (Thorlabs LNR25ZFS) to
allow micrometer precise alignment of the length of the two beam
paths. The entangled photon pairs from the two arms of the
interferometer then recombine and interfere on a 50/50 beam splitter.
After recombination, any information regarding polarization of the
light is erased with polarization analyzers at the transmission and
reflection output ports of the beam splitter, set at 45° relative to the
incoming rays to maintain indistinguishability. The beams are focused
onto the photosensitive area of single photon avalanche photodiodes
(PerkinElmer SPCM-AQR-13) which are connected to a coincidence
counting module (Ortec NIM7400, 10 ns coincidence window) to
detect the photon rate in coincidences. Coincidence counts are
measured as a function of time delay to obtain the HOM dip.

Because the 800 nm SPDC light is in the infrared range and not
visible to the eye, an external visible He—Ne laser (not shown) was
used to aid the alignment process. It is necessary that the beams from
both paths are aligned both spatially and angularly to ensure a perfect
overlap (at the beam splitter and at the detectors) and
indistinguishability. With the He—Ne laser, the reflection of the
beams exiting the final beam splitter can be projected onto a note card
or a wall, and discrepancies in the beams’ positions can be better
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observed. Once the beams overlap and the translation stage is set to
the correct zero delay position, interference fringes should be
discernible to confirm that the interferometer is well aligned. The
He—Ne laser can then be removed for the SPDC light beam to travel
through the setup to the detectors and coincidence scans to be
measured as a function of time delay. Before HOM delay scans were
performed, polarization visibility tests were performed to determine
the degree of polarization entanglement of the SPDC light to ensure
that entanglement is high enough for indistinguishability to be seen in
the HOM measurements. In this test, the polarization analyzer at one
detector is kept constant while the other analyzer is adjusted, and
coincidence counts are measured as a function of this polarizer angle,
showing where there is maximum entanglement. The graph of
polarization visibility is shown in the Supporting Information (S1)
and shows a visibility of 90 + 2%, which is an appropriate value for
measurements.

Two chromophores were used in this study: one with no one-
photon absorption at 800 nm and another with an absorption peak
resonant with the 800 nm entangled photons. The well-known and
commercially available dye Coumarin 30 with absorption at ~415 nm
is used as the off-resonant sample and a control measurement. The
main molecular system investigated is the dye IR-140 (Figure S2a) as
its maximum absorption at 800 nm (Figure S2b) makes it an ideal
resonant medium with the entangled photon spectrum. The sample
has a single absorption peak with a broad spectrum from ~700 to 850
nm. While a 12 nm interference filter was used for initial scans,
because of the broad absorption band of the molecule, an interference
filter with a 40 nm transmission was used for scans with solvent and
sample to ensure there is an adequate overlap between the spectra of
the entangled photons and the sample.

lll. RESULTS AND DISCUSSION

The typically narrow bandwidth of the SPDC type II
photons™' is on the order of ~10—20 nm. In our experiments
the spectrum of the SPDC field is determined by the
transmission curve of the interference filter used after SPDC
to block out the remaining pump beam. Furthermore, the
HOM depth is better with a filtered spectrum to reduce
distinguishability.*” Thus, to first observe the HOM dip, an
interference filter centered at 800 nm with a FWHM of 12 nm
is utilized for alignment. With this, the HOM dip is
characterized as seen in Figure 1d showing the normalized
coincidence counts as a function of time delay. The photons of
the SPDC entangled pair travel separate but equal pathways
and impinge on the beam splitter from opposite sides. The
probability amplitudes of the paths with both transmitted, “t—
t”, and both reflected, “r—r”, have the same amplitude but
different relative phases. Thus, since it is impossible to
distinguish the photons in these paths, they destructively
interfere, leading to a drop in coincidence counts at zero delay
when the indistinguishable photons overlap perfectly in time. A
unitary transformation (which will be discussed in more detail)
occurs at the output channels of the beam splitter and projects
the input state of the photons into a NOON state where both
photons of the entangled biphoton pair exit the beam splitter
from the same output port. This superposition of the biphoton
pair causes the signature bunching effect as a result of the
bosonic properties of photons.™

Shown in Figure 1d are direct normalized coincidence
counting measurements with no corrections or subtractions as
a function of the time delay. The visibility is on the order of
40%. While imperfections in the visibility can be caused by
factors in alignment and background events related to mixed
states and two-photon components that do not interfere,™*
correlations have been drawn between the spectral properties
of the SPDC photons and the resulting visibility. The broader
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joint spectrum width of type II SPDC using ultrafast pulsed
laser systems compared to pumping with CW lasers or using
type I SPDC has been shown both theoretically and
experimentally to reduce the quantum interference visibility
of the HOM dip due to the large range of frequencies and wave
vector modes.”"**~* An investigation on the effect of spectral
information and distinguishability in type II SPDC with a
broadband pump showed that as the pump bandwidth is
increased, the overlap between the pump envelope and the
phase-matching function also increases, leading to a larger
range of frequencies in the downconverted photons and
therefore greater distinguishability and lower visibility."” They
were able to integrate an equation for the coincidence rate of
the HOM counts, where R.(67) & ¢ (where ¢ is proportional
to the pump bandwidth) shown in eq 2.*’ For the CW pump
limit, 6 — 0, therefore the coincidence rate at the dip can go to
zero. Alternatively, as o increases and the beams become more
distinguishable, the lowest coincidence rate also increases and
the visibility is diminished. Using smaller crystal lengths (<O0. 5
mm) as well as narrow spectral filters can improve visibility,**
and their calculations showed a visibility of ~20—25% with an
8 nm filter, in line with our result with a 12 nm filter. Previous
experimental studies have obtained HOM visibilities with
ultrafast pumped type II SPDC photons in the range 20—30%
for SPDC crystal thicknesses greater than 0.5 mm, which is
consistent with our results.””~"" This equation that roughly
estimates the dependence of HOM visibility based on pump
bandwidth is*’

