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ABSTRACT: Time-energy entangled photons produced by
spontaneous parametric down-conversion (SPDC) are employed
to calculate vibrational hyper-Raman (HR) signals of the
conjugated organic chromophore Wul12. Compared with classical
light, time-energy entanglement can provide selectivity of Liouville-
space pathways and thus suppress the strong broad electronic-
Raman background arising from one-photon resonances of the
intermediate states. The entangled-photon HR signal scales linearly
with the SPDC pump field intensity rather than quadratically for
classical light, which allows weak-field measurements on fragile
samples.
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E ntangled photons are of fundamental importance in
quantum technologies such as computation,’ communi-
cation,” and imaging.3 Photons can be entangled in different
degrees of freedom:"'° position, momentum, time, frequency,
polarization, and orbital angular momentum. Growing efforts
have been made recently to employ time-energy entangled
photons in nonlinear molecular spectroscopy. ' ~'* In en-
tangled two-photon absorption, > ™" the simultaneous tempo-
ral correlations and spectral anticorrelations can overcome
Fourijer-limitation on the joint temporal and spectral
resolutions. Linear rather than quadratic scaling of signals
with photon fluxes is another notable merit.

Here we focus on a different two-photon-induced signal:
vibrational hyper-Raman scattering,”" in which the absorption
of two photons at frequencies @, and @, is accompanied by
the spontaneous emission of a photon at frequency o, = o, +
W, — Wy, where wy, = By — E, is a vibrational transition
frequency at the ground electronic state manifold (see Figure
1b). This two-photon extension of linear Raman scattering has
different selection rules so it can provide complementary
information to infrared (IR) and Raman spectroscopy. For
example, the HR signal can reveal “silent modes™” that are
both IR and Raman inactive. It has also been shown that, in
combination with linear Raman scattering, HR scattering can
help disentangle overlapping electronic transitions in the
absorption spectrum.33’34

Typically, HR signals are extremely weak (10°—10" weaker
than ordinary Raman signals). One way to enhance the signals
is through electronic resonances.”” Hitherto, most studies have
focused on two-photon resonant HR signals, but the two-
photon-induced fluorescence can severely erode the signal-to-
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noise ratio of the HR spectrum. Here, we study HR signals of a
conjugated organic chromophore Wul12 with one-photon but
no two-photon resonances, thus, avoiding the fluorescence
background. We find that classical HR signals are greatly
enhanced by the one-photon resonances of the intermediate
states, but this enhancement is accompanied by a strong broad
electronic-Raman background, which can dominate the sharp
HR peaks. However, by applying time-energy entangled
photons produced by type-I SPDC,"'" we show that the
Liouville-space pathways contributing to this background can
be suppressed. Moreover, rather than quadratic scaling with
the pump field intensity in the classical case, the entangled-
photon HR signal scales linearly with the pump field intensity
and thus enables HR measurements on fragile samples at low
photon fluxes. In the Supporting Information we also examine
the HR signals with a two-photon, but no one-photon
resonance, and find that entangled photons have no effect on
the relative intensities of the fluorescence and HR components,
but simply scale both equally.

This paper is structured as follows: We first introduce the
vibronic Hamiltonian for Wull2. We next present the
expression for the HR signal. Then, we calculate the HR
signals generated by classical light both resonant and off-
resonant with the intermediate electronic state and discuss the
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Figure 1. Molecular structure (a) and level scheme (b) of Wull12. It
is described by a vibronic model in eq 1 with parameters E, = 0, E, =
16350 cm ™, E;= 25800 cm ™', @, = 1184 cm ™, w, = 1420 cm ™, o,
1528 em™, @, = 1592 em™, A,; = 767 em™, A, = 953 ecm™}, A4
1081 ecm™, A, = 981 cm™, Ay = 940 cm™', Ay, = 1167 cm™, A3
1323 em™, and Ay = 1202 em ™.
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signal enhancement and the strong broad background. Finally,
we introduce the entangled-photon state and demonstrate the

B THE VIBRONIC MODEL

The thiophene derivative Wull2 (see Figure 1) is a “push—
pull” conjugated system with a strong intermolecular charge
transfer band around 600 nm in cyclohexane.*® It is described
by the following vibronic Hamiltonian:

4
Hy,= 2 EJls){sl + 2 m”a;a”+ z z Asﬂls)(sl(a; +a, + 4,/®,)
s=g.ef u=1 s=ef H
(1)

where the three terms represent the electronic and vibrational
degrees of freedom and their couplings, respectively; a, and a;
are the annihilation and creation operators of the u-th
vibrational mode; 4,, is the coupling strength between
electronic state s and vibrational mode p. The model has
three electronic states (ground state g, intermediate state e, and
doubly excited state f) and the four dominant vibrational
modes in the HR spectra reported in ref 36.

