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ABSTRACT: In this theoretical study, we show how ultrafast electron—
nuclear dynamics in a molecule can be monitored by two-photon absorption
of time—energy entangled photon pairs generated by spontaneous parametric
down-conversion with a narrow-band pump. The dynamics is tracked by a
controllable signal-idler delay. Time correlation of the entangled photons
enables an ultrafast measurement even with a monochromatic pump. The
frequency anticorrelation of the photon pair allows the projection of the
intermediate excited-state wavepacket onto an energy-selected vibrational
level on a higher-lying electronic state with high energy resolution. Such joint
high temporal and energy resolution is not possible with classical light. We
demonstrate our scheme for a conical intersection model with four electronic
states and two vibrational modes. The ultrafast nuclear wavepacket dynamics
around the conical intersection is imprinted onto the time- and frequency-

narrow-
band pump

signal
> . idleri ra
T

resolved entangled two-photon absorption signals. Electronic population dynamics is obtained by the frequency-integrated signal.

KEYWORDS: ultrafast nonlinear spectroscopy, molecules, temporal and spectral resolutions, spontaneous parametric down-conversion,

nonadiabatic dynamics

Over the past two decades, novel quantum light
spectroscopies”” that utilize the quantum nature of
light have been shown to possess some distinct advantages
over their classical counterparts. For example, two-photon
absorption of time—energy entangled photons contains many
nonclassical features and functionalities,® > including linear
rather than quadratic scaling with the pump intensity,®”*
observing classically forbidden transitions,” ’ suppressing
classical one-photon resonant peaks,'' and manipulating
excitation pathways.'”'’ A nearly 10 orders of magnitude
enhancement of the two-photon absorption rate by entangled
photons over classical light at the same photon fluxes has been
reported,"*™'® thus reducing the risk of photodamage of
biological samples. However, the magnitude of this enhance-
ment has been questioned by recent experiments'’~** and
theoretical analysis.”***

Entangled two-photon absorption (ETPA) has been applied
for electronic state characterization”>”° but so far has not been
demonstrated for detecting electron-nuclear wavepacket
dynamics. The passage through conical intersections (C1s)*”’
is a ubiquitous example of ultrafast dynamics in molecules. Cls
are degenerate sections of the adiabatic potential energy
surfaces (PESs), around which the Born—Oppenheimer
approximation breaks down and the nuclear and electronic
motions become strongly coupled. Capturing the nonadiabatic
dynamics at CIs constitutes a major challenge in ultrafast
nonlinear spectroscopy. In some experimental techniques, the
projections of the wavepacket onto chosen reference states are
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observed. For example, in time-resolved fluorescence spectros-
copy,”* ™" the excited-state wavepacket is projected onto the
vibrational levels of the electronic ground state. In time-
resolved photoelectron spectroscopy,” > the wavepacket is
mapped onto the continuum states of the ionized molecule and
the ejected photoelectron. In both techniques, the temporal
and spectral resolutions are determined by the duration and
bandwidth of the pulse and are thus subjected to Fourier
uncertainty.

Here, we introduce a variable delay between two entangled
photons generated by spontaneous parametric down-con-
version (SPDC) with a narrow-band pump (see Figure la).
ETPA signals then monitor the wavepacket dynamics across a
CI through the projection of the intermediate-state wavepacket
onto an energy-selected vibrational level on a higher-lying
electronic state (see Figure 1b). The nonclassical correlation
between the entangled photons allows non-Fourier conjugated
temporal and spectral resolution: the emission—time correla-
tion allows ultrafast detection (even though the pump is
narrow-band), and the frequency anticorrelation allows the
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Figure 1. (a) Experimental setup for the proposed ETPA measurement of wavepacket dynamics in a molecule: a narrow-band pump photon is first
split into two broadband photons (idler and signal) via a SPDC process; a controllable delay T is then introduced to the idler beam through a prism
(gray triangle) that causes a phase shift; the two photons are finally directed to the molecular sample. (b) Molecular excitation process by the
entangled photons prepared in (a): @ vertical excitation from g to ¢’ by the signal photon; @ free evolution of the molecule for about time T; ®
promotion of the wavepacket on e to a two-photon resonant vibrational level on f. The ETPA signal monitors the CI dynamics through the
projection of the wavepacket on e onto an energy-selected vibrational eigenstate on f. By scanning the idler photon frequency, one gets a complete
mapping of the wavepacket dynamics onto the vibrational manifold of f. Plotted is the cut through of the PESs of the molecule model along Q. = 0.