1

= f{N_ 21 - 16579.) o

where ¢ is proportional to the pump bandwidth and €, relates
to the crystal length and phase matching conditions. Using this
relation, we simulated the coincidence rate as a function of
relative time delay for different pump bandwidths (see graphs
with normalized coincidence rates simulated for different
bandwidths in Figure S3 of the Supporting Information): a
narrow bandwidth to simulate a CW laser (Figure S3a) and 8
times that bandwidth to simulate our femtosecond pump
(Figure S3b). The narrow bandwidth of CW produces a
visibility of ~96%. This portrays the CW limit where ¢ — 0,
and the frequencies of the photon pair overlap perfectly in a
narrow range. From the graph, it is clear that with this
narrower bandwidth the HOM dip can be closer to perfect
visibility as the photon pairs are more indistinguishable.
However, for the spectrally wider femtosecond pump (8ocy),
the visibility is much smaller and estimated to be ~40% (the
erf function in eq 2 accounts for the shape). The broader pump
spectrum causes a spectral width which includes a distribution
of frequencies. As such, the indistinguishability is reduced,
causing lower visibility like the 40% calculated (Figure S3b).
This is in accordance with our own experimental results.
Clearly, the pump bandwidth plays a role on the HOM dip
obtained and should be taken into consideration. For future
experiments, a CW laser can be used to improve visibility.

The dip shown in Figure 1d has the characteristic
symmetrlcal triangular or V-shape that is expected as described
by theory.”® The joint spectral function for type 1 II SPDC S(v),
within the SPDC state is commonly written as"”

( vDL
sinc

R (67) x

2

S(v) =

o s

(3)
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where €,(w; + @;) is the pump envelope, D represents the
group velocity difference of the o and e polarized photons in

the crystal (D = ui - ui), L is the thickness of the SPDC

crystal, and v is the detuning frequency of the signal and idler
photons from half the pump frequency. The sinc function leads
to the natural rectangular shape of the two-photon effective
wave function, the Fourier transform of which produces the
triangular shape of the HOM dip that can appear Gaussian
from distortions due to the interference filter.”” The
experimental HOM dip (Figure 1d) is clearly symmetrical,
with steady coincidence counts from ~=+800—400 fs, which
peak before starting to drop, referencing the zero-delay point
and indistinguishability and temporal correlation of the photon
pairs. The coincidence counting rate of the HOM dip can also
be written as R(7) = Ry[1 — V(7)],”' where R, is the
coincidence rate at long delay times beyond any region of
quantum interference and V(z) has a dependence on DL. The
parameters DL determine the entanglement time of the
entangled photon pair, so it is expected that the width of the
HOM dip should reflect this.

A spectral filter with a bandwidth smaller than the
bandwidths of the individual photons causes an increase in
their coherence time,”” and thus the contribution of the
spectral filtering can be used to estimate the broadened
coherence time and subsequent dip width.’ The HOM dips
using both 12 and 40 nm interference filters are shown in
Figure S4. The dip with the 12 nm filter is shown in red while
that with the 40 nm filter is in black. There is a clear difference
in the visibilities and widths of the two dips. Both dips are
roughly triangular in shape, with counts stable around the
maximum value from ~+800 to +400 fs before starting to
descend to the zero-delay position. The zero-delay position is
the same for both dips, indicating that the filter does not result
in any phase changes or change the dip position. Narrowband
filters may contribute to broadened coherence times while
broader filters will result in narrower coherence times as the
two-photon wavepacket is no longer spectrally filtered. In
addition, by use of spectral filters with broader bandwidths,
there is a higher possibility of detecting uncorrelated photons
with a large frequency dlfference This can cause significant
accidental coincidence counts " which will reduce the quantum
interference visibility.”> Thus, using broader filters may result
in lower visibilities than narrower bandwidth interference
filters. This is reflected in the fitting of these dips taking into
consideration the different filter widths (Figure SS). The filter
is modeled by a Gaussian transmission function

T(w) = e (@=0"/5" Lhere o is the spectral width.