We assume a dipole light—matter interaction Hamiltonian in
the rotating wave approximation,

: X
—v Y E(t) + He
=12

H =
)

where V and V' are the lowering and raising parts of the
ha; —iwt .
yrewy aw)e™" is
the positive-frequency component of the electric field operator
of the first/second/emitted (j = 1, 2, r) photon beam, where a;
and a;r are the annihilation and creation operators for beam j
photons that satisfy [a(w), a'(@')] = §(w — @’), ¢ is the light
velocity, A is the effective area of the field, and the slowly
varying envelope approximation has been applied, which
assumes that the field bandwidths are negligible compared to

.37
the central frequencies ;.

A 0
transition dipole operators. E; = /0 do,

B HYPER-RAMAN SIGNAL

The HR signal is defined as the emission rate of photons with
frequency w,:

d .
S(w) = lim —{a
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Figure 2. Ladder diagrams representing the Liouville-space pathways of HR signals for systems with two-photon off-resonant doubly excited states.
Their complex conjugates are given by other diagrams (not shown). Incoming arrows denote photon absorptions and outgoing arrows denote
photon emissions. On each side, two photon absorptions are followed by one photon emission. When the entangled photons are employed, the
time interval between two photon absorptions on each side is limited by the entanglement time T, (see the red arrows). In diagram (II), no event
happens on the ket side within the time interval between the two photon absorptions on the bra side. In contrast, there are one absorption and one
emission events on the ket side within the corresponding time interval in diagram (II) and two absorption and one emission events for diagram
(111). Therefore, diagrams (II) and (III) are suppressed for sufficiently short T..
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To the sixth order in the light—matter interaction, and
considering that the f states are far off-resonant from the two-
photon frequency, we find that six Liouville-space pathways
contribute to the signal (given by diagrams in Figure 2 and
their complex conjugate pairs; for diagram rules, see ref 38).

They give

S(w,) = 2Re(S, + Sy + Syp)
S=
gleeff’
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where Cgeff/e’g’ = Vge/Ve’f/V;f’Vg’fVZ}V;) G( )(ta) ty to td) = <Ef(ta)
E'(t,)E(t,)E(t;)) is the field correlation function in the
interaction picture, and ys are the electronic and vibrational
dephasing rates. S;, Sy, and Sy correspond to diagrams (I),
(1I), and (IIT) in Figure 2, respectively. The field correlation

function G® depends on the nature of the light source.
Classical Light. In the following, we use two classical

monochromatic pump pulses with frequencies @, and w, to
excite the molecule. The difference between @, and @, is much
larger than the vibrational frequency, so we can focus on two-
photon excitation induced by one photon from each pulse,
because signals induced by two photons from the same pulse
will be in different frequency regimes. Additionally, two-
photon excitation energy @, + w, lies in the gap between the e

and f vibronic manifold to avoid two-photon resonances. With

—i h
E,(t) = apL(w,,)e ™, where L(w, ,) = “12 and lapl?
4 4 ’ 4re A
defines the pump photon flux, we obtain
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where i = 3 — iand j = 3 — j. Substituting the above expression

into eq 4, we obtain
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where the last term in S; is obtained by dropping the real part
of 1/(w, + @, — @y, + i¥y,) because it gives unphysical
fluorescence even when f states are far off-resonant.”® S;; and
Sir were obtained similarly.

Resonant Pump. We first assume that the pulse 1 is
resonant with the intermediate states, that is, »; & ®,. We
note a key difference between diagrams (I) and (II-III). The
latter two can be seen as a one-photon absorption to an e state
followed by an electronic Raman scattering from e to g’
through virtual states f. Hence, the emitted light should have
resonances at @, = @, + Wy N W) + W, — Wy, with a broad
line width characterized by the electronic dephasing rate y,, as
shown in the last Lorentzian terms of S; and Sy; in eq 6. In
contrast, there is no e-state population (le){el) throughout
diagram (I). It has resonances at , = @; + @, — @, but with
a much narrower bandwidth characterized by a ground-state
slow vibrational dephasing rate y,,. Thus, the total signal
contains narrow peaks on top of the broad electronic-Raman
background. This background makes it hard to observe the
narrow HR peaks, as shown in Figure 3a. The high spectral
resolution of diagram (I) is lowered due to a strong broad
background from diagrams (II) and (III).