(c) PESs of e and ¢’ and the CI between them. Parameters are W

= 31800 cm™', @, = 34000 cm ™, @y, = 62000 cm™!, Q, = 697 cm ™!, Q_= 1512

em™, K, = =847 em™!, K, = 1202 cm ™!, k; = 800 em™', and 4 = 2110 em ™",

selection of a two-photon resonant vibrational level on the
electronic excited state. Entangled photons thus offer a
powerful tool for monitoring ultrafast wavepacket dynamics.

The entangled photon pair produced by type-II SPDC with
a monochromatic pump are described by the two-photon wave
function:***

D) = /0‘” do, /0 " do (o, 0)a} (@)l (@)Q) o

with

T . — @ )
Ho @) = | =50, + 0, — o sine A= Py e
(2)

where 1Q) is the vacuum state, |C¥P|2 is the photon flux (see
Section S1 in Supporting Information), @, is the pump
frequency, @; and @, are the central frequencies of the idler
and signal photons, which satisfy @; + @; = @,, and T is an
external delay applied to the idler beam. The entanglement
time T, represents the maximum mutual delay between the
idler and signal photons at their generation. af(a)) is the boson
creation operator of the idler/signal (j = i, s) photon with
frequency w, satisfying [aj(w),&Z(w')] = 68(w — @'). The
Dirac delta function in eq 2 represents the frequency
anticorrelation of the twin photons. The sinc function
originates from phase matching of the SPDC process and
gives rise to the signal-idler emission time correlation. This can

be directly seen by Fourier transform of the two-photon
amplitude ¢(w,, @) at T = 0 into the time domain:

g(ti) ts) = Ll_[[—t1 _ ts ]g_ia_)ltl_i{ﬁsts
e UL

)

t—
T,

for —=1/2 < x < 1/2 and 0 otherwise, imposes the constraint f;
— t| < T,/2. After introducing a delay T into the idler beam,
the arrival times of the two photons on the sample satisfy T —
T./2 <t —t, < T + T,./2. T, thus sets the temporal resolution
of the measurement. Our proposed scheme also applies to
other phase-matching conditions (type-I and type-0), as it only
relies on the time—energy entanglement.

Our molecular model consists of four diabatic electronic
states (g, ¢, ¢/, and f; see Figure 1b) and two vibrational modes
(tuning mode t, and coupling mode c) that are strongly
coupled to the electronic motion and generate a conical
intersection between ¢ and ¢’ (see Figure 1c). The molecular
Hamiltonian in the diabatic representation reads

AT A A
Hy= ), Qbb+ X, (0, +xQ)Is)sl
p=tc s=e,e’ f

+ 2Q (le)(e'l + le’){el) (4)

where @ﬂ and @I;T denote the boson annihilation and creation
operators of the vibrational modes with the dimensionless

where the rectangular function H(—ts), defined by I(x) = 1
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Figure 2. (a) 2D ETPA signal S(@,, T) in eq 6 obtained by varying the signal-idler delay T and pump frequency @,. T determines the wavepacket
evolution time, and ), selects the vibrational state onto which wavepacket is projected. The signal unit is CTe2 I;g/tgt,lz /y and y = 50 cm™. A short

entanglement time (T, = 4 fs) is chosen for high temporal resolution. T starts from 2 fs because we set the idler-signal delay no smaller than T,/2 to
ensure that the idler photon always comes after the signal photon. (b) Comparison between ETPA signals (orange) along four vertical slices
indicated in (a) and the projections of the wavepacket dynamics (blue) onto corresponding vibrational eigenstates on f: S(a)P = Efp T) vs [{n,m
[(el®(T))]1% States are denoted (n, mf). The nuclear probability density for each vibrational eigenstate is shown in the inset. (c¢) Comparison
between ETPA signals (orange) along three horizontal slices indicated in (a) and the distributions of wavepacket projections (blue) at three
different evolution time: T = S, 25, and 45 fs. The nuclear probability density of state e at each time is shown in the insets.