As the length and group velocity properties of the SPDC
crystal are known, the entanglement time of the biphoton pair
is calculated to be 126 fs, which would result in a coherence
time and width of the dip of ~255 fs as the FWHM of the dip
represents the inverse of the bandwidth of the SPDC spectrum
and the coherence time of the entangled photons. With the 12
nm interference filter, the filtered entanglement time is
estimated to be 177 fs.>' Therefore, the estimated coherence
time of 2 times the entanglement time (27T,) would be 354 fs,
which agrees well with the coherence time of ~370 fs obtained
by the HOM dip with the 12 nm filter. Similarly, a 40 nm
filtered dip without solvent is shown overlaid in the same
graph. It is clear that due to the increased spectral width, the
broader range of frequencies reduces the indistinguishability,
and as such there is a smaller visibility with the 40 nm filter.
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Figure 2. Normalized coincidence counts as a function of time delay showing the HOM dip without the sample (black) and the HOM dip with the

IR-140 sample (red) and IR-140 structure.

Furthermore, the dip is visibly narrower than that used with
the 12 nm filter. In fact, the coherence time from the HOM dip
width is ~270 fs, which is in line with what is expected with no
filter in place. This confirms that the SPDC spectrum is within
40 nm as it is no longer spectrally filtered by this additional
interference filter which is why we do not see a considerably
narrowed dip. It also confirms the entanglement time of the
SPDC photon pair experimentally agrees with the 126 fs
calculated time. For further experiments, the 40 nm
interference filter was used with a 2 mm quartz cuvette with
solvent placed in the interferometer path, causing slight
broadening to the dip in further graphs albeit narrower than
with the 12 nm filter (Figure 2).

The experiment is performed with a solvent (ethanol) as the
control measurement and with IR-140 (dissolved in ethanol), a
dye with strong absorption at 800 nm, as the resonant sample.
The solutions are held in a 2 mm quartz cuvette which is
placed in the beam path in one arm. In both cases (solvent and
sample), the broader interference filter with a transmission
bandwidth of 40 nm was used to overlap with the broad
absorption band of IR-140. The HOM dip with solvent placed
in the interferometer path is measured and the normalized
coincidence rate as a function of time delay shown in Figure 2
(black curve). Again, the HOM dip with pure solvent is
symmetric with a triangular almost Gaussian shape. There are
steady counts on both ends peaking before counts drop,
signifying the zero-delay position. There is a smooth decline of
the counts to the zero-delay point, and the photons
propagating through the ethanol do not get absorbed or
experience interference with it.

The solvent is then replaced with the IR-140 dye (was 20.4
UM concentration), and the HOM scan is performed. With the
sample in place, the features of the dip change, and the HOM
dip becomes distorted as seen in Figure 2 (red curve). The left
side of the dip is similar to that of the solvent scan, maintaining
a Gaussian shape with coincidence counts peaking and then
beginning to drop at ~400 fs. However, the dip overall
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becomes narrower and gains an asymmetry on the right side.
The right side of the dip becomes almost inverted compared to
the solvent scan until it reverts to steady coincident count
levels. The side of the dip is no longer smooth, and there are
multiple peaks or oscillations, with amplitude changes of ~7%
within an 80 fs time window. Furthermore, the center of the
HOM dip with the sample is shifted to the left compared to
the dip with the solvent. Because the sample absorbs at 800 nm
and interacts with only one photon of the entangled pair, this is
a resonant one-photon process that involves linear excitation.
This experiment was repeated with Coumarin 30, which is an
off-resonant sample with no 800 nm absorption, and the HOM
dip did not show a shift or change in shape (see the Supporting
Information). As expected with the IR-140 dye, the photons
that propagate through the resonant sample induce a coherent
excitation that lasts for some time period. This interaction with
the sample affects the phase of the photons that were
transmitted through it and hence affects their quantum
interference when recombined with the photons from the
opposite path. As the light now possesses information related
to the sample, this information is portrayed in the HOM dip
and results in the subsequent shift and asymmetry that are now
observed. It is very interesting that the organic molecule in the
interferometer path results in changes to the shape and
symmetry of the dip itself and not just a shift of the dip as a
function of delay time. A simple shift in time with the same
shape and symmetry is seen in polarization mode dispersion
measurements to determine the refractive indices of optics.
However, in this case the complexity of the distortions to the
dip suggest more information about the molecule is accessed
and present in the coincident count results. We are then
interested in what molecular information can be extracted from
the new shape and features obtained.

To understand the HOM interference process and how it is
affected by the introduction of a resonant medium, we develop
a theoretical formalism to describe the experiment. We first

https://doi.org/10.1021/jacs.1c02514
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consider the entangled biphoton twin state generated by
SPDC. This can be described by

D) = f do, dof(w, wi)asT(ws)aiT(wi)losl 0;) (4)
where f(o,0,) = a(w, + ,)f(w, — ®,) is the joint spectral
amplitude with a(w, + ;) as the pump envelope and f(w, —
@,) as the phase-matching function and where a,'(@), a,(®)
[(a"(®), a(w)] are the creation and annihilation operators,
respectively, for the signal [and idler] modes. These satisfy the
boson commutation relation [aj(a)), a}-%(a)’)] = 8w — o).
The signal mode is modified by interacting with the medium
placed in the path; the modifications can be described by
either a ?erturbative treatment or a continuum of lossy beam
splitters.”*® After transmission through the sample, the signal
mode operator a,(®) becomes

a/(w) = T(w)a(w) + n(w) (3)

where T(w) in the first term is the transmission function for
the medium the light propagates through and 5(®) is the
quantum noise associated with the absor?tion process. This
transmission function, T(w) = e®"(@*K@IL/c (] i¢ the sample
length and ¢ the speed through a vacuum), is determined by
the dielectric constant (¢) (or linear susceptibility (y)) of the
medium. The complex refractive index of the sample satisfies
the equality