Off-Resonant Pump. If both pulses are electronically off-
resonant, the relative contributions from diagrams (II) and
(IIT) are reduced due to the occupation of the e states, and
thus, diagram (I) will dominate and its spectral resolution is
retained. The trade-off is that the off-resonant signal intensity
is significantly reduced, as is seen in Figure 3b.

Time-Energy Entangled Photons. We now turn to the
central result of this paper: suppresion of the strong electronic-
Raman background in classical one-photon resonant HR
signals by time-energy entangled photons. Entangled photons
generated via type-II SPDC pumped by a monochromatic laser
of frequency @y are described by the two-photon state: ™"’

W) = /]dwidws¢(wi) ws)aiT(wi)a:(a)sNQ) ?7)
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Figure 3. Classical HR signals: resonant vs off-resonant. X-axis is the
Raman shift @, + @, — ,. Vibrational transitions are marked by
vertical bars. The insets are the excitation pathways. (a) One-photon
resonant pump: @; = 16350 cm™' and w, = 7179 cm™'. Narrow
spectral features of diagram (I) are dominated by the strong broad
background given by diagrams (II) and (III); (b) Off-resonant pump:
@, = 12000 cm™" and w, = 11529 cm™". Diagram (I) dominates the
signal, and thus, high spectral resolution is retained. But the signal
intensity is much weaker than that of the resonant case. Both plots use
the same units, and the signal in (b) is magnified by 400X, which is
chosen such that the maximum of S; component is around 1. Pump
photon flux is layl* = 10'°/s and dephasing parameters are 7,, = Yeg =
Yy = 10 em™, y;, = 400 em™', y, = 600 cm ™, and y,, = 100 cm .

with the two-photon envelope

P, 0) = ap,| 43 5w, + o, — wp)sine((@; — @)T/2)
/3
(8)

Here a and a are the creation operators for the idler and
signal modes respectively, T, is the entanglement time, wp is
the monochromatic pump frequency and is chosen to lie in the
gap between the e and f vibronic manifold, ®; is central
frequency of the idler photon and is taken to be resonant with
the electronic excitation, @, is the central frequency of the
signal photon, and the Dirac delta function is responsible for

the frequency anticorrelation: @, + @, = wp. We thus get,”""

o>
TTlop

(PIE (1) E () E(4) EE)IY) = 2 L(@)°L(@)"

e

% Z i(@, it Oy =@y t=@ )H[ = ]H(tb ; t, ]

P (4 €

(9)

The subscript p = {p}, p», Py ps} labels the beams (i or s) that
interact with the molecule at times {¢,, t;, t,, t;}, and I1(+) is the
rectangular function: I1(x) = 1/2 for —1/2 < x < 1/2 and 0
otherwise. The rectangular functions guarantee that two
photons arrive together within T,/2. Substituting the above
expression into eq 4, we obtain

5(@) —”"’P' LayLa) T _ Serew

ge'ffi’ p D+ W
1 ei(wpl—weg+ing)1;/2 -1
x . of — .
W, — Wy = iy, 1(wPl -, + zyeg)
ei(ﬁp4+weg—w,+ing)11/2 -1
x of — .
z(wp4 t o, — o+ zygg)
Y
% g

(wp — a)—a),)2+y
(10)

Sy and Sy are given in the Supporting Information.

In diagrams (II) and (III) of Figure 2, there is at least one
absorption and one emission event on the ket side within the
time interval between two photon absorptions on the bra. In
contrast, there is no event within the corresponding time
interval in diagram (I). For a short entanglement time, the
idler and signal photons are absorbed almost simultaneously,
and it is unlikely that additional events can happen in between.
From eq 4 (see Supporting Information), we can show that
Sum/S;~ O(T,) as T, = 0, so §;>> S;; + Sy for short enough
T,

As shown in the upper panel of Figure 4c, S;is the dominant
contribution to the total HR signal at T, = 50 fs. S; is sharply
peaked at the vibrational transitions with line width
characterized by the vibrational dephasing rate y,,, as can be
seen from the last Lorentzian term in eq 10. As the
entanglement time is increased, the aforementioned restriction
is relaxed, so the relative contributions from diagrams (II) and
(1II) should become stronger, as verified in the lower panel of
Figure 4c for T, = 1 ps. Thus, entangled photons with a
sufficiently short entanglement time can suppress the
electronic-Raman background from diagrams (1I) and (III).

We further note that eq 10 scales linearly with the pump
intensity lapl, in contrast with the quadratic scaling in the
classical case, eq 6. The entangled-photon HR signals are
therefore stronger than the classical ones at low pump
intensities, as shown in Figure 4c for layl* = 10'%/s.