coordinates Q and QC; @, is the vertical excitation energy at
the Franck—Condon point from state g to s; k; and A are the
intrastate and interstate electron-vibration coupling strength,
respectively. The light—matter coupling in the interaction
picture, under the dipole and rotating wave approximations, is
given by Hy(t) = —"E(t) — pE¥(t), where fi = e e’ + pugd
e)(fl is the lowering component of the dipole operator. We
have assumed that the higher intermediate state ¢’ is optically
bright from the ground state g, whereas the lower intermediate
state e is dark. The higher excited state f is dipole-coupled to e
and g but not to e’. The dependence of ji on nuclear
coordinates is neglected (Condon approximation). The
positive-frequency component of the electric field operator is

given by E(t) = E(t) + E,(t) with

]%(t):/ dw h—w&j(w)e_i")t
0 4me A (s)

where c is the speed of light, € is the vacuum permittivity, and
A is the effective area of the light beam.
Ni(t)

—, where
», = @,

The ETPA signal is defined as S(a)P, T) =

Nf(t) is the growth rate of f state population that is measured

through the fluorescence intensity from f, and the factor

@, = @
is chosen to keep the @, dependence in a Lorentzian form (see
eq 6). We have fixed @, = @,y which can be achieved by

tuning the phase matching conditions of the SPDC process.
The signal is derived in Supporting Information, section S2 by
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fourth-order time-dependent perturbation theory of the
density matrix, resulting in

S, T) = Y. <

2 2
n,my (Efnm - wp) +vy
T+L,/2 - e ’
f (e At BTy @ 10, 0,)
T-T,/2

(6)

lafa,
4Telc*A’

lifetime, and (n,ml stands for the product state of the nth
vibrational eigenstate of the coupling mode and the mth
vibrational eigenstate of the tuning mode on the f state PES.
Similarly, I0,0g) stands for the vibrational ground state on the g

2
state PES. E; = @, — zk_gfzt + nQ. + my€, is the energy of

where C = is the f manifold vibronic states

the vibronic eigenstate If) ® In,m). The Lorentzian prefactor
in eq 6 indicates state selection by the pump frequency, and y
determines the energy resolution. We have neglected environ-
ment-induced relaxation effects, which is expected to limit state
selectivity due to energy dissipation.

Equation 6 can be interpreted in the following two ways:

1. The integrand can be recast as

(A1 ® (n, mlp e M= ™071g) @ lo, 0,)

= Wi (n, m[(ele™ i) @ 10, 0,)]

= %?ﬂ;("; mf'[(‘flqj(tl))] (7)

where [¥(t,)) = ¢ =@y @ 10,0,) is the nonstationary
vibronic state of the molecule freely evolving under Hy—a®, for
time ¢, after instantaneous vertical excitation from g to ¢/, and
(el¥(t,)) is the corresponding nuclear wavepacket on e.
Therefore, apart from the constant prefactor, eq 7 is the
projection of the nuclear wavepacket on e at time f; onto the
vibrational eigenstate |n, my) on f, and the integral in eq 6 is the
temporal average of this projection over the period [T — T./2,
T + T./2]. Thus, I'¥(T)) is measured with time resolution T..

2. The integral in eq 6 can be alternatively recast as

T+T,/2 )t
/ dt(f1 ® (n, mli’e P PaaTIe) @ 10, 0,)
T

—-T./2

e

T./2
_ k% i T —iHyT ¢ —i(Hy— @)ty s
= Hope (n, mfl[(ele M /—T/Z dtie™ ™M) ® 10, 0,)

= Wpe™ (n, ml[(ele™™ 1% (0))]
(8)
where 1¥(0)) = fT°/2 dte =@y @10, 0) is the
= —1/2 1 ) Vg
nonstationary state created by a rectangular pulse with
duration T, and central frequency @,. The signal can thus be

interpreted as the projections of the wavepacket precisely at
time T after preparation by a rectangular pulse. In other words,
@‘(T)) = e_iHMTlii(O)) is probed with perfect time resolution.