(n(o) + ix(@))* = e(w) = 1 + y(w) (6)

The real part of this complex index adds a phase to the signal
operator while the imaginary part contains the absorption
(attenuation) by the medium. A wave packet of modes
transmits through the sample, causing a modulation of the
signal as it propagates through the sample which leads to the
subsequent phase shift. It is clear from the expression in eq 6
how the transmission function is related to the dielectric
constant and linear susceptibility. For a nonresonant and
nonabsorbing medium that is transparent to the propagating
photon T(®w) =~ 1, and the signal mode operator remains
almost unchanged. However, for a resonant absorbing
medium, the signal mode interferes with the sample and
therefore undergoes a phase shift and attenuation as dictated
by the complex refractive index. For thin samples, the noise
term in eq 5 can be neglected. Therefore, rewriting eqs S and 6
with the transmission function in terms of electric field
operators, the electric field operators of the photon mode
transmitted through the sample is

EM(0) = T(0)E{P(0) = EfP (o) + %ﬁ(w)Eéﬂ(a})
(7)

After the signal beam is transmitted through the sample, it
recombines with the idler beam (which passed through the
other arm of the HOM interferometer) at the 50:50 beam
splitter. The idler beam undergoes a controllable phase shift,
a/(w) = a(w) ™" due to the travel path difference of the two
beams. The output modes of the beam splitter, described by
the photon operators c(@) and d(w), after this recombination
are given by the 50:50 beam splitter unitary transformation:

sl
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This beam splitter unitary transformation introduces a /2
phase shift in the reflected photons output state. The exiting
beams travel to photodetectors and are measured in
coincidence where the coincidence counting rate reads as eq
1, where we have used eq 8 in the first line and eq S in the
second line of eq 1. The detectors are blind to the frequency of
the photons; thus, the counting rate is integrated over
frequency, and the coincidence counts depends on the phase
of the photons. Equation 1 shows that the HOM signal
provides a product of the spectral f(w,®;) and material T(w,)
properties. This can be analyzed further by conducting a
Fourier transform of eq 1. The Fourier transform of the signal

in eq 1 yields
Q
?) )

where @ = '/,(w; + ®,). Again, there is a product of the
spectral and material properties. When the signal and idler
modes are broadband, eq 9 builds a connection between the
Wigner transform of the transmission function and the
coincidence counting rate (see the Supporting Information).
Because of the T(®) function in the coincidence rate in eq
1, the resulting coincidence rate contains the full linear
susceptibility of the absorbing medium in the interferometer
path. Given that the beam transmitted through the sample is in
resonance with some excited state of the sample, it creates a
coherent excitation which must dephase over a time, T,
governed by the group delay contribution. If the molecular
response is dominated by a single resonance at Q with
dephasing time T,, these can be linked to the linear
susceptibility by a Lorentzian model for a two-level system as

RQ) = —%ﬁ*(g)ﬁ(—Q)T*(a - %)T(a_) +

(0) = —
A e T a -, (10)
where a is a constant related to the length and concentration
of the sample. By connecting our understanding of the HOM
experimental data to the theoretical formalism and the
susceptibility, we will be able to model our data to extract
this dephasing time.

For comparison with our experimental data from the HOM
experiment, the full susceptibility can be computationally
simulated from the absorption data by using the Kramers—
Kronig dispersion relation.”* The imaginary part of the linear
susceptibility y”(w) is obtained by a Hilbert transform of

1" (w), ¥ (w) = i?’ /_Oo );—(_ww) where P denotes the Cauchy

principal value. A Gaussian joint spectral amplitude function
f(a)l’ a)Z) = (Zﬂapo-—)_l/z eXp[_(a)s + w; — wp)z
/(166,%)] expl—(@, — )’/ (45_%)] 1)

is used to fit the experimentally obtained HOM spectrum,
which, along with the linear susceptibility, ensures the exact
information the experimental data contain about the SPDC
spectrum and the molecule studied. Here, 0, is the bandwidth
of the pump laser and 6_ o 1/T, @, ®, and ®, are the
frequencies of the signal, idler, and pump, respectively.

With this study, we aim to provide the first step in
illustrating that entangled photons in an HOM interferometer
can be utilized for complex spectroscopy with organic,
biological materials, and more, as the interferometer is sensitive
to their presence and the SPDC two-photon wave function
experiences a transformation caused by the sample’s trans-
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mission. Specifically, if our experiment can be modeled by
using the linear susceptibility as expected by simulation and
with this our experimental data can be used to extract time-
resolved data pertaining to the molecule, it substantiates the
viability of the HOM interference as a spectroscopic method to
be studied further. Our objective is to understand how our
HOM scan can be connected to the coherent excitation of the
sample, which will be useful toward testing the feasibility of
this spectroscopic method in more complex designs, with
possibilities for time-resolved nonlinear spectroscopy with
entangled photons.