B CONCLUSIONS

We have shown that one-photon resonances can significantly
enhance the classical HR signals, but they also introduce a
strong broad electronic-Raman background. By pathway
selectivity, time-energy entangled photons can suppress this
background while retaining the intense and narrow hyper-
Raman peaks. Another advantage of entangled light for HR
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Figure 4. (a) Schematic of the hyper-Raman spectroscopy with entangled photons generated by SPDC; (b) Transition pathway. The intermediate
state is one-photon resonant, and the bandwidth of single photons is characterized by 27/T, (see the envelopes); (c) HR signals with entangled
photons: T, = 50 fs vs T, = 1 ps. Upper panel: T, = 50 fs. Total signal is sharply peaked at the vibrational transitions marked by vertical bars. As
explained in the main text, S;>> Sj; + Sy;; Lower panel: T, = 1 ps. The relative contributions from S;; and Sy; become stronger when T, is increased.
Compared with classical signals in Figure 3, entangled-photon signals are enhanced due to its linear scaling with pump intensity. Here, @p = 23529
em™, @, = 16350 cm™, and @, = 7179 cm™". Signal intensity scales, pump photon fluxes, and dephasing parameters are the same as those in Figure

3.

spectroscopy is that the signal scales linearly with the pump
intensity rather than quadratically. At low field intensities,
entangled photons give stronger signals than classical light and
therefore are useful for experiments on fragile biological

samples.
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S2 Hyper-Raman and fluorescence signals for the one-

photon off-resonant but two-photon resonant ex-

perimental setting

In the main text, we have focused on the experimental setting with one-photon resonances

but no two-photon resonance to avoid two-photon induced fluorescence. For completeness,

here we investigate the more common experimental setting with two-photon resonances but

no one-photon resonance, and study whether the entanglement has effects on the signals.

The signal has two contributions: hyper-Raman scattering and two-photon induced flu-

orescence.

The former is described by the diagram (A) in Fig. S1 and its conjugate, but the

S2



(o] (| 9
| O ts I s .
.......... t <_<,|_ <_ =iy t <Ic/| ‘g,> t4
4 e 4
............................................ S S— N
, - <——
08 I W Al t |l L
PIENRI F——— T —— < e R
Nl 4 t, |w A I §
H ..................... H ..................... ;
e) t le) t g) t1 <<€_1_
H ...................... H ..................................
19) l9) (gl

(4) (B) ©)

Figure S1: Ladder diagrams representing the Liouville-space pathways of HR and fluores-
cence signals for systems with two-photon resonant doubly-excited states but one-photon
off-resonant intermediate states. Their complex conjugates are given by other diagrams(not
shown). Diagram (A) corresponds to hyper-Raman scattering whereas (B) and (C) corre-
spond to two-photon induced fluorescence.

latter by diagram (B-C) and their conjugates.

In Fig. S2, we show separately the total signals produced by a classical monochromatic
pulse and degenerate entangled photons. One note that in both plots, the narrow HR signals
are much weaker than the fluorescence, which can erode the signal-to-noise ratio of the HR
spectrum. However, fluorescence is avoided in the one-photon resonant but two-photon
off-resonant setting introduced in the main text.

We find that photon entanglement has no effect on the relative intensities of fluorescence
and Hyper-Raman scattering. That is expected because entanglement only imposes a cor-
relation between the arrival times of first two photons, whereas it puts no restriction on the
time interval between two-photon absorption and the last photon emission. In fact, even with
classical light, two photons are almost absorbed simultaneously when there is no one-photon
resonance because of the Heisenberg uncertainty relation. Therefore, the time correlation
of the entangled photons has little effect on the signals. The major difference between the
classical and quantum signals is their quadratic vs linear scaling with the pump intensity,

but this scaling is the same for the fluorescence and Raman components and therefore will
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enhance both equally at low pump intensities without changing their relative magnitudes.
This is confirmed in Fig. S2(b), where both components are enhanced by ”",}—PP /lap|* &~ 300

times.
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Figure S2: HR scattering and two-photon induced fluorescence: classical light vs. entangled
photons. (a) Classical monochromatic pulse: w, = 12900 cm™'; (b) Degenerate entangled
photons: w; = w, = 12900 cm~! and 7., = 1ps. Fluorescence dominates over HR scattering
and the photon entanglement has no effects on their relative intensities but simply enhance
them equally at a low pump intensity. Other parameters are the same as in Fig. 3.
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