The two interpretations of the signal come from the fact that
the exact arrival time of each photon is indeterminate but the
idler-signal time delay is known with uncertainty T, which can
be interpreted as either O t;, € [t,+ T — T./2,t,+ T + T,./2] or
@t et,—T—T./2 t,— T+ T./2]. Hereafter, we adopt the

first interpretation and assume that we are detecting the
wavepacket dynamics initiated by an impulsive excitation. Note
that the temporal and spectral resolutions (T, and y) of the
measurement are not Fourier conjugates and thus not
subjected to the Fourier uncertainty. This property stems
from the fact that, although each photon of the pair is
broadband, their frequency sum is well-defined.

The signal is calculated by exact diagonalization of Hy; in the
joint electron and nuclear Hilbert space. The occupation
number basis is adopted for the vibrational degrees of freedom
and converged results are achieved by truncating the Hilbert
space at the maximum quantum number N, = N, = 30. Figure
2a shows the 2D ETPA signal obtained by scanning the delay
T and the pump frequency w,, holding @, fixed. We choose a
short entanglement time (T, = 4 fs) to ensure good temporal
resolution for ultrafast measurement of the wavepacket
dynamics around the CI The 2D signal constitutes a mapping
of the wavepacket dynamics on e onto the f vibrational
manifold. Signals appear along a set of vertical lines located at
the f-manifold vibronic-state energies, i.e., w, = Ej,,,. Note that
state selection by classical short pulses (~4 fs) is not possible
due to the broad bandwidth (~4000 cm™). In Figure 2b, we
display four vertical slices of Figure 2a and find a good match
with the simulated projections of wavepacket dynamics onto
the corresponding vibrational states. The wavepacket dynamics
leaves distinct fingerprints on different vibrational states.
Figure 2c depicts three horizontal slices of Figure 2a for T =
S, 25, and 4S5 fs and again shows good agreement with the
wavepacket simulations.

The frequency-integrated signal S™(T) obtained by
integrating S(w,, T) over the pump frequency is given by
(see Supporting Information, section S3 for the derivation)

$™(T) = /deS(a)P, T)
= Cn|/4;Mg>’;|2<\T1(T)|(|e><e|)|f1’f(T)>

~ CnT? Iy;ﬂ;,lz(‘P(T)Il\lel‘P(T)) ©)
with N, = le)(el. S™(T) is thus proportional to the e-state
population at time T after the excitation. Figure 3 shows that
S™(T) for a short entanglement time follows closely the e-state
population dynamics around the CIL

In summary, ETPA is shown to be a useful means for
tracking ultrafast wavepacket dynamics without using ultra-
short pulses. By scanning the signal-idler delay and the pump
frequency, one obtains a dynamical mapping of the

0.8

——e-state population
Si"t(T)

0.61
Fl
g 0.4
]
£
0.2 ‘ . ‘ ‘ 1
2 10 20 30 40 50
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Figure 3. Frequency-integrated signal S™(T) (eq 9) for T, = 4 fs
follows closely the simulated e-state population dynamics. The unit of
the signal intensity is CzTaluus .
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intermediate state wavepacket onto the vibrational eigenstates
of a higher-lying electronic state. The temporal and spectral
resolutions of this measurement are not bound by Fourier
uncertainty because they are not conjugates. Application to a
model system undergoing a CI shows that the nonadibatic
dynamics are monitored by the ETPA signals and the
electronic population change is captured by the frequency-
integrated signal. A potential candidate to be studied with this
technique is pyrazine,’® which possesses a conical intersection
between the first and second singlet excited states.
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S1 Photon flux and entangled two-Photon wavefunc-
tion

In order to derive the relation between photon flux and prefactor of the entangled two-photon
wavefunction under cw pump, we first study the photon flux of a Gaussian-shape coherent
pulse described by |, satisfying a(w) |o) = a(w) o) and a(w) = ag(2mo?)~V4e(w=wp)*/40”,

Then the photon flux satisfies®

/ /OO dw fz(wpr)t
V 27r

242

= (2/m) g e

For cw light, /1, = (2/m) 1 ayot/2,

Now we consider the entangled two-photon state pumped by the a Gaussian-pulse with