First, the full linear susceptibility is simulated by using the
Kramers—Kronig relation to fit to our signal from the HOM
experiment. The computed linear susceptibility y(@) of the IR-
140 molecule from the absorption data is shown in Figure S5
constructed by computing a transformation on the imaginary
part of the susceptibility. To fit the HOM dip obtained with
the solvent in the interferometer arm, the coincidence counting
rate in eq 1 and the Gaussian JSA in eq 11 are used, setting the
transmission function T(w) equal to 1. In this limit, there is no
absorption by the medium and hence no attenuation or change
to the phase of the propagating photon. By fitting the HOM
data without the sample, we can obtain the full joint spectral
amplitude of our SPDC source using eq 11 with the pump
central frequency, @, = 1.549 eV, and bandwidth, 6, = 23 meV.

P
The central frequencies for the signal and idler photons are

o= = % Hence with the fitting, the width o_ is
determined and found to be 6_ = 4 meV. This width, which

is related to the SPDC photons as o_ « 1/T, gives the
diagonal of the JSA obtained (Figure 3a). The full JSA gives us

“—500“ I ‘OHHSOOH
T (fs)

0.7

0.8
w1 (eV)

0.9

Figure 3. (a) Joint spectral amplitude |(w, ;)| obtained by fitting eq
11 to the experimental HOM coincidence counting rate with solvent
only. (b) Comparison between theory and experimental data for the
HOM coincidence counting rate for the solvent only. Theoretical
modeling is shown in blue.

a theoretical model of the SPDC two-photon amplitude and is
shown in Figure 3a. This is important as it provides the width
of the difference of the two modes of the biphoton pair and,
thus, an understanding of the bandwidth and diagonal of the
JSA and the frequency correlations of our SPDC source. As
shown, the entangled signal and idler modes are correlated in
their frequency. The width in the diagonal matches the pump
bandwidth, where the off-diagonal width is determined by the
phase-matching condition. Subsequently, the fitting of the
HOM dip through solvent is simulated, and the comparison
between the experimental HOM spectrum with only the
solvent and theoretical modeling is depicted in Figure 3b. As
shown, the fit produces a symmetric Gaussian shape through
the HOM dip that descends toward the zero-delay position
and peaks at ~+500 fs. The FWHM of this fit is ~375 fs,
which is very similar to that obtained directly from the
experimental data. Thus, the theory is in good agreement with
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the experiment and can assuredly be used for further analysis
with the data involving the sample.

It is important to obtain a fitting of our experimental HOM
data through the sample with the computed y(®) and the full
JSA of our entangled light source to confirm that the
experiment does indeed agree with and contain the full
information about the real and imaginary linear susceptibility,
dephasing, and SPDC source. This will be necessary for
extracting the dephasing time, T,. The transmission function
T(w) in R(7) is replaced with the real transmission from the
linear susceptibility y(w) of the sample. As the transmission
through the resonant sample IR-140 showed attenuation of the
coincidence counts while transmission through the non-
resonant sample Coumarin 30 showed no attenuation at all,
it is clear that there is absorption of the signal photons by the
resonant IR-140 sample and a subsequent excitation of this
sample despite the low entangled photon intensity. Conversely,
Coumarin 30 is transparent to the light. The real transmission
along with the full JSA obtained from fitting the solvent data is
used to model the HOM spectrum with the IR-140
chromophore. Shown in Figure 4 is the theoretical fitting of

1.0+

Pe(7)

0.8+

-500
< (fs)

Figure 4. Comparison between theory and experimental data for the
HOM coincidence counting rate for the IR-140 molecule.

the HOM coincidence count rate for the IR-140 molecule.
Again, the theory is in good agreement with the experimental
data. The theoretical fit reproduces the shift of the HOM dip,
to the left of the original zero-delay position. Intuitively, the
molecules act as a frequency-dependent phase shifter, which
induces a phase shift in the signal photon beam a(@)e®®. The
interbeam time delay can either compensate or amplify the
relative difference between the two beams depending on the
relative sign of 7 and 6(w). This leads to a shift of the center of
the dip, and it can be seen in Figure 4 that the dip with the
sample is shifted to ~—150 fs compared to the dip with the
solvent. As the light—matter interference cannot be completely
compensated by only the delay in the idler, in addition to the
shift, there is an asymmetry of the HOM signal. The right side
of the dip becomes elongated and asymmetrical compared to
the left, representing the change in phase of the photons
propagated through the sample in comparison to those in the
opposite arm of the interferometer. This elongation is a
reflection of the additional oscillations caused by the induced
polarization of the molecule and the resulting effect in the
propagating photons leading to a change in shape of the HOM
dip. Thus, the exchange symmetry between the arms is broken.
Evidently, our experimental data accurately reflect what is
expected from theory. The ability to obtain the asymmetry in
the modeled HOM dip depends on the form of the joint
spectral amplitude (JSA) used in the simulations. Therefore,
the asymmetry in the modeling is not as significant as that seen
in the experimental data possibly as a result of the idealized
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Figure S. (a) HOM dip with solvent (without substance) and (b) HOM dip using the Lorentzian model for the IR-140 sample. These fits were

modeled by using eq 10.

Gaussian form of the JSA. Therefore, by utilizing a more exact
JSA such as one with a sinc form, the asymmetry seen in the
experimental data may become more pronounced in the
theoretical modeling. The agreement between the theoretical
fit, which contains the IR-140 transmission data, and the
experimental HOM data confirms that this IR-140 trans-
mission information is indeed measured by the HOM
interferometer.

The indistinguishability and temporal correlation of the
photon pairs are advantageous, as the absorbing media in the
interferometer path experience quantum interference with the
signal photon of the entangled pair but not the idler.
Therefore, because of its group velocity, the sample modulates
the phase packet that propagates through it, and upon
recombination with the idler photons, the signal photons
hold information about the absorbing media which translates
to an alteration of the interference between the entangled
photon pair at the beam splitter and a change in the observed
HOM dip. This expected result is successfully obtained by our
experiment. As the signal measurements are conducted
through coincidence counts and it is the statistics of the
coincidences and not simply the photon intensity that is
considered, they are a reflection of the entangled light photon
statistics, therefore governed by nonclassical properties. One
may think to attribute these changes to some simple refractive
distortion caused by placing an additional optical element in
one path of the interferometer. However, by conducting scans
using solvent and the off-resonant Coumarin 30 dye with the
same experimental parameters and same cuvette, it is clear that
the observed result is substance-dependent. If the resonant
absorption peak was shifted, off-center from resonance or
nonresonant, this would most likely affect the observed HOM
dip and the effect would not be as strong. There would be no
shift of the dip or change in the HOM signal. Therefore, it is
necessary that majority of the resonance peak overlaps with the
measurement spectrum. The experiment delay time is shown at
40 fs increments and can be measured at as low as 4 fs as
determined by the precision and increments of the delay stage
used. Additionally, coincidence counts remained the same for
scans using solvent and the Coumarin 30 dye, signifying no
absorption but dropped for the IR-140 dye, which confirms
that there was one photon absorption taking place.

Our main objective is to obtain molecular information from
the data, specifically the dephasing time of the molecule’s
coherent excitation. As mentioned, the linear susceptibility can
be connected to the dephasing time and the molecule’s
coherent excitation by the Lorentzian function in eq 10.
Therefore, the HOM data can be exploited to obtain the
dephasing time as was similarly considered in a previous study
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with a crystal and nanostructures.”” We fit our experimental
data using the Lorentzian model in eq 10. This simulation was
done for both the HOM scans with and without the sample.
The simulation of the HOM dip without the sample (with
solvent) is shown in Figure Sa with the transmission again set
to 1 to signify no absorption through the medium. The
resulting fit is similar to the theoretical fit of R.(7) in Figure 3b,
where the dip symmetrically descends to the zero-delay
position with the ends flattening out at large delay times.
The modeling provides the characteristic triangular almost
Gaussian shape of the HOM dip, which confirms the width
(time) and shape of the biphoton.

The graph in Figure Sb shows the Lorentzian modeling of
the HOM data with the IR-140 sample in the interferometer
path using eq 10, fit with the full linear susceptibility from
transmission through the sample. This is very similar to the
graph in Figure 4 simulated with R (7) of eq 1. It is interesting
that similar fittings can be achieved with eq 10, which contains
mainly data pertaining to the sample such as the linear
susceptibility, length, concentration, and resonance frequency
as well as the frequency of the SPDC light. As the equation is
heavily substance dependent, the ability to obtain a good fitting
with it certifies that the experimental data through the sample
contains molecular related information. The coherent ex-
citation of the sample is successfully captured by the photons
interferometric response and clearly seen in the alteration of
the HOM dip and its simulated fitting.

The important aspect of this Lorentzian fitting is the ability
to use it to connect the HOM data to time-resolved
information pertaining to the sample. While current entangled
light spectroscopy methods such as entangled two-photon
absorption offer insights to nonlinear effects on dipole
properties, many researchers across fields are interested in
utilizing the temporal correlations of entangled photon pairs to
measure temporal photophysical properties of substances
under study. From the fitting in Figure Sb, we can extract
the dephasing time T,. Using the best fit of eq 10, we extracted
the dephasing time of the IR-140 molecule and found to be
~102 fs. Considering the broad line width of the IR-140
absorption band, we did expect to see a short coherence time,
on the order of tens of femtoseconds. 102 fs is relatively short
compared to times found with similar methods;”” thus, it is an
adequate result taking into consideration the line width
broadening and the instrument entanglement time. The
group delay contribution from the sample does not last long
as is evident by the width of the oscillating asymmetric tail in
the modified HOM dip. As such, we did not expect a long
dephasing time and the extracted T, adequately reflects this.
However, other techniques have been able to obtain a range of
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dephasing times of IR-140 and similar dyes, sometimes shorter
than our extracted value.”> > For example, a T, of 50 fs has
been found with a degenerate four-wave mixing (DFWM)
technique.”> DFWM is a very involved process using multiple
optics components, and very high concentrations of ~1.7 X
10~* M are used due to the high possibility of photobleaching
with lower concentrations. These high concentrations could
increase the possibility of aggregation and scattering which can
lead to distortions of the measured dephasing times. Other
studies that have been able to provide dephasing times of
similar dyes on the same order of magnitude (30—60 fs) use
either involving methods similar to DFWM such as photon
echo™ or use methods that require multiple wavelengths such
as absolute Raman cross-section analysis.”” To obtain multiple
wavelengths for a single experiment, high-technology laser
systems are needed which may not be available to all. Another
study that looked at the dephasing time of IR-140°° found that
it would be at most 100 fs, similar to our obtained T, but was
able to measure a time faster than that. As is it is possible that
some overestimation is possible in our measurement, further
studies using this inexpensive and easy assembly HOM
spectroscopy method can conduct experiments with shorter
entanglement times which will make deconvolution easier to
extract even quicker dephasing times. Although our SPDC
spectrum is much narrower than the molecule’s absorption line
width, we can provide a fitting that resolves a relatively short
dephasing time. We suggest that to extract even shorter
dephasing times for broad line width samples, the optical
thickness of the sample could be adjusted as this may affect the
line width and make extraction of coherence time more
difficult. A smaller entanglement time (much shorter than the
dephasing time) will also lead to simpler deconvolution of
different broadening effects. Additionally, type I SPDC and
continuous wave pump sources lead to higher HOM
visibilities, making it easier to deduce subtle changes in
coincidence counts and leading to more accurate data
extraction. We suggest a type I SPDC source may be applied
in future investigations. In the future, we also hope to conduct
experiments with thin film samples to overcome hindrances by
sample optical thickness.