S1



the same duration 1/0 , which is described by
|®) = e/dwideCD(wi,ws)di(wi)ds(ws) 1), (S2)

where @ (w;, ws) = ¢p(wi)dn(wi + ws — wp) with normalized functions

T, | — Wi
ICHERY 5, Sne (w 5 - Te)

d)N (Wj, ws) - (271'0'2)71/467(w1+w57wp)/40'2

(S3)
=0 (2702) VAN A o6 (wi 4 ws — wy).
We impose that the coherent light and entangled photon state have the same number of

photons: 2¢% = a2.! As a result, their photon fluxes are also identical. Combining Eq. (S1-

S3), we can now write Eq. 52 as

|CI)> Y. IpTe/Q / dwidws sinc (wj ; i Te) 5(Wi + ws — wp)&i(wi>ds(ws) |Q> ) (84)

S2 Derivation of the ETPA signal

1) ® ,In,mf) (f1 & (n,my|

e) i
t fa —F
Ie’ (e|
tall t5
')
 —
lg) ®10,04) (9l ® (0,04]

Figure S1: Loop diagram for ETPA. Incoming arrows denote photon absorptions. For dia-
grammatic rules, see Ref. 2.
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The loop diagram for the ETPA signal is given in Fig. S1, from which one gets

t [e%¢]
Ny(t) = / at / ity (g] @ (0,05 it — 12 — t5) it — )i (E)H (¢ — 11) |g) ©10,0,)

X (D] ET(t' —ty — t35)ET(t — o) E@)E(t — t1) |®) + h.c..

(S5)
Thus, the f state populating rate is
d
— Ng(t
N (2)
= 2Re/0 dt123 (g ® (0,0, u(ty)fi(ty + t3) a1 (t + ta + t3) il (ta + t3) [g) ®10,0,)
X <(I)| ET(tl)ET(tl + tg)E(tl + tg + tg)E(tQ + t3) ’(I)>
=2Re ) / 1123 (B E'O)B'(1)|0) 0] E(0) E(0) @) e Frominmensriortunsa
0

n,mg

x (gl ® (0, 04| ™| f) @ [, mys) (F| @ (n,my| ple™ M il |g) © 10, 0,)

-5

n,my

2

/ iy (| @ (nomg| fle” "0 i g) @ 10,0,) (0] E(t2) E(0) | @) "
0

2y
(Efnm —wp)? +79%

X

where 7 is the natural linewidth of f state and (n,my| stands for the product state of the
n-th vibrational eigenstate of ¢ mode and the m-th vibrational eigenstate of ¢ mode taking
into account the nuclei displacement of the PES minimum of f. Similarly, |0, 0,) stands for

2
_ ks

the vibrational ground state of g state. Ey,,, = 5o

+ nw, + myw; is the energy of the

vibronic eigenstate |f) ® |n,my). Using Eq. (1) and (5) in the main text, one has

- - hap W;Ws (tl - T) —i@i(t1—T)
0| E(t;)E(0) |®) = 1I it =8), S7
O B E0)9) = 5220 [ (B2 ) o 57

where we have applied the slowly varying envelope approximation and assumed that the
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external delay T is longer than the entanglement time 7, such that the idler photon arrives

at the sample later than the signal photon. Plug the above equation into Eq. S6, one has

d R oo, (wp — @) Y
— Ny (t) = —L= -
dt f( ) 4Te€gC2A2 Z (Efnm - WP)2 + 72

n,mps

T+T./2 ' i
X / dty (f| ® (n,my| e Hu=a)t ot lg) ©®10,0,)

T—Te./2

S3 Derivation of the frequency-integrated ETPA sig-

nal

The frequency-integrated signal S™(T') is defined by integrating over the pump-frequency

at each time delay:

S (T — / dwpS(wp, T)

T+T./2
/ dt (1@ (n,my | e 0= i) @ 10,0,
T—T./2

:Cﬂ'z

n,mpg

T+Te/2
Z/ dirz (€] ® (0, 0g| M=) |e) @ |, my)
nmf
x (e @ (n,my| et |¢f) @ 10, 0,)

T+Te/2

i dt1a (€] ® (0, 04| e M0 [e) (e] e~ He0)t1 |¢') @ |0, 0)

T—T./2
ool (B (le) (e [B(T) )
(] @ (0,0,] €T |e) (] =T |¢') @ 0, 0,)

(WD) (le) {e]) (1)),

R Cﬂ-Te2 ‘ :qu/L;e’

= O |1y

where ‘@(T)> and |¥ (7)) are defined in the main text.
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