Thus, our HOM interferometer is indeed sensitive to the
presence of a resonant sample placed in its path. Our
experiment provides a proof-of-concept illustration of an
entangled photon spectroscopic method and is the first time
this is illustrated with a chemical system. The experimental
results along with theoretical fitting confirm that the
coincidence counts measured by the HOM interferometer
can be fit with the full (real and imaginary) linear susceptibility
of a substance placed in its path and can be used to deduce the
dephasing time T, of the chromophore even if it has a broad
line width. The low photon flux of the entangled photons can
induce an excitation in a resonant sample and our experimental
method is sensitive to any observable changes. Therefore, this
investigation of molecular properties using HOM interferom-
etry presents itself as a viable method for conducting sensitive
spectroscopy and opens the door for more complex
spectroscopic design possibilities. The current setup can be
readily extended to measuring higher-order nonlinear response
functions (susceptibilities) of materials by using additional
external classical laser pulses. These pulses can interact with
the sample before the final interaction with the signal beam of
the quantum light such that the transmitted beam carries
information about the nonlinear susceptibilities of matter. This
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information can then be extracted by the coincidence counting
measurements as demonstrated here. The coincidence counts
will be able to capture fast evolving macroscopic and
microscopic processes as a function of the time delay. Time-
resolved signals can then be studied by controlling the
temporal delay between the laser pulses. As we have
corroborated the ability of this method to detect light—matter
interactions, the next step is to perform such higher order
experiments to capture excited-state dynamics on the samples
under study, while taking advantage of the low flux, good
signal-to-noise ratio, and control parameters of entangled light.
Similarly, the frequency correlations, f(w,,), can be varied by
using different types of quantum light and observing the effects
this has on the resulting light—matter interactions; the strength
of the interference and coupling with different frequency
correlations and the change to the observed phase shifts. By
shaping the photon entanglement, we can manipulate the
optical signals for different material responses. A vast array of
material substances may be probed with this technique,
particularly substances with interesting characteristics such as
biological systems and quantum emitters. Single-photon
emitters may be probed in a multiphoton interferometer
regime to investigate higher order coherence characteristics by
using low photon flux and strong temporal correlations.*”*’
Moreover, the experimental setup can be made easier to
assemble and more accessible by using compact continuous
wave lasers and type I SPDC, making this a highly resourceful
experiment that many researchers can utilize across multiple
fields. Nonlinear experiments that take advantage of the
correlations and interferences of entangled photons with
molecules have been proposed, and with this work, our
experiment with HOM interferometry may be the doorway
toward achieving these ideas and bringing them into fruition.
Now the possibility to investigate a series of chromophores by
using HOM interferometry to probe dynamical behavior upon
coherent excitation has become a reality.

IV. CONCLUSIONS

We have successfully provided an experimental test of the
sensitivity of entangled photons in an HOM interferometer to
the presence of resonant organic dyes. We have been able to
confirm that the coincidence counts and HOM dip are
responsive to a resonant dye placed in the interferometer path
and that the sample causes an interference and phase shift to
the propagating photons. In accordance with our theory, the
resulting HOM dip contains molecular information pertaining
to the linear susceptibility and absorption of the studied
sample. Mainly, the coincidence measurements of the HOM
signal obtained from experiment can be connected to
molecular dephasing and used to measure the molecular
coherence times which is an important factor for further time-
resolved studies. With our HOM experiment, we were able to
extract a dephasing time of the organic molecule of as low as
102 fs upon coherent excitation and quantum interference with
a path of entangled photons in the interferometer. This affirms
the viability of HOM interferometry as a spectroscopic method
to be used across scientific fields to study optical properties by
using quantum advantages. There are numerous ways to
advance this method for even more fascinating studies, and
with our work, we have set the stage for these possibilities.
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Polarization Visibility Test

ny mm {10

1049 § iii &
Jos
o0&
Joe&
0el {04
0.2 102
100 1% 200 28

Coincidence count rate (a.u.)
T
1
Singles rate (a.u.)

0.0 +— . : . 0.0
0 50 200 250 200 350 400

Analyser angle at APD2

Figure S1. Graph showing polarization visibility. Normalized coincidence count rate as a function

of polarizer angle (red). Singles count rate as a function of polarizer angle (green).

A polarization visibility test was conducted to determine the degree of polarization entanglement of the
SPDC light to ensure that entanglement is high enough for indistinguishability to be seen in the HOM
measurements. In this test, the polarization analyzer at one detector is kept constant while the other analyzer
is adjusted, and coincidence counts are measured as a function of this polarizer angle, showing where there
is maximum entanglement. When the polarizer angle at detector A is orthogonal to that at detector

B, the maximum coincidence counts are observed, confirming the polarization entanglement of

the photon pairs. Alternatively, when the polarization angles are the same, no coincidences are



detected since detector A does not register the twin photon of the entangled photon pair. Figure S1

shows a visibility of 90 + 2%.
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Figure S2. (a) Molecular structure of IR-140. (a) Normalized absorption spectra of IR-140 dye.
Concentration 20uM. (c) Molecular structure of Coumarin 30. (d) Normalized absorption

spectra of Coumarin 30 dye. Concentration 29 uM.



Simulated Visibility Depending on Pump Bandwidth
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Figure S3. Normalized coincidence rate as a function of time estimated using Eq. 2 for (a) a narrow CW

pump bandwidth and (b) a larger femtosecond pump that is 8acyy.

HOM Scans with Interference Filter Dependence
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Figure S4. HOM dips measured using 12nm interference filter (red) and 40nm interference filter

(black).



Coincidence Counting
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Figure S5. Theoretically fitted HOM dips modelled with different joint spectral amplitudes

which include the effects of interference filters.

HOM Scans with Coumarin 30

The HOM dip with solvent (methanol) placed in the interferometer path is measured and the
normalized coincidence rate as a function of time delay is shown in supplementary Fig. S6. Similar
to the dip in Figure 3 of the main paper, the dip with solvent is symmetric and triangular, with
steadily oscillating counts on both ends before counts drop, signifying the zero-delay position. The
declining portion of the dip is smooth on both sides with no oscillations and any changes in
amplitude as low as 1%. This reproduced symmetrical triangular shape confirms that the methanol
does not absorb the photons or interfere with them and is not excited by them. Thus, methanol

does not affect the two-photon quantum interference, and this serves as an accurate control scan.

Subsequently, the pure solvent in the interferometer arm was replaced with Coumarin 30
(dissolved in methanol). As Coumarin 30 has no absorption at 800nm, this was used to determine
how the HOM dip would be affected by a non-resonant medium placed in the interferometer path.
There was little to no change with the Coumarin 30 sample placed in the interferometer path (Fig.

S6). The HOM dip maintains its symmetric triangular shape, with steady coincidence counts



oscillating at + 2.5% on the ends before smoothly descending to the zero-delay position. In
addition to the HOM dip maintaining its shape, the coincidence counts from the measurement with
Coumarin 30 remain the same and display no attenuation compared to the counts with pure solvent.
This indicates that the photons propagated through the non-resonant sample were not absorbed and
did not interfere with the sample, thus there was no coherent excitation of the Coumarin 30
chromophore. The photons propagating through this dye experienced no new phenomena or phase
change compared to the photons in the opposite path, therefore, upon recombining at the beam
splitter there is no difference in their interaction and the HOM dip is unchanged. This was
conducted with both 12 and 40nm filters to ensure that the broader filter did not result in a different

outcome.
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Figure S6. Normalized coincidence counts as a function of time delay showing the HOM dip with

a solvent, Methanol, (shown in black) and with a non-resonant sample, Coumarin 30 (shown in

yellow).



IR-140 linear Susceptibility

17 — M ¥ (W)

— Re x(w)
0.5
04
0.5

— 1 . T 1 T r T 1 T

0.4 0.6 0.8
w (eV)

Figure S7. Imaginary, Im y(w), and real, Re x(w), parts of the linear susceptibility of the IR-140

molecule The real part is obtained by Hilbert transform of the absorption data.
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Figure S8. Theoretical modelling of the HOM dips with and without sample overlaid.

Narrowband pump and broadband twin photons

In the limit of a narrowband pump (o, — 0) and broadband twin photons (i.e. o_is larger than



the characteristic linewidth y of the transmission function), Fourier transform of the HOM

coincidence counting rate (Eq. 2) leads to

R(Y) = =2 dAB™ (M)B(—)T" (a - g) T (a + g) eibt=—2[dAT" (w - g) T (a +

A i 1 w
e = — 1, (22,7) Eq. Sl

Eq. S1 shows that in this limit, the coincidence counting rate is determined by the Wigner

transform of the transmission function. By scanning the pump frequency, it is possible to obtain

the full Ty, (w, 7). Note that the condition o_ > ¥ is not satisfied in the current experiment.
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Figure S8. Fourier transform of coincidence rates according to Eq. 8. We observe a difference in the

frequency distributions and amplitude for the data with and without a sample.